The Effect of Troglitazone on Plasma Homocysteine, Hepatic and Red Blood
Cell S-Adenosyl Methionine, and S-Adenosyl Homocysteine and Enzymes in
Homocysteine Metabolism in Zucker Rats

Vivian Fonseca, Mary Keebler, Aliza Dicker-Brown, Cyrus DeSouza, Lionel A. Poirier, S.N. Murthy,
and Dennis B. McNamara

We studied the effect of troglitazone on the plasma concentrations of homocysteine (tHcy), the erythrocyte and hepatic
concentrations of S-adenosylmethionine (SAM) and S-adenosylhomocysteine (SAH), and the hepatic activities of cystathi-
onine-B-synthase (CBS) and methylenetetrahydrofolate reductase (MITHFR) in lean and fatty Zucker rats (a model of insulin
resistance). Four groups of female Zucker rats were studied. Troglitazone (200 mg/kg) was administered by gavage daily for
3 weeks to lean and fatty Zucker rats. The other 2 groups served as controls. The blood parameters were determined at days
0, 10, and 21. The hepatic SAM and SAH concentrations and MTHFR and CBS were measured in the 3-week liver samples.
Plasma homocysteine fell significantly in all troglitazone-treated animals from a mean = SD of 7.6 = 1.5 umol /L to 4.5 + 1.1
pmol /L (P < .02) but not in control animals (5.7 =1.8 umol /L to 5.9 + 1.8 umol /L). The decreases induced by troglitazone
in homocysteine were seen in both the lean and the fatty Zucker rats. This was accompanied by significant rises in the hepatic
concentrations of SAH and SAM + SAH. In addition, a significant decline in the hepatic SAM/SAH ratio was observed. The
mean + SD hepatic CBS (expressed as nmol of cystathionine formed at 37°C) in the troglitazone-treated rats was 1,226 + 47
nmol/h/mg protein, which was significantly higher than that in the control group (964 + 64 nmol/h/mg protein; P = .03). We
conclude that troglitazone lowers plasma homocysteine in insulin-resistant animals. The homocysteine-lowering effects of
troglitazone may be mediated in part by a shift in the concentrations of tHcy and its related metabolites from the blood to
the liver as well as by an upregulation of hepatic CBS activity. These data support the hypothesis that insulin may regulate
homocysteine metabolism through regulation of hepatic C3S activity, although activity of other hepatic enzymes not studied

here may also contribute to these observations.
Copyright 2002, Elsevier Science (USA). All rights reserved.

N ELEVATED plasma homocysteine (THCY) is recog-
nized as a risk factor for cardiovascular disease (CVD).!
Recent studies have demonstrated that plasma tHcy is an im-
portant risk factor for CVD and mortality in patients with type
2 diabetes.?* Plasma tHcy is elevated in patients with type 2
diabetes who have coexistent CVD.>

Many factors have been found to be important in determin-
ing plasma homocysteine concentrations.®’ Genetic mutations
have been described, which result in changes in the function
of enzymes such as methylenetetrahydrofolate reductase
(MTHFR) and cystathionine-3-synthase (CBS). Nutritional
factors are important, and include plasma concentrations and
intake of folic acid and vitamin B,,, which serve as cofactors
for enzymes that regulate fasting tHcy, and pyridoxine, which
is a cofactor for enzymes that regulate plasma tHcy following
a methoinine load. Although vitamin status and renal function
are the most important determinants of plasma tHcy, data
suggest that a variety of drugs and hormones play a role.?

Insulin resistance is also a risk factor for CVD and is an early
abnormality in the natural history of type 2 diabetes®. Thiazo-
lidinediones are a new class of antidiabetic agents that directly
target insulin resistance and have a variety of effects on car-
diovascular risk factors.!?

Because of the association between tHcy and CVD risk in
diabetes, it is important to determine whether insulin resistance
is associated with changes in plasma tHcy. Data on plasma
tHey in patients with diabetes is somewhat confusing due to
confounding variables including complications of diabetes,
medications, and lack of controlled nutritional status. However,
several studies have demonstrated a relationship between
plasma insulin and tHcy in well-nourished subjects with normal
renal function.!!-!? Furthermore, acute hyperinsulinemia lowers
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plasma homocysteine concentrations in normal subjects, but
not in insulin-resistant patients with type 2 diabetes.!3

Animal and in vitro studies also suggest a role for insulin and /
or insulin resistance in determining plasma homocysteine.!4!5
We have demonstrated that plasma tHcy concentrations were
elevated in rats fed a high-fat and -sucrose diet to induce insulin
resistance.!* A decrease in the activity of C3S, a key enzyme in
the trans-sulfuration pathway of homocysteine metabolism,
accompanied this elevation in homocysteine. Furthermore,
plasma insulin correlated positively with plasma tHcy. Studies
in cultured hepatocyes also support a role for the effect of
insulin in regulating homocysteine metabolism.!®

To further elucidate the role of insulin/insulin resistance in
the regulation of plasma homocysteine, we measured tHcy
concentrations and the activity of these enzymes in a genetic
model of obesity and insulin resistance, the Zucker fatty rat.
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The treatment with insulin sensitizers such as with the thiazo-
lidinedione (troglitazone) have been shown to reduce insulin
resistance in this animal model. We therefore studied homo-
cysteine metabolism in animals treated with troglitazone for a
period of 3 weeks.

MATERