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In previous studies, we showed that feeding arachidonic acid (AA) supplemented with a fixed amount of zinc lowered
blood glucose concentrations in the fed state and water intake in rats with streptozotocin-induced diabetes. The present
study was designed to determine dose-dependent effects of AA supplemented with a fixed amount of zinc on fed blood
glucose levels, water intake, and glucose tolerance in genetically type 2 diabetic Goto-Kakizaki (G-K) Wistar rats. In an
acute study, 20 mg/kg AA plus 10 mg/kg zinc administered via gastric gavage significantly improved oral glucose
tolerance in G-K rats when compared to rats given distilled water (DW) only. When rats were treated chronically (2
weeks) with increasing doses of AA in drinking water, fed blood glucose concentrations and water intake were
maximally decreased with diets containing 20 or 30 mg/L AA plus 10 mg/L zinc. Three-hour average area-above-fasting
glucose concentrations (TAFGC; index of oral glucose tolerance) in diabetic G-K rats treated with 10, 20, or 30 mg/L AA
plus 10 mg/L zinc for 2 weeks were significantly decreased relative to DW-treated rats. The effect on TAFGC values was
maintained for an additional 2 weeks after cessation of treatment. Plasma insulin levels significantly increased in rats
treated with 20 mg/L AA only or 10 mg/L AA plus 10 mg/L zinc, but not in rats treated with 20 or 30 mg/L AA plus 10
mg/L zinc, which are the most effective doses for the improvement of clinical signs of diabetes in G-K rats. In in vitro
assays, 0.2 mg/mL AA in the incubation media was optimal for glucose uptake in isolated soleus muscle slices. These
results suggest that treatment of genetically diabetic G-K rats with AA plus zinc lowers blood glucose levels via
improvement of insulin sensitivity.

Copyright 2003, Elsevier Science (USA). All rights reserved.

E HAVE PREVIOUSLY demonstrated that arachi-

donic acid (AA) supplemented with zinc (ZA) im-
proved clinical signs of diabetes in rats treated with strep-
tozotocin.!2 This animal model is relevant to type 1 diabetes
in humans. Type 1 diabetes is a genetic disease of pancreatic
B-cell destruction evoked by certain environmental factors.
Although AA stimulates insulin secretion in isolated pan-
creatic 3 cells,? the effectiveness of oral ZA treatment in
these rats suggests that ZA possibly enhances glucose utili-
zation, as no insulin secreatagogue can stimulate insulin
secretion in pancreatic 8 cells damaged by streptozotocin
treatment. Thus, we hypothesized that if ZA improves glu-
cose tolerance in type 2 diabetic animals, the ZA effect that
results in decreased blood glucose levels must be obtained
through enhanced insulin sensitivity. To test this hypothesis,
the effects of ZA on the improvement of clinical signs of
diabetes were determined in genetically type 2 diabetic
Goto-Kakizaki (G-K) rats.

The G-K rat strain was developed in Japan through in-
breeding of mutant Wistar rats, and is a polygenic model of
human type 2 diabetes. Type 2 diabetes or non—insulin-
dependent diabetes mellitus (NIDDM) involves a syndrome
of insulin resistance, including resistance to insulin-
mediated signal transduction mechanisms.* Therefore, de-
termination of the effects of ZA on the improvement of
clinical signs of type 2 diabetes in G-K rats is important
prior to the elucidation of the mechanisms by which ZA
improves hyperglycemia. Zinc is involved in the stimulation
of insulin-receptor signal transduction mechanisms.>-¢ Treat-
ment of diabetes with zinc alone does not improve clinical
conditions of diabetes!->78; however, it is possible that
increased AA intake may control blood glucose level by
regulating zinc metabolism.® The present study demonstrates
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that dietary intake of ZA improves clinical signs of type 2
diabetes in genetically diabetic G-K rats.

MATERALS AND METHODS
Materials

Zinc, AA, and L-histidine (a zinc-chelating agent) were purchased
from Sigma Chemical Co (St Louis, MO). Accu-Chek Glucometer and
strips were purchased from Roche Diagnostics Corp (Indianapolis, IN).
The enzyme-linked immunosorbent assay (ELISA) kit specific for rat
insulin was supplied by American Laboratory Products Co (Windham,
NH). The compounds 1, 2-*’H-2-deoxy-D-glucose and 1-'*C-p-manni-
tol were obtained from Perkin Elmer Life Sciences (Boston, MA).
Abbot Laboratories (North Chicago, IL) supplied pentobarbital.

Animals

Two-month-old Wistar rats were purchased from Charles River
Laboratories, Indianapolis, IN. One-month-old male and female stock
of G-K rats were purchased from the University of South Florida,
Division of Comparative Medicine (Dr Robert J. Farese) and the colony
was maintained at the Animal Facility of the Veterans Affairs (VA)
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Greater Los Angeles Healthcare System, Los Angeles, CA. These
studies were conducted with the approval of the Animal Study Com-
mittee at the VA Greater Los Angeles Healthcare System.

Experimental Methods and Design

Measurements of blood glucose and plasma insulin. Blood glucose
was measured using an Accu-Chek Glucometer. One drop of blood was
obtained from a cut on the underside of the rat’s tail. At the end of the
feeding experiment, rats were anesthetized by intraperitoneal injection
of 100 mg/kg pentobarbital and heparin to prevent blood coagulation.
Rats were exsanguinated via ocular vein puncture and blood was
centrifuged at 1,000 X g for 5 minutes to collect plasma. Plasma insulin
levels were measured by using an ELISA kit specific for rat insulin.

Measurement of 3-hour average area-above-fasting glucose concen-
trations (TAFGC). TAFGC, indices of glycemic control, were mea-
sured by determining blood glucose levels every 30 minutes for 3 hours
after gastric gavage with 1.0 g glucose/kg body weight (BW). TAFGC
were calculated by subtracting fasting blood glucose from the average
blood glucose calculated during the 3 hours after glucose gavage.

Effects of ZA on muscle glucose uptake. Hind limb muscle tissues
were removed from 2-month old nondiabetic Wistar and diabetic G-K
rats after they were killed by 100 mg/kg BW pentobarbital injection.
Tissue was sliced finely with a razor blade in Krebs Henseleit Buffer
(KHB) solution. KHB Stock Solution (10X) consists of 118.5 mmol/L
NaCl, 4.7 mmol/L KCl, 3.4 mmol/L CaCl, 1.2 mmol/L KH,PO, 1.2
mol/L MgSO, 25 mmol/L. NHCO; 32 mmol/L mannitol, 8 mmol/L
glucose, and 0.1 % wt/vol bovine serum albumin (BSA). Slices were
incubated in 15-mL polypropylene test tubes containing 2.0 mL Eagle’s
media with increasing levels of AA (0, 0.2, 0.5, 1.0, or 3.0 mg/mL), and
1.5 uCi 1,2->H-2-deoxy-D-glucose (specific activity, 1.0 uCi/mg) plus
0.3 uCi 1-"*C-p-mannitol (specific activity, 0.1 uCi/mg). Tubes were
incubated at 35°C for 20 minutes. At the end of the incubation period,
tissue samples were washed twice with KHB solution, dried in a 90°C
oven overnight, weighed, reconstituted in distilled water, and frozen.
Each tissue sample was homogenized in a Polytron homogenizer,
centrifuged for 5 minutes at 1,000 X g, and the supernatant placed in
a 20-mL vial for *H and '*C counting. The precipitate was washed with
2 mL KHB solution, and added to the vial containing 2.0 mL initial
supernatant. After addition of 15 mL liquid scintillation cocktail, the
vials were counted in a Beckman liquid scintillation counter (Palo Alto,
CA). The total amount of glucose bound and transported into tissue was
determined by the measurement of radioactivity of 1, 2->H-2-deoxy-
D-glucose. The amount of glucose bound to the tissue but not trans-
ported was determined by measuring radioactivity of 1-'*C-p-mannitol.
Total tissue glucose uptake was calculated by subtracting tissue-bound
glucose from total glucose bound to the cell membranes and trans-
ported into the cells.

Experimental Design

Determination of acute effects of ZA on TAFGC. For determination
of acute effects of ZA on TAFGC, food was withdrawn for 4 hours in
2-month-old diabetic G-K rats. Rats were then administered with DW
only, 10 mg/kg BW zinc only, 20 mg/kg BW AA only, or 10 mg/kg
zinc plus 10, 20, or 30 mg AA/kg BW together with 1.0 g glucose/kg
BW via gastric gavage (n = 5 to 10 for each treatment group). Blood
glucose levels were measured every 30 minutes for 3 hours.

Determination of long-term effects of ZA on the clinical signs of
diabetes. To measure the optimal concentration of AA required to
lower blood glucose after long-term treatment, 1-month-old male G-K
rats were divided into 6 groups of 5 to 10 rats. Rats were treated with
either DW only, 10 mg/L zinc only, 20 mg/L AA only, or increasing
levels of AA (10, 20, or 30 mg/L) plus 1.0 mg zinc and 0.5 mg
L-histidine/L. for 2 weeks. Every other day for 2 weeks, fed blood
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Fig 1. Acute effects of AA plus zinc on TAFGC in diabetic G-K rats
after gastric gavage of glucose. Blood glucose levels were measured
every 30 minutes for 3 hours after gastric gavage of 1 g glucose/kg
BW with DW only, 10 mg/kg BW zinc, 20 mg/kg BW AA, or 10 mg
zinc, and 0.5 mg L-histidine/kg BW plus 10, 20, or 30 mg AA/kg BW in
2 month-old G-K rats (n = 5-10 for each). *P < .05 compared to 20
mg/kg AA only-treated rats.

glucose and water intakes were measured at the same time in the
morning. TAFGC were determined at the end of the 2-week treatment
period and 2 weeks after cessation of treatments. Food was withdrawn
overnight and animals were given 1.0 g/kg BW glucose via gastric
gavage to determine the TAFGC. Feeding plasma insulin levels were
determined in fed animals 2 weeks after cessation of treatments.

Statistical Analysis

Values are presented as the mean = SEM. Data were analyzed by
repeated-measures analysis of variance (ANOVA; blood glucose) or ¢
test using a statistical package, GraphPad InStat (Version 1.13, sup-
plied by GraphPad Software Co, San Diego, CA). A P value less than
.05 was considered statistically significant.

RESULTS

For determination of acute effects of ZA on glucose disposal
in genetically diabetic G-K rats, TAFGC were determined.
When the 4-hour fasted G-K rats were administered DW only,
10 mg/kg BW zinc only, 20 mg/kg BW AA only, or 10 mg
zinc/kg BW plus increasing doses of AA (10, 20, or 30 mg
AA/kg BW), the maximal decrease in TAFGC was observed in
the rats treated with 20 mg AA plus 10 mg zinc/kg BW (Fig 1).
The TAFGC values in these rats were significant compared to
the values in rats treated with 20 mg/kg BW AA only (P <
.05).

For determination of the long-term effects of ZA on im-
provement of clinical signs of diabetes, G-K rats were treated
with DW, 10 mg/L zinc only, 20 mg/L AA only, or 10 mg/L
zinc plus 10, 20 or 30 mg/L AA for 2 weeks. Fed blood glucose
levels at day 14 were significantly lower in G-K rats treated
with drinking water containing 20 or 30 mg AA/L plus 10 mg/L
zinc compared to those treated with DW only (Fig 2). Rats
treated with 10 mg/L zinc plus 10 or 30 mg/L AA showed
similar effects as rats given 20 mg/L AA plus 10 mg/L zinc. To
determine TAFGC, food was withheld overnight and animals
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Fig 2. Blood glucose levels in fed G-K rats treated with various
doses of zinc and AA. One-month-old diabetic G-K rats were treated
with DW only, 10 mg/L zinc only, 20 mg/L AA only, or 10 mg/L zinc
plus 10, 20, or 30 mg/L AA in drinking water (n = 5-10) for 2 weeks
and blood glucose levels measured every other day. The 10 mg/L and
30 mg/L AA plus 10 mg/L zinc-treated rats showed the similar values
to those of 20 mg/L AA plus 10 mg/L zinc; therefore, data for these
groups are not shown. *P < .05 compared to DW-treated rats.

were given 1.0 g/kg glucose via gastric gavage. TAFGC values
in G-K rats treated with 10 mg/L zinc only or 20 mg/L AA only
for 2 weeks did not show any significant difference compared
to those treated with DW. However, all rat groups treated with
increasing doses of AA (10, 20, or 30 mg/L) plus 10 mg/L zinc
showed significantly improved TAFGC values compared to
DW-treated rats (Fig 3). When these rats were monitored for
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Fig 3. Values of TAFGC in G-K rats treated with various doses of
zinc and AA for 2 weeks (Post-treatment) and measured 2 weeks
after cessation of treatment (Residual effects). G-K rats were divided
into 6 groups of 5-10 rats, and treated with DW only, 10 mg/L zinc
only, 20 mg/L AA only, or 10 mg/L zinc plus 10, 20, or 30 mg/L AA in
drinking water for 2 weeks. At the end of the treatment period, rats
were fasted overnight and blood glucose levels were measured every
30 minutes after gavage of 1 g/kg BW glucose (n=5-10 for each) (CJ).
Two weeks after cessation of treatment, TAFGC values were mea-
sured again (H). * P < .05 compared to DW-treated rats.
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Fig 4. Plasma insulin levels in G-K rats treated with various doses
of zinc and AA. Fed rats were treated with DW only, 10 mg/L zinc
only, 20 mg/L AA only, or 10 mg/L zinc plus 10, 20, or 30 mg/L AA in
drinking water for 2 weeks (n = 5-10). Plasma insulin levels were
determined 2 weeks after cessation of treatment. *P < .05 compared
to DW-only treatment group.

another 2 weeks, those previously treated with 10, 20, or 30
mg/L. AA plus 10 mg/L zinc still maintained significantly
improved TAFGC values compared to DW-treated rats.
Plasma insulin levels increased significantly in the rats
treated with 20 mg/L AA only or 10 mg/L zinc plus 10 mg/L
AA compared to those treated with DW or zinc only (P < .05)
(Fig 4). However, no significant changes were observed with
20 or 30 mg/L AA plus 10 mg/L zinc-treated rats compared to
DW-treated rats. Water intake was decreased most in rats
treated with either 20 or 30 mg/L. AA plus 10 mg/L zinc. The
rats treated with either 10 mg/L zinc only or 10 mg/L AA plus
10 mg/L zinc also significantly decreased water intake (Fig 5).

. 300
250
200 1
150

100 A

Water Intake (mL/kg BW/day
()}
(@)

DwW Znonly AAonly Zn+AA Zn+ AA
(0/0) (10/0) (0/20)  (10/10)  (10/20)

Level of Zinc and/or AA (mg/L)

Zn + AA
(10/30)

Fig 5. Water intake of G-K rats treated with various doses of AA
plus zinc in drinking water. Diabetic G-K rats were treated with DW
only, 10 mg/L zinc only, 20 mg/L AA only, or 10 mg/L zinc plus 10, 20,
or 30 mg/L AA in drinking water for 2 weeks and water intake was
measured every other day (n = 5-10). **P < .01 compared to DW-only
treatment group.
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Fig 6. AA concentration-dependent glucose uptake capacities of
Wister nondiabetic and G-K rat muscle tissues. Muscle tissues
(soleus) from age-matched Wistar nondiabetic and diabetic G-K rats
(n = 10 for each) were removed and incubated in Eagle’s media with
increasing levels of AA (0, 0.2, 0.5, 1.0, or 3.0 mg/mL), and 1.5 uCi 1,
2-3H-2-deoxy-p-glucose plus 0.3 uCi 1-'#C-p-mannitol at 35°C for 20
minutes. *P < .05 compared to 0 mg/mL AA concentration.

Thus, water intake was reduced in rats with all treatments
containing zinc relative to DW-treated rats, but not with the
AA-only treatment.

When effects of ZA on glucose uptake rates in muscle tissues
from normal Wistar and diabetic G-K rats were determined, the
optimal concentration of AA for glucose uptake in muscle
slices was 0.2 mg/mL for both normal Wistar and diabetic G-K
rats (Fig 6). At the optimal concentration of AA, glucose
uptake capacity of muscle slices from G-K rats was higher than
that from normal rats.

DISCUSSION

AA is the major prostaglandin (PG) precursor. Although the
mechanisms are not clearly understood, AA and PG play an
important role in the regulation of insulin release and partici-
pate in numerous glucose metabolic activities.!*-!2 PGE, and
PGE, treatment improves insulin sensitivity in isolated rat
soleus muscle!? and confers therapeutic benefit to diabetic
patients.!'#!5 Blood levels of AA are decreased in diabetic
rats,'¢ and lack of free fatty acids in muscle tissues is associated
with increased insulin resistance in humans.!” Although AA
stimulates insulin synthesis and secretion,? it has been sug-
gested that supplementation of +y-linoleic acid (GLA), which is
a precursor of AA, may diminish some of the complications of
type 2 diabetes by increasing AA synthesis.!® PGs and essential
fatty acids are capable of chelating zinc and regulating
intestinal zinc absorption and secretion.'®-?2 AA influences
zinc uptake capacity (from mucosa to serosa) in intestinal
segments and in various organ tissues,?>?3 and regulates mus-
cle zinc metabolism.? These facts illustrating that PGs and AA
affect both glucose!-319-13 and zinc!9-22 metabolism, and that
zinc is an important stimulator of insulin-mediated signal trans-
duction mechanisms leading to increased glucose uptake in
insulin-requiring cells,>® suggest that AA influences zinc
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metabolism, which may in turn improve clinical signs of dia-
betes.

We found in this study that the maximal improvement of
TAFGC values occurred when rats were administered acutely
20 mg AA/kg BW via gastric gavage (Fig 1). The optimal dose
of AA for glucose uptake rate in isolated muscle tissue was 0.2
mg/mL in the cell culture medium (Fig 6). As approximately
5% of total body weight is plasma, a 1.0 kg rat would have a
plasma volume of 50 mL. Thus, 20 mg AA/50 mL plasma
volume is equivalent to 0.4 mg/mL. Assuming only 50% of
total AA administered is absorbed, the blood concentration
attainable with the optimal oral dose of AA (Fig 1) in the in
vivo studies is remarkably similar to the optimal AA concen-
tration in the muscle tissue incubation found in the in vitro
studies (Fig 6). Given that AA nutrition in diabetic rats is
defective and that the AA requirement in these animals may be
different from that of normal rats, it is apparent that AA
supplementation can improve the clinical conditions of diabe-
tes. However, it is important to maintain adequate but not
excessive AA intake. Since AA can be a PG precursor and
competitor of PG binding sites, AA may compete with PG
activities if excess AA is present in the plasma. Additionally,
AA can stimulate zinc metabolism by enhancing PG synthesis,
which in turn improves insulin secretion or glucose utilization
of muscle tissues.!-3-10-13.19-22 [t {5 possible that excess AA may
interfere with PG action by acting as a PG analog. Further
studies are required to fully determine the dose-dependent
mechanisms of AA’s effects to lower blood glucose levels.

