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Abstract

Abnormalities in glomerular function have been observed fre-
quently in the early stages of both clinical and experimental
diabetes mellitus. Because prostaglandins (PGs) are present in
the glomerulus and have profound effects on glomerular he-
modynamics, and because abnormalities of PG metabolism
have been noted in other tissues from diabetics, we studied PG
biosynthesis in glomeruli obtained from rats in the early stages
of experimental diabetes mellitus. Streptozotocin, 60 mg/kg,
was administered intravenously to male Sprague-Dawley rats.
Control rats received an equal volume of the vehicle. Glomeruli
were isolated 9-23 d later. Production of eicosanoids was
determined by two methods: by direct radioimmunoassay after
incubation of glomeruli under basal conditions and in the
presence of arachidonic acid (C20:4), 30 pM, and by radiometric
high-performance liquid chromatography (HPLC) after incu-
bation of glomeruli with ['4C]C20:4. When assessed by ra-
dioimmunoassay, mean basal production of both prostaglandin
E2 (PGE2) and prostaglandin F2. (PGF2.) was twofold greater
in the diabetic animals whereas production of thromboxane B2
(TXB2) was not significantly greater than control. In response
to C20:4, both PGE2 and PGF7, were also greater in the
diabetic animals, but these differences were not statistically
significant. The increased rate of basal PG production did not
appear to be related directly to the severity of the diabetic
state as reflected by the degree of hyperglycemia at the time
of sacrifice. In fact, the rates of glomerular PG production in
the individual diabetic animals correlated inversely with the
plasma glucose concentration. The increased rate of PG syn-
thesis did not appear to be due to a nonspecific effect of
streptozotocin inasmuch as glomerular PGproduction was not
increased significantly in streptozotocin-treated rats which
were made euglycemic by insulin therapy. Furthermore, addition
of streptozotocin, 1-10 mM, to the incubation media had no
effect on PGE2production by normal glomeruli. PGE2produc-
tion by normal glomeruli was also not influenced by varying
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the glucose concentration in the incubation media over a range
of 1-40 mM. When metabolism of I'4C1C20:4 was evaluated
by high-performance liquid chromatography conversion to la-
beled PGE2, PGFu,, TXB2, and hydroxyheptadecatrienoic acid
by diabetic glomeruli was two- to threefold greater compared
with that in control glomeruli, whereas no significant difference
in conversion to 12- and 15-hydroxyeicosatetraenoic acid oc-
curred. These findings indicate that glomerular cyclooxygenase
but not lipoxygenase activity was increased in the diabetic
animals. A concomitant increase in glomerular phospholipase
activity may also have been present to account for the more
pronounced differences in PGproduction noted in the absence
of exogenous unlabeled C20:4. These abnormalities in PG
biosynthesis by diabetic glomeruli may contribute to the altered
glomerular hemodynamics in this pathophysiologic setting.

Introduction

Abnormalities of glomerular function are prominent features
of diabetes mellitus. In addition to the progressive loss of
functioning nephrons that occurs in many patients with long-
standing type I or insulinopenic diabetes (1), an increase in
glomerular filtration rate (GFR)1 and renal blood flow has
been observed repeatedly in such patients in the earlier stages
of this disorder (2-4). Similar increases in both whole kidney
(5) and single nephron GFRand glomerular plasma flow rate
(6, 7) have also been demonstrated in the early stages of an
experimental model of diabetes mellitus in the rat, and these
hemodynamic alterations have been implicated in the patho-
genesis of the glomerular damage that occurs in the later stages
of the disease (8).

Recently, decreased responsiveness to the renal vasocon-
strictor effects of angiotensin II has also been observed in
diabetic rats (9), a finding that may be explained in part by
the demonstration that the density of receptors for angiotensin
II is decreased in diabetic glomeruli (10). These findings accord
with the hypothesis that the abnormalities in glomerular
function characteristic of early diabetes may be initiated by
alterations in the effects of vasoregulatory hormones such as
angiotensin II, which might be expected to affect glomerular
hemodynamics (1 1), as well as by hyperglycemia-induced
extracellular volume expansion, structural hypertrophy of the

1. Abbreviations used in this paper: C20:4, arachidonic acid; GFR,
glomerular filtration rate; HETE, hydroxyeicosatetraenoic acid; HHT,
hydroxyheptadecatrienioc acid; HPLC, high-performance liquid chro-
matography; PG, prostaglandin; PGD2, E2, F2., 12, and 6-keto-PGFI,,
prostaglandins D2, E2, F2a, 12, and 6-keto-prostaglandin Fla, respectively;
TXA2, TXB2, thromboxane A2 and B2, respectively.
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kidney, and altered glucoregulatory hormones (8). That hyper-
glycemia per se may affect glomerular function is evidenced
by the increased GERdocumented to occur with infusion of
glucose in both normal subjects and insulin-dependent diabetics
(12) and by the reduction in elevated levels of GFRand renal
plasma flow that results when glucose levels are normalized
by acute insulin therapy in type I diabetics, but not when
glucose levels are prevented from falling by concomitant
glucose infusions (13). In addition to hyperglycemia, the
diabetic state is characterized by increased circulating levels of
glucoregulatory hormones such as growth hormone and glu-
cagon, both of which can increase GFR (14-16). Thus, the
alteration of glomerular function in patients with diabetes is
probably multifactorial in nature.

Glomeruli isolated from rat and human renal cortex me-
tabolize arachidonic acid (C20:4) into prostaglandins (PGs)
through the cyclooxygenase pathway (17-19). PGs, in turn,
have profound effects on glomerular hemodynamics (20-22).
Because abnormalities of PGmetabolism have been described
in various tissues from diabetics (23-26) and have been
implicated in the pathogenesis of the vascular complications
of this disorder (25-27), we undertook the present study to
determine whether or not experimentally induced diabetes
mellitus results in qualitative or quantitative changes in glo-
merular PG production that might contribute to the altered
glomerular function in diabetes. Inasmuch as both rat and
human glomeruli also metabolize C20:4 to hydroxyeicosate-
traenoic acids (HETEs) (28, 29), we examined production of
these products of lipoxygenase activity in this model.

Methods

Materials. [14C]C20:4 (sp act 59.3 mCi/mmol), [3H]PGE2 (160 Ci/
mmol), [3H]PGFu (180 Ci/mmol), and [3H]6-keto-PGF1. (150 Ci/
mmol) were obtained from the Radiochemical Centre (Amersham
Corp., Amersham, United Kingdom) and [3H]thromboxane B2 (TXB2)
(100 Ci/mmol) was obtained from New England Nuclear (Boston,
MA). Streptozotocin and C20:4 were purchased from Sigma Chemical
Company (St. Louis, MO), PG standards from the Upjohn Company
(Kalamazoo, MI) and Seragen, Inc. (Boston, MA), silicic acid from
Mallinkrodt Inc. (Paris, KY), and reagent grade solvents from Merck
& Co. (Darmstadt, Federal Republic of Germany). Anti-PGE2 antiserum
was purchased from Institut Pasteur (Paris, France), anti-TXB2 antibody
was a gift from Dr. Hornych (Paris, France), and anti-PGF2, antiserum
was produced in our laboratory (30). High-performance liquid chro-
matography (HPLC) was performed on a Varian model 5000 chro-
matograph (Varian Associates, Inc., Palo Alto, CA) coupled to an
ultraviolet detector from Pye Unicam (model LC, Pye Instruments,
Cambridge, United Kingdom). Liquid scintillation counting was carried
out on a 1211 RACKBETA(LKB Produkter, Bromme, Sweden) or
Mark II (Nuclear-Chicago, Des Plaines, IL) instrument using either
Picofluor (Packard Instrument Co., Inc., Downers Grove, IL) or ACS-
2 (Amersham Corp., Arlington Heights, IL) as scintillators. Plasma
glucose concentration was measured on a glucose analyzer (Beckman
Instruments, Inc., Fullerton, CA).

Animals. Male Sprague-Dawley rats (150-250 g in body wt) were
maintained on standard rat laboratory diet and water ad libitum
throughout the study. Diabetes mellitus was induced by intravenous
administration of streptozotocin, 60 mg/kg body weight, dissolved in
either saline or sodium citrate buffer (0.1 M citric acid in 0.145 M
NaCl, pH 4.5) at a concentration of 20 mg/ml immediately before
use. Control rats, which were matched for age and weight at the time
of streptozotocin administration, received an equal volume of the
vehicle. The onset of diabetes was manifested by the development of

polyuria and polydypsia within 2-3 d of administration of streptozotocin.
Nonfasting plasma glucose samples were obtained one to two times
per week by retro-orbital sinus puncture under lightly administered
ether anesthesia and by aortic puncture at the time of death. Marked
hyperglycemia occurred promptly in the rats that received streptozotocin
and tended to increase further during the subsequent weeks of obser-
vation (Fig. 1). Only those rats in which plasma glucose levels exceeded
350 mg/dl were included in the diabetic group.

Additional experiments were carried out to evaluate a possible
effect of streptozotocin, rather than of the diabetic state per se, on
glomerular PGproduction. Beginning on day 3, half of each group of
diabetic rats were given neutral protamine Hagedorn insulin in doses
(2-5 U, subcutaneously, each evening) that were adjusted, on the basis
of frequent whole blood glucose measurements (Accu-Chek bG, Bio-
Dynamics, Boehringer-Mannheim Corp., Indianapolis, IN), to render
them euglycemic. The remaining diabetic rats were untreated, and a
third group of age- and weight-matched rats that had received the
vehicle served as controls.

