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Abstract

Background: Both ACE inhibitors and allopurinol have been
shown to partially prevent metabolic syndrome induced by
fructose. We tested the hypothesis that combined therapy
might be more effective at blocking the metabolic syn-
dromeinduced with fructose. Methods: Male Sprague-Daw-
ley rats were fed a high fructose diet with or without allopu-
rinol, captopril, or the combination for 20 weeks. A control
group received a normal diet. All groups were pair-fed to
assure equivalent caloric intake. Results: Despite reduced
energy intake, the fructose-fed rats developed features of
metabolic syndrome including elevated blood pressure, ab-
dominal obesity, hypertriglyceridemia, hyperuricemia and
hyperinsulinemia. While both allopurinol and captopril
alone tended to reduce features of the metabolic syndrome,
the combined therapy was synergistic, with significant re-
duction in blood pressure, less accumulation of abdominal
fat,an improvementin the dyslipidemia and a complete pre-
vention of insulin resistance. Conclusion: A high fructose
diet can induce metabolic syndrome even in the setting of

caloric restriction. Captopril and allopurinol synergistically
reduce features of the metabolic syndrome, especially hy-
pertension, insulin resistance and dyslipidemia. Combina-
tion allopurinol and ACE inhibitor therapy might provide a
superior means to prevent diabetes and cardiovascular dis-

ease. Copyright © 2009 S. Karger AG, Basel

Introduction

Currently, 26% of the US adult population has the met-
abolic syndrome (MS) [1]. While debate exists over wheth-
er the MS carries better predictive value for cardiovascu-
lar disease than its components, there is consensus that
the prevention of MS could be beneficial in reducing the
frequency of diabetes and heart disease.

Recently, excessive intake of fructose from sugar and
high fructose corn syrup has been proposed in the etiol-
ogy of MS and the obesity epidemic [2-4]. If excessive
fructose intake is a cause of MS, then restriction of fruc-
tose intake would be an ideal prevention. It is also impor-
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tant to identify therapeutics that block the metabolic ef-
fects of fructose.

Experimentally administering fructose to rats causes
metabolic syndrome. Fructose induces MS in part due to
its unique ability to raise intracellular and serum uric
acid (UA) [5-7]. Lowering UA in fructose-induced MS
lowered blood pressure, improved insulin sensitivity, and
modestly reduced hypertriglyceridemia, likely by im-
proving endothelial and adipocyte dysfunction [5, 8-11].
UA also activates the renin-angiotensin system (RAS)
and blocking the RAS prevents some of the vascular ef-
fects of UA [12-15]. RAS inhibition has also been report-
ed to reduce the incidence of type 2 diabetes [16, 17] and
to reduce body weight [18] in various clinical trials.

It has been shown that other vasoactive substances
also have a role in fructose-induced metabolic syndrome
inrats [19]. For example, there is evidence that endothelin
may act upstream of the RAS [20]. In fructose-fed rats
treatment with bosentan prevented the development of
hypertension and decreased the levels of angiotensin II,
while treatment with an AT1 receptor antagonist signifi-
cantly increased vascular endothelin [20]. Interestingly,
it was recently demonstrated that UA significantly in-
creases the expression of endothelin-1 in vitro, in cardiac
fibroblasts and aortic VSMC [21, 22] as well as in vivo
[23].

It is unknown whether angiotensin-converting en-
zyme (ACE) inhibitors and allopurinol provide similar
protection against development of MS or whether the ef-
fects are synergistic. In this regard we hypothesize that
combination therapy might be more effective since cap-
topril blocks the RAS, whereas allopurinol may prevent
endothelin-1 overexpression. Thus, the objective of the
present work was to test whether combination treatment
with captopril and allopurinol is superior to either agent
alone in preventing fructose-induced MS.

We therefore tested the hypothesis that the combina-
tion of captopril and allopurinol is superior to either
agent alone in preventing fructose-induced MS.

Materials and Methods

The study was approved by the University of Florida Institu-
tional Animal Use and Care Committee.

Male Sprague-Dawley rats (250-300 g, Charles River, Wilm-
ington, Mass., USA) were placed on a standard diet (Harlan, Mad-
ison, Wisc., USA) for a five day run-in period and then were di-
vided into 5 groups (n = 8). Group 1 (N): standard diet (containing
46% complex carbohydrate), 3.4 kcal/g (Harlan, Madison, Wisc.,
USA); group 2 (F): 60% fructose diet, 3.6 kcal/g (Harlan, Madison,
Wisc., USA); group 3 (F + A): 60% fructose diet plus allopurinol
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(Sigma, St. Louis, Mo., USA) 10 mg/kg/day dissolved in the drink-
ing water; group 4 (F + C): 60% fructose diet plus captopril (Sig-
ma) 10 mg/kg/day provided in the drinking water, and group 5
(F+C+ A):60% fructose diet plus the same doses of captopril and
allopurinol.

The dose of allopurinol was selected as the optimal dose that
does not cause nephrotoxicity [24-27]. The dose of captopril was
a standard dose used in multiple studies [28-30].

Since ACE inhibitors significantly reduce caloric intake in rats
[31], rats were pair-fed to assure equivalent caloric intake. Body
weight and water intake were measured weekly. At week 14, after
4 h fasting, tail vein blood was collected for metabolic evaluation.
HOMA-IR and QUICKI were calculated from fasting (17 h) glu-
cose and insulin obtained at week 17. Rats were sacrificed at week
20 and intra-abdominal fat was excised and weighed.

Metabolic Measurements

Systolic blood pressure (SBP) was measured in conscious rats
by tail-cuff sphygmomanometer (Visitech BP2000; Apex, N.C.,
USA) at week 7 [5]. Serum glucose, cholesterol, triglycerides, UA,
blood urea nitrogen and creatinine were measured by autoana-
lyzer (VetAce; Alfa Wassermann, West Caldwell, N.J., USA).

The presence of insulin resistance was determined in fasting
rats at 17 weeks by calculating HOMA-IR and QUICKI indices
according to formulas described elsewhere [32]. These estimates
of insulin resistance correlate with the standard hyperinsulin-
emic-euglycemic clamp method [33]. Serum insulin was mea-
sured by ELISA (Crystal Chem, Chicago, Ill., USA).

Statistical Analysis

All data are shown as mean = SD. One way ANOVA (SPSS
15.0) and post hoc multiple comparisons were used to determine
the significance between the mean of multiple groups with the
least-significant difference test for equal and Dunnett’s test for
unequal variances. The homogeneity of variance was clarified by
Levene’s test. The paired and unpaired Student t test was used to
compare the continuous variables of the specific two groups.
Pearson’s correlation was used to address potential associations
between groups. Statistical significance was defined as p < 0.05.

Results

Effect of Diet and Pharmacological Treatments on

Body Weight Gain

Rats were pair-fed to assure equivalent energy intake
between groups. This was important since rats fed ACE
inhibitors are known to reduce their energy intake [31].
Fructose diet groups received 21 g/day (75.6 kcal/day) and
normal control diet groups received 22.2 g/day (75.5 kcal/
day), which is 20% less than the normal dietary intake we
have historically observed [5]. Despite animals receiving
the same energy intake, both captopril-treated groups
(F+ Cand F + C + A) gained significantly less weight
relative to fructose-fed rats (table 1).
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Table 1. Body weight, abdominal fat weight and metabolic parameters

N F F+A F+C F+C+A

Body weight, g

Baseline 294+ 22 29424 294 %21 294%16 294 %23

At sacrifice 57386 61470 588+ 59 536+ 36 532+ 56°
Abdominal fat weight, g 19.5+10.5 33.6£9.1* 34.0%7.6% 24.0+6.75% 19.9£7.9%&
Abdominal fat weight/BW, g/100 g 325%1.4 5.43+1.2% 5.74 +0.9% 4.44+1.0% 3.65+1.1%%
Serum triglycerides, mg/dl 12445 559 +171% 434 +200* 398 *+ 165* 256+ 66% &8
Total cholesterol, mg/dl 94+ 14 125+21* 11122 109+ 19 94 + 227
Serum glucose, mg/dl 179 £22 169*+19 162£20 178 £18 175+13
Serum UA, mg/dl 2.13+0.3 2.63+0.6* 1.95+0.3% 2.23%+0.5 146 +0.2%% &S
Serum insulin, pIU/ml 72.8+26 110.3 £ 40% 108.6 = 38* 104.7 £ 31% 80.1%+23