The effect of acute administration of ZA (20 mg/kg BW AA)
in lowering TAFGC, an index of oral glucose tolerance, could
be due to the increased plasma insulin levels or direct (non—
insulin-dependent) effects on muscle tissues to improve insulin
action. It has been reported that both AA3 and zinc?3-?* stimu-
late insulin secretion, and glucose uptake in muscle tissues.?
However, improvement of TAFGC took an extended length of
time in the long-term studies using low doses of AA, and the
effect was sustained even after cessation of treatment. The
major defect of type 2 diabetes is impaired insulin action to
enhance glucose uptake due to impaired cellular signal trans-
duction mechanisms. AA is an essential element to maintain
integrity of cell membranes; replenishment of AA from the
deficient state may act to correct the chemical structure of cell
membranes and reverse impaired signal transduction. Further-
more, AA is the major PG precursor for the control of cellular
function, and contributes to cellular PG synthesis. Zinc is an
extremely important essential element, since it is involved in
gene expression and metabolism of cellular waste,?> and acts as
a cofactor for insulin receptor B-subunit autophosphoryla-
tion.>¢ Repair of cellular function by AA and zinc to improve
glucose utilization by muscle and fat cells may take some time.
Once cellular function is corrected, the treatment effect may
last without further treatment as shown in Fig 3. Further work
is needed to elucidate the mechanism for this sustained effect.

ZA may have several actions to improve diabetes, including
stimulating insulin secretion,!'-'2 and/or direct (non—insulin-
dependent) glucose uptake in muscle tissues>© that results in an
immediate effect in lowering blood glucose levels. ZA may
improve insulin action by stimulating glucose utilization in
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muscle tissues, which requires more time for metabolic adjust-
ment for cellular function and structure.!0-13-18 This possibility
is further supported by the data showing that rats treated with
20 or 30 mg/L AA did not show any increase in plasma insulin
levels (Fig 4), although these rats demonstrated improved
TAFGC values (Fig 3). However, AA treatment increased
plasma insulin levels in 20 mg/L AA only-treated rats concur-
rently with no improvement in glucose utilization (Figs 3 and
4). One of the major clinical conditions of diabetes is polydyp-
sia. If diabetic signs are improved by ZA treatment, it is
expected that water intake in rats treated with ZA must de-
crease. As shown in Fig 5, water intake rate did decrease with
20 or 30 mg/L AA plus 10 mg/L zinc treatments.

Insulin resistance is present 10 to 20 years before the
onset of type 2 diabetes,?° and epidemiological studies con-
firm the incidence of type 2 diabetes is directly related to
pre-existing insulin resistance.?”-28 A major biochemical de-
fect in insulin resistance is impaired action of the insulin
receptor y-subunit autophosphorylation.?°-3 This defect is
improved by zinc, which enhances insulin action!0-13.18
and even has insulin-like properties in itself.>® AA is capa-
ble of chelating zinc and stimulating intestinal tissue zinc
uptake and absorption.33-34 Thus, AA plus zinc can improve
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glucose tolerance by increasing glucose utilization in muscle
tissues.

CONCLUSIONS

Although the pathophysiology of type 2 diabetes in the G-K
rat model may not be exactly identical to that of the human, the
improvement demonstrated in the G-K rats’ clinical signs of
diabetes suggest the possibility of treating human diabetes with
AA plus zinc. However, it is difficult to assess the treatment
value of short-term treatment with AA plus zinc on G-K rats.
The fact that G-K rats maintained improved TAFGC values for
a few weeks after the cessation of treatment implies that the
long-term treatment of diabetic G-K rats with various concen-
tration of AA plus zinc may have as yet unknown treatment
value. Nevertheless, evidence of improvement in diabetes in
G-K rats with AA plus zinc treatment is presented in this study,
although the exact mechanisms have yet to be fully determined.
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