Glomerular preparations. Glomeruli were isolated 9-23 d after
administration of streptozotocin. Under pentobarbital anesthesia (50
mg/kg of body wt, intraperitoneally), the kidneys were perfused with
isotonic cold, heparinized saline until blanched (30-50 ml saline in 2-
3 min) (31). Glomerular preparations were obtained either from
individual rats or from pools obtained from two to three diabetic rats
and an equivalent number of control rats. Kidneys from the diabetic
and control rats were perfused alternately and no more than six rats
were used in a single experiment. No systematic effect of the order of
preparation was observed.

Glomeruli were isolated as described previously (17). In brief, for
each preparation the renal cortices from one to three rats (two to six
kidneys) were dissected and minced to a pastelike consistency. The
homogenate was passed successively through a 106-,gm sieve that
excluded the tubules and blood vessels and a 75-um sieve that retained
the glomeruli and allowed cells and small debris to pass through.
Glomeruli were suspended in ice-cold 20 mMTris HCG buffer, pH
7.4, containing 135 mMNaCl, 10 mMKCI, 10 mMsodium acetate,
and 5 mMglucose (buffer A) and centrifuged at 120 g for 2 min. The
supernatant was discarded and the pellet was resuspended in the same
buffer and recentrifuged. The resultant pellet, which consisted of
isolated decapsulated glomeruli with <5% tubular contamination, was
utilized immediately for studies of C20:4 metabolism.
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Figure 1. Comparison between the levels of plasma glucose in rats
that received streptozotocin, 60 mg/kg, intravenously (.), and those
levels observed in control animals (o). The symbols depict the
mean±SEMof the values obtained in individual rats before and
during each of the four weekly time periods after administration of
streptozotocin. The numbers next to each symbol refer to the num-
ber of rats in which samples were obtained for that period.

Increased Prostaglandin Production by Glomeruli from Diabetic Rats 405



Determination of eicosanoid production. Production of eicosanoids
was determined by two methods: by direct radioimmunoassay after
incubation of glomeruli under basal conditions and in the presence of
C20:4 and by radiometric HPLC after incubation of glomeruli with
['4C]C20:4.

For the studies using direct radioimmunoassay, glomeruli were
resuspended in 1-2 ml of buffer A with I mMCaCl2 and incubated
in 250-500-Ad aliquots (0.2-0.7 mg of glomerular protein) in the
absence (basal conditions) or presence (stimulated conditions) of C20:4,
10 sg/ml (30 AM). Incubations were carried out in room air for 30
min at 370C in a water-bath shaker and were stopped by immediately
immersing the tubes in ice followed by centrifugation at 22,000 g at
40C for 2 min. Supernatants from each tube were collected and frozen
until radioimmunoassay was performed. PGE2 and PGF2, were
measured directly in the supernatant without further purification
by the method of Dray et al. (32) and TXB2 by the method of Sors
et al. (33).

For the studies of conversion of ["4C]C20:4 to PGs and other
eicosanoids, pools of glomeruli from diabetic and control rats were
resuspended in buffer A and incubated in l-ml aliquots (2.0-5.0 mg
of glomerular protein) in the presence of 5 mMCaCl2 and 1.6 pCi
["4CJC2O:4. Incubations were carried out in room air for 30 min at
370C in a water-bath shaker and were stopped by precipitation with 2
ml of cold methanol and centrifugation at 22,000 g for 2 min. The
supernatant was removed and the pellet was rewashed with 1 ml of
methanol and recentrifuged. The supernatants were pooled, acidified
to pH 3.0-3.5 with 1 N HCG, and after addition of 4 ml of distilled
water, were extracted twice with 6 ml of diethyl ether. The ether layers
were then pooled and evaporated to dryness in a nitrogen stream.

Column chromatography. Silicic acid column chromatography was
performed in glass columns packed with 0.5 g of silicic acid (100
mesh) suspended in solvent 1 (benzene/ethyl acetate, 60:40, vol/vol).
The dry residue from the ether extraction was resuspended in 1 ml of
solvent 2 (benzene/ethyl acetate/methanol, 60:40:2, vol/vol/vol) and
applied to the column. Two fractions of the sample were collected by
successive elution with 10 ml of the following solvents in order: (a)
solvent 1, which elutes unreacted C20:4, HETEs, and hydroxyhepta-
decatrienoic acid (HHT) and (b) solvent 3 (benzene/ethyl acetate/
methanol, 60:40:20, vol/vol/vol), which elutes PGs. Both fractions
were then evaporated to dryness under a nitrogen stream.