N = Normal group; F = fructose group; F + A = fructose plus allopurinol group; F + C = fructose plus captopril group; F+ C+ A =
fructose plus captopril plus allopurinol group. p < 0.05 *vs. N,*vs. F, ¥vs. F+ A, ®vs. F + C.

High Fructose Diet Causes Metabolic Syndrome

despite Energy Restriction

Despite restricted energy intake, fructose-fed rats de-
veloped metabolic syndrome. Total intra-abdominal fat
and the ratio of abdominal fat to body weight were in-
creased compared to rats on a normal diet (table 1, p <
0.05). High fructose-fed rats also exhibited elevated blood
pressure (fig. 1, p < 0.001), hypertriglyceridemia, hyper-
uricemia, and hyperinsulinemia (table 1, p < 0.05) com-
pared to normal controls. While serum glucose was sim-
ilar, both the HOMA-IR and QUICKI indices document-
ed insulin resistance in fructose-fed rats (fig. 2).

Allopurinol and Captopril Effects on Metabolic

Syndrome

Allopurinol treatment of fructose-fed rats partially
prevented the rise in blood pressure (fig. 1, p = 0.01) and
hyperuricemia (table 1, p < 0.05) compared to fructose-
fed rats but did not reduce abdominal obesity or serum
triglycerides (table 1).

Captopril alone significantly reduced blood pressure
(fig. 1, p < 0.001), body weight (table 1, p = 0.02) and ab-
dominal obesity (table 1, p <0.05). A trend for a decrease
in serum triglycerides was also noted (p = 0.07).

Combination of Captopril and Allopurinol Prevents

Fructose-Induced Metabolic Syndrome

The F + C + A group showed the least features of met-
abolic syndrome compared to all other groups. Com-
pared to F alone, captopril + allopurinol treatment was
able to prevent the rise in blood pressure (fig. 1, p<0.001),
significantly reduce body weight gain (table 1), and pre-

The Effect of Captopril and Allopurinol
on Metabolic Syndrome
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Fig. 1. Systolic blood pressure (SBP) at 7 weeks. N = Normal group;
F = fructose group; F + A = fructose plus allopurinol group; F +
C = fructose plus captopril group; F + C + A = fructose plus cap-
topril plus allopurinol group. p < 0.05 * vs. N, * vs. F, € vs. F + A,
Svs.F+C.

vent the accumulation of abdominal fat (table 1). In addi-
tion, combined therapy significantly improved hypertri-
glyceridemia, hypercholesterolemia, and hyperuricemia
(table 1, p < 0.05). The F + C + A group also maintained
normal serum insulin levels and insulin resistance was
prevented (fig. 2, HOMA-IR and QUICKI, both p <
0.02).

Combination treatment had additional favorable ef-
fects compared to each treatment alone. For example,
compared to F + C, F + C + A had lower SBP (fig. 1, p =
0.008), lower serum cholesterol (table 1, p = 0.04) and less
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Fig. 2. Effect of combination therapy on insulin resistance. N = Normal group; F = fructose group; F + A = fruc-
tose plus allopurinol group; F + C = fructose plus captopril group; F + C + A = fructose plus captopril plus al-
lopurinol group; HOMA-IR = homeostasis model assessment of insulin resistance; QUICKI = Quantitative
Insulin Sensitivity Check Index. p < 0.05 * vs. N, # vs. F.

insulin resistance (fig. 2, HOMA-IR, p = 0.08). Addition
of captopril also potentiated the effect of allopurinol on
SBP (fig. 1, p < 0.001), serum UA (table 1, p = 0.002), and
serum triglycerides (table 1, p = 0.03).