To remove unreacted C20:4, fraction I was purified further on a
glass column packed with 0.5 g of silicic acid (Silicar CC4) suspended
in solvent 4 (hexane/ether, 90:10, vol/vol). The dry residue from
fraction I was resuspended in 0.5 ml of solvent 4 and applied to the
column. The column was washed with 15 ml of solvent 4, which
elutes unreacted C20:4, and then eluted with 15 ml of solvent 5 (ether/
methanol, 95:5, vol/vol) into a glass vial and dried under a nitrogen
stream.

HPLC. The purified residue from fraction I was dissolved in HPLC
solvent A (hexane/ethanol/acetic acid, 993:6:1, vol/vol/vol), and 100
Ml was injected directly into the chromatograph. The straight-phase
column (MicroPak Si-10, 30 cm X 4 mmi.d., Varian Associates, Inc.)
was eluted with the solvent system: 90% solvent A and 10% solvent B
(hexane/ethanol/acetic acid, 899:100:1, vol/vol/vol) at a flow rate of
0.8 ml/min; after 20 min the flow rate was changed to 1.5 ml/min.
Fractions were collected every minute and "C-radioactivity of each
fraction was measured by liquid scintillation spectrometric techniques.
After 35 min, the column was washed with a linear gradient of solvent
B (10-100% in 5 min). The elution of standard hydroxyacids was
monitored by measurement of ultraviolet absorbance at 235 rim and
the products identified by co-migration with authentic HETEstandards
as described previously (29). ["4CHHT, produced by reacting ('"C]C20:4
in the presence of platelets, was purified using a reverse-phase system
(MicroPak MCH-10, 30 cm X 4 mm i.d., Varian Associates,
Inc.), eluting with HPLC solvent C (methanol/water/acetic acid,
72.5.27.5:0.01, vol/vol/vol) at a flow rate of 1.2 ml/min.

The purified residue from fraction II was dissolved in HPLC
solvent D (water/acetonitrile/benzene/acetic acid, 790:230:2:1, vol/vol/

vol) and 100 Al was injected directly into the chromatograph. The
reverse-phase column (Spherisorb S5C6, 25 cm X 4.9 mmi.d., Phase
Separations, Mauppauge, NY) was eluted isocratically at a flow rate of
i.8 mlI/min and the products were identified by co-migration with
authentic 3H-PG standards. Fractions were collected every minute and
"C-radioactivity of each fraction was measured. After 50 min the
column was washed with pure acetonitrile.

Data analysis. In studies in which the rate of PGproduction was
determined by radioimmunoassay, the results were expressed as pico-
grams/milligram of protein per 30-min incubation. Glomerular protein
was measured by the method of Lowry et al. (34) using bovine serum
albumin as the standard. In preliminary experiments, it was determined
that the ratio of the number of glomeruli to the amount of glomerular
protein was not significantly different in diabetic and control animals:
diabetic rats, 12.1±2.8 glomeruli per microgram of protein, n = 6;
diabetic rats treated with insulin, 11.6±2.0, n = 4; control rats 15.9±3.6,
n = 6.

In studies in which the rates of transformation of ["C]C20:4 into
labeled PGs and other eicosanoids were studied by radiometric HPLC,
the results were expressed as counts per minute per milligram of
protein per 30-min incubation. The area under the curve for each
product was calculated as the sum of the counts per minute for each
tube comprising that peak minus the baseline radioactivity level.

Statistical analysis was performed using Student's t test, the Mann-
Whitney test, and linear regression analysis as appropriate (35).

Results

Determination of PGproduction by direct radioimmunoassay.
Under basal conditions, glomerular PG production was in-
creased in diabetic rats. This difference was apparent both in
studies employing glomerular preparations from individual
rats, and in those using pools of glomeruli from diabetic and
control animals. In the studies performed in individual rats,
the mean production rates of both PGE2 and PGF2, the
major PGs produced by rat glomeruli, were approximately
twofold greater in the rats with diabetes whereas that of the
TXB2 was not significantly greater than control (Table I).
Production of PGE2 was also measured on the supernatant
obtained from incubation of pools of glomeruli from diabetic
and control rats. In these studies, mean basal PGE2production
was also approximately twofold greater in glomeruli from
diabetic animals (1619±301 vs. 707±93 pg/mg of protein per
30-min incubation, n = 7, P < 0.02).

The increased rate of basal PGproduction did not appear
to be related directly to the severity of the diabetic state as
reflected by the degree of hyperglycemia at the time of death.
In fact, the rates of glomerular PGproduction in the individual
diabetic animals correlated inversely with the plasma glucose
concentration (r = -0.67, P < 0.05 for PGE2; r = -0.88,
P < 0.001 for PGF2.) (Fig. 2). Furthermore, in separate studies
we determined that PGE2 production by normal glomeruli
was not influenced by the glucose concentration in the
incubation media over a range of 1-40 mm(18-720 mg/dl)
(Table II).

The increased rate of PGproduction did not appear to be
due to a nonspecific effect of streptozotocin inasmuch as
glomerular PG production was not increased significantly in
streptozotocin-treated rats made euglycemic with insulin ther-
apy. The mean plasma glucose concentration in those animals
(179±77 mg/dl, n = 10) did not differ significantly from that
of the controls (160±4, n = 10) in contrast to the marked
hyperglycemia (590±18, n = 12) in the untreated diabetic rats.
Production rates of PGE2 (845±206 vs. 689±88 pg/mg of
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Table L Comparison of Prostaglandin Production by Glomeruli Isolated from Control and Diabetic Rats*

PGE2 PGE2. TXB2
Study Plasma
group n glucose Basal Stimulated Basal Stimulated Basal Stimulated

mg/dl pg/mg of protein per 30-min incubation

Diabetic 10 477±35 1,617±206 10,110±1,642t 2,179±290 9121±1,406f 814±128 1,841±257t
Control 13 166±7 869±81 7,941±1,166t 1,096±99 6,430±820t 631±100 1,807±244t

Intergroup comparison
P <0.001 <0.005 NS <0.001 NS NS NS

* Prostaglandin production was assessed by direct radioimmunoassay of the supernatant obtained after incubation of glomeruli for 30 min in
the absence (basal conditions) or presence (stimulated conditions) of C20:4, 10 usg/ml (30 AM). The values shown are the mean±SEMof the
results obtained using glomerular preparations from individual rats. Measurements of TXB2 production were carried out on eight of the diabetic
and nine of the control preparations. Intergroup comparisons were made using t test for unpaired variables. t The mean value for
prostaglandin production measured under stimulated conditions differed significantly from corresponding basal value at P < 0.001 (t test for
paired variables).

protein per 30 min of incubation), PGF2a (884±156 vs.
753±100), and TXB2 (331±106 vs. 450±86) also did not differ
significantly in these two groups (insulin-treated diabetic rats
vs. control), whereas production rates of PGE2 (1,136±167)
and PGF2a (1,383±252), but not of TXB2 (636±106), were
increased significantly (P<0.05) in the untreated diabetic
animals. Furthermore, PGE2 production by normal glomeruli
was not affected by addition of streptozotocin to the incubation
media (Table III) over a range of concentrations (1-10 mM)
that have been demonstrated to inhibit glucose-stimulated
proinsulin biosynthesis by (36) and to be cytotoxic to (37)
pancreatic islet cells in vitro.

Addition of C20:4 increased production of both PGE2and
PGF2, to 5-10 times the basal values in both the diabetic and
control preparations (Table I). Production rates of TXB2
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Figure 2. Relationship between the rate of PGproduction by glomer-
uli obtained from the individual diabetic rats in Table I and the level
of plasma glucose determined in the same animal at the time of
death. PGproduction was estimated by radioimmunoassay of the
supernatant obtained after incubation under basal conditions and is
expressed as picograms per milligram of glomerular protein per 30-
min incubation. A significant negative correlation between the
plasma glucose concentration and the rate of PGproduction was

present for both PGE2 (left) and PGF7. (right), respectively.

increased two- to threefold in both groups. Although in the
presence of C20:4 the mean values of PGE2 and PGF2.a were
20-40% higher in the diabetic group, these values did not
differ significantly from control values, perhaps owing to the
wide scatter in the magnitude of the response to C20:4 seen
in both groups.

Identification and quantitation of products by radiometric
HPLC. When conversion of [14CJC20:4 into labeled PGs was
examined using a reverse-phase system, no qualitative differ-
ences in the profiles obtained from diabetic and control
glomeruli were noted. The profiles obtained in control rats in
the present study were similar to those reported previously
from our laboratory using glomeruli obtained from normal
rats (Fig. 3, left). After an initial peak that represents an
autooxidation product of ['4C]C20:4, between five and eight
peaks could be distinguished during a subsequent 50-60-min
elution. Five peaks with retention times of 11, 30, 36, 45, and
50 min were identified by co-migration with 3H-standards as
6-keto-PGFI,., TXB2, PGF2., PGE2, and PGD2, respectively.
This pattern of elution was nearly identical in glomeruli
obtained from diabetic rats (Fig. 3, right). Whereas no differ-
ences in the general patterns of PG production were noted,
incorporation of ['4C]C20:4 into the major PGs was increased
in the diabetic glomeruli (Table IV).