Discussion

We determined if allopurinol has similar protective
effects as ACE inhibitors in preventing fructose-induced
metabolic syndrome, or whether the therapies are addi-
tive. Both blocking the RAS [34, 35] and lowering UA [5,
36] have already been reported to partially prevent fruc-
tose-induced metabolic syndrome in rats. However, low-
ering UA may work in part by blocking the RAS. UA ac-
tivates the RAS both in vitro and in vivo [12, 37] and
blocking the RAS reduces blood pressure and renal in-
jury in hyperuricemic rats [13, 37]. Hyperuricemia is also
associated with elevated plasma renin activity in humans
(15], and lowering UA in hypertensive adolescents lowers
blood pressure with a fall in plasma renin activity [38].
Thus, we determined if the use of allopurinol was equiv-
alent to using an ACE inhibitor or whether the two had
synergistic actions.

The primary finding was that combination treatment
was superior to either treatment alone. While captopril
partially prevented metabolic syndrome, especially with
regard to reducing blood pressure and intra-abdominal
fat, it had minimal benefit on insulin resistance and hy-
pertriglyceridemia. Allopurinol effectively lowered blood
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pressure but had no benefit on other metabolic param-
eters. In contrast, captopril and allopurinol in combina-
tion preserved normal blood pressure and insulin sen-
sitivity and prevented hypertriglyceridemia, hyperuri-
cemia, and hypercholesterolemia. The exploration of
potential mechanisms that resulted in a superior effect of
combined therapy will be evaluated in future studies.

A second and perhaps more interesting finding result-
ed from the study design. Specifically, it was important
to assure equivalent energy intake to each group so that
the benefit of treatment could not be attributed to differ-
ences in fructose intake. Prior studies have reported that
ACE inhibitor treatment results in reduced food intake in
rats [31], a finding we also confirmed. As a consequence,
rats were forced to eat only 80% of their normal energy
intake as compared to our previous study in which the
high fructose diet was administered ad libitum [5]. De-
spite the restricted energy intake, the fructose-fed rats
still developed many features of metabolic syndrome.
Hence these studies document that the metabolic syn-
drome induced by fructose does not require excessive en-
ergy intake but can occur even with energy restriction.

Even though animals were pair-fed, captopril treat-
ment (with or without allopurinol) reduced body weight
compared to the other groups. This is consistent with re-
ports that ACE inhibitors may increase metabolic effi-
ciency [31] or may block angiotensin II-mediated adi-
pocyte growth [39]. Furthermore, mice overexpressing
angiotensinogen in adipose tissue display increased adi-
posity and plasma insulin levels compared to wild-type

Roncal/Reungjui/Sanchez-Lozada/Mu/
Sautin/Nakagawa/Johnson



controls, whereas mice lacking angiotensinogen display
opposite findings [40].

In previous studies we reported that lowering UA im-
proves insulin resistance and dyslipidemia in fructose-
induced metabolic syndrome [5, 7], a finding that con-
trasts with the current report. Two possible explanations
may account for these findings. We recently reported that
rats fed fructose ad libitum chronically become leptin re-
sistant [41], suggesting that one mechanism involved in
fructose-induced metabolic syndrome may be via in-
creased energy intake. It is possible that allopurinol acts
more effectively under conditions in which diet is not re-
stricted, or that its effect could be due to the prevention
of leptin resistance. Second, fructose-induced hyperuri-
cemia is maximal in the first few hours following inges-
tion of fructose [42-44] and is also dose dependent [45,
46]; thus, it is possible that the effect of UA on hyperin-
sulinemia and hypertriglyceridemia depend on both time
of blood collection and total dose of fructose ingested.

In conclusion, fructose-induced metabolic syndrome
can occur in the setting of energy restriction. Further-
more, we document that captopril and allopurinol are
synergistic in their ability to prevent fructose-induced

metabolic syndrome. Further studies are required to un-
derstand how these two drugs interact to provide supe-
rior protection to either drug alone. However, the impor-
tance of this study is that it suggests that combination
allopurinol and ACE therapy might provide a potential
superior therapeutic strategy to prevent diabetes and car-
diovascular disease.
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