Table II. Effect of Variation of the Concentration of
Glucose in the Incubation Medium on PGE2
Production by Glomeruli Isolated from Normal Rats*

PGE2 production

Glucose concentration, mM
Experiment
no. 1 2 5 10 20 40

pg/mg qf protein per 30-min incubation

1 734 635 594 544 521 485
2 672 642 1210 707 398 917
3 242 273 234 237 233 343

* PGE2 production was determined by radioimmunoassay of the
supernatant obtained from glomerular preparations that had been
incubated for 30 min at 370C after a 20-min preincubation period at
glucose concentrations that ranged from I to 40 mM.
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Table III. Effect of Addition of Streptozotocin
to the Incubation Medium on PGE2Production
by Glomeruli Isolated from Normal Rats*

PGE2 production

Experiment Streptozotocin concentration, mM
no. 0 1 5 10

pg/mg of protein per 30-min incubation

Basal conditions
1 654 720 778 508
2 187 217 309 241

Stimulated conditions
1 2,189 2,530 3,497 1,794
2 1,229 1,198 1,480 1,103

* PGE2 production was determined by radioimmunoassay of the
supernatants obtained from glomerular preparations that had been
incubated for 30 min at 3)0C in the absence or presence of strepto-
zotocin in doses that ranged from 1 to 10 mM. Incubations were
performed both in the absence (basal conditions) and presence (stim-
ulated conditions) of C20:4, 10 jg/ml (30 MM).

When conversion of ['4C]C20:4 into lipoxygenase products
and other eicosanoids was studied using a straight-phase system,
there were again no differences in the patterns of 14C-products
between control and diabetic preparations. As previously re-
ported from our laboratory (20), at the high substrate concen-
tration used in these experiments, glomeruli from normal rats
form predominantly 12- and 15-HETE, products that elute at

ng protein
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Figure 3. Reverse-phase HPLCof ['4C]C20:4 products formed by
incubation of glomeruli isolated from pools of control (lefit) and
diabetic (right) rats. After an initial peak that represents an autooxi-
dation product of ['4C]C20:4, five peaks (indicated by the shaded
areas) with retention times of 11, 30, 36, 45, and 50 min were
identified by comigration with 3H-standards as 6-keto-PGFI,, TXB2,
PGF2., PGE2, and PGD2, respectively. Two large peaks (XI and X2)
eluting between 6-keto-PGFI and TXB2, were also present as noted
previously for rat glomeruli (38). These remain unidentified but are
thought likely to be products of cyclooxygenase activity inasmuch as
they are suppressed by addition of indomethacin to the incubation
mixture. On the right panel, the figure in parentheses next to peak
Xi indicates the magnitude of this product.

11 and 13 min, directly after a large peak of unreacted C20:4
(Fig. 4, left). A minor peak (eluting at 17 min) corresponded
to the retention time of 11-HETE. An additional major peak
(eluting at 26 min) was noted consistently, using the chro-
matographic system employed in the present studies. This
peak co-migrated with both 8-HETE and HHTstandards in
this system. When this peak was collected and reinjected into
a reverse phase system (MicroPak MCH-10), it was evident
that the product formed by both the diabetic and control
glomeruli was entirely HHT. Similar to the PGs, conversion
to HHT was increased in diabetic glomeruli (Table IV). In
contrast, no significant difference in the rate of formation of
the lipoxygenase products was observed.

Discussion

The results of our study indicate that the synthesis of PGs is
altered in glomeruli isolated from rats with streptozotocin-
induced diabetes mellitus and that the abnormalities are a
consequence of the diabetic state rather than of the agent used
to produce it. Production rates of both PGE2 and PGFu, the
major PGs produced by rat glomeruli, were increased two- to
threefold whether estimated by direct radioimmunoassay (Table
I) or by incorporation of ['4CJC20:4 into labeled eicosanoids
(Table III). Production of TXB2, the stable metabolite of
thromboxane A2 (TXA2), appeared to also be increased but
this difference was only statistically significant in the studies
employing radiometric HPLC. The pattern of radiolabeled
products formed after incubation with ['4CJC20:4 suggests a
specific augmentation of glomerular cyclooxygenase but not
lipoxygenase activity. Our data do not exclude a concomitant
increase in glomerular phospholipase activity which, if present,
might account for the more pronounced difference in PG
production noted in the absence of exogenous unlabeled
C20:4.

Our finding that glomerular PG synthesis is altered in
diabetic rats is in accordance with the numerous observations
of abnormalities in PGmetabolism that occur in both clinical
and experimental diabetes. Increased release of PGE2 and
prostaglandin I2 (PGI2) by adipocytes in rats with diabetic
ketoacidosis has been inferred by the observation that elevated
plasma levels of derivatives of these compounds are suppressed
by both insulin and 5-methylpyrazole-3-arboxylic acid, two
potent and structurally unrelated antilipolytic compounds (39).
Abnormalities of eicosanoid metabolism by platelets are also
well described in diabetes. Platelets obtained from diabetic
patients release more PGE-like material in response to aggre-
gatory stimuli than do those obtained from normal subjects
(23). Increased synthesis of TXA2, as gauged by levels of its
stable metabolite TXB2, was also found in platelets obtained
from humans with diabetes (24) and from rats with both
streptozotocin-induced (40) and spontaneous (BB Wistar) di-
abetes (41). The finding of increased platelet aggregation and
release of malonyldialdehyde in newborn infants and their
diabetic mothers compared with control mother-neonate pairs
provides further evidence of enhanced thromboxane synthesis
activity (42). In contrast to increased synthesis of these proag-
gregatory eicosanoids by platelets, release of the potent antiag-
gregatory eicosanoid prostacyclin was decreased in arteries (25)
and veins (26) of patients with diabetes mellitus, in umbilical
arteries of neonates of mothers with either gestational or
juvenile-onset diabetes (43, 44), and in aortic tissues obtained
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Table IV. Incorporation of ['4C]C20:4 into Labeled Eicosanoids by Glomeruli from Diabetic and Control Rats*

Prostaglandins
Experiment Study Study Glomerular
no. date* group protein Total TXB2 PGE2. PGE2 12- and 15-HETE HHT

mg/ml cpm/mg of protein

1 23 Diabetic 4.13 2,150 481 285 292 2,748 3,246
Control 4.95 730 150 111 103 2,709 824

2 22 Diabetic 3.42 1,351 156 300 254 3,181 1,787
Control 3.53 1,311 141 209 144 3,810 1,240

3 16 Diabetic 4.95 1,673 430 388 302 2,712 1,300
Control 3.74 648 71 184 136 1,640 628

4 15 Diabetic 1.98 2,647 775 543 375 3,527 1,987
Control 2.61 825 187 114 159 3,597 1,034

5 15 Diabetic 2.74 1,624 400 231 247 7,049 1,777
Control 2.95 1,026 293 106 119 4,202 1,180

Diabetic 3.44±0.52 1,889±229 448±99 349±55 294±23 3,843±815 2,019±327
Mean±SEM Control 3.56±0.40 908±119 168±36 145±22 132±10 3,192±459 981±114

P value NS <0.01 <0.05 <0.01 <0.01 NS <0.01

* Results are expressed as counts per minute per milligram of protein per 30-min incubation. The area under the curve for each product was
calculated as the sum of the cpm for each tube comprising that peak minus the baseline radioactivity level. Values were compared by the
Mann-Whitney test. t Days after administration of streptozotocin or vehicle.

from rats (45, 46) and swine (47) with streptozotocin-induced
diabetes. In the pancreas a possible role for abnormalities of
PG metabolism in the pathophysiology of impaired insulin
secretion in diabetics has been inferred from the observation
that PGE infusion inhibits glucose-induced acute insulin re-
sponses in normal human subjects and infusion of sodium
salicylate partially restores the acute insulin response to glucose
infusion in type II diabetics (48). Similarly, changes in PG
metabolism in lung (49-51), heart (52), and seminal vesicles

14C2:C cpm/mg protein C20:4

CONTROL DIABETIC

20C:i3500 .

2000

12 HETE HI-T
15 1~~~~2

1000 HHT

0 10 20 30 0 10 20 30
MINUTES

Figure 4. Straight-phase HPLCof ['4C]C20:4 products formed by
incubation of glomeruli isolated from pools of control (left) and
diabetic (right) rats. After an initial peak of unreacted C20:4, three
peaks (indicated by the shaded areas) with retention times of 11, 13,
and 17 min were identified by comigration with authentic standards
as 12-HETE, 15-HETE, and 1 1-HETE, respectively. A fourth peak,
eluting at 26 min, co-migrated with both 8-HETE and HHTstan-
dards in this system. When this peak was collected and injected into
a reverse-phase system, it was determined to be entirely HHT.

(53) may also contribute to altered function of these organs in
diabetics.

Despite the substantial evidence for abnormalities in PG
production in other tissues from diabetics, relatively little
attention has been paid to possible alterations in renal PG
metabolism in this disorder. In humans such observations
have been limited to measurement of the urinary excretion of
PGE2, which has been variously reported to be reduced (54,
55) or normal (56, 57) in patients with diabetic nephropathy.
However, interpretation of even these few reports is made
difficult by the uncertainty as to the site of origin of the urinary
prostanoids, by the technical issues raised by inclusion of male
subjects (58), and by the fact that these studies were performed
in the chronic stages of the disease when glomerular function
was compromised significantly. In the rat microsomal prepa-
rations from whole kidney homogenates obtained in the first
two weeks of both alloxan- and streptozotocin-induced diabetes
mellitus released less PGE-like material when incubated with
C20:4 than those from control animals (59). Production of
PGI2 was also decreased in homogenates of renal cortex
obtained from rats studied 1-3 mo after administration of
streptozotocin (60). It should be noted, however, that results
of studies performed on either crude homogenates or micro-
somal preparations of whole cortex may reflect abnormalities
in PG metabolism in structures other than the glomerulus.
Thus, Rogers and Larkins (61) reported that release of 6-keto-
PGF1. by glomeruli isolated from diabetic rats was not decreased
compared with glomeruli from control rats. In fact, as noted
by these investigators, mean production of both 6-keto-PGF1a
and PGE2 under basal conditions and after stimulation by
arachidonate was actually increased in diabetic rats, but the
differences did not reach the level of statistical significance.
Similar increases in glomerular synthesis of PGE2and 6-keto-
PGFia have now been confirmed by Kreisberg and Patel (62)
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and, in preliminary form, by Brown et al. (63), and Chaudhari
and Kirschenbaum (64). Taken together with the results of
our study, it appears that, at least in the early stages of the
disorder, glomerular PG synthesis is increased in glomeruli
from diabetic rats.

The results of our studies do not identify the mechanism
responsible for the increase in PG production by glomeruli.
Inasmuch as PGs may function as modulators of the action
of a variety of vasoactive substances, the increased PGsynthesis
we observed could represent a response to the systemic he-
modynamic abnormalities that occur in severe diabetes. Al-
though plasma volume per se is generally normal or increased
in this setting (6), salt depletion, attending osmotic diuresis in
severe diabetes, could conceivably be present independently of
an alteration in intravascular volume. However, when salt
depletion was induced in the rat by dietary restriction of NaCl
(31), the pattern of PGsynthesis by isolated glomeruli, namely
an increase in PGF2a and a decrease in PGE2, was clearly
different than that observed in our study. Furthermore, the
highest PGproduction rates that we observed occurred in the
rats with the least severe degrees of hyperglycemia (Fig. 2),
suggesting that the abnormalities were not related quantitatively
to the disturbance of osmolality.

Alternatively, the abnormalities in C20:4 metabolism could
result from the profound metabolic changes that occur in
diabetes. A direct stimulatory effect of hyperglycemia seems
unlikely in view of the negative correlation between blood
glucose levels and the rate of PG synthesis (Fig. 2) and the
absence of a stimulatory effect when the concentration of
glucose was increased in the incubation media in vitro (Table
II) (62). Furthermore, simply increasing the external concen-
tration of glucose may bear little resemblance to the diabetic
state in which intracellular glucose and ATP concentrations
may be decreased as a consequence of insulin deficiency. That
such hypoglycemic conditions might stimulate PGproduction
is suggested by the finding that release of both PGE2 and
PGF2, by renal papillae is stimulated by reduction of the
glucose concentration of the media (65) and by the addition
of inhibitors of glycolysis (66). In other tissues such as vascular
endothelium, the interaction between glucose concentration
and PG release is even more complex, with stimulation
occurring at concentrations between 10 and 30 mMwith a
subsequent decrease at higher concentrations (67). Production
of PGs may be increased by activation of lipolysis as evidenced
by the reduction of elevated plasma PG levels that occurred
when antilipolytic agents were administered to rats with diabetic
ketoacidosis (39). PGproduction by diabetic tissues might be
affected further by deficiency of C20:4 stores (68), a finding
that might have contributed to the lower rates of PG release
in our most severely diabetic animals. That any one or more
of the many metabolic abnormalities that comprise the diabetic
milieu in vivo could conceivably influence PG production, is
suggested by the recent observation that prostacyclin production
by human endothelial cells in culture was reduced when
cultured in diabetic serum (69).

Whether or not the biochemical abnormalities in glomerular
PGmetabolism observed in the diabetic animals in the present
study contribute to the abnormalities in glomerular function
reported by others (5-10) remains to be demonstrated. There
is a considerable body of evidence that indicates that the
filtration process is modulated by a variety of classic hormonal
substances and by locally acting autacoids (1 1). Certain vaso-

active hormones, such as angiotensin II, appear to be generated
locally in the kidney as well as in the systemic circulation and
may represent a common effector by which many hormones
influence the GFR (11, 70). PGs, which are also produced
locally in the kidney, can influence GFRby modification of
the vasoconstrictor effects of angiotensin II (21) and by stim-
ulation of renin secretion and local generation of angiotensin
II, which reduces the glomerular capillary ultrafiltration coef-
ficient (Kf) (70). The reduction in Kf appears to be mediated
by contraction of the glomerular mesangial cell, a cell that
contains receptors for and contracts in response to angiotensin
II (71, 72). PGs, which are secreted by these same mesangial
cells (73-75), decrease the contractile responses of whole
glomeruli to angiotensin II, and inhibitors of PG synthesis
increase the response (76). TXA2, which is also produced
locally in the kidney, is a potent vasoconstrictor and can also
stimulate glomerular contraction directly (77). Thus, although
the preliminary observation that indomethacin reduces single
nephron GFRwhen administered to diabetic rats (78) suggests
a net vasodilatory effect of glomerular eicosanoids in this
setting, further studies which evaluate the effect of inhibitors
of specific enzymes in PG biosynthesis on glomerular hemo-
dynamics will be required to better define the functional role
of these compounds in diabetes.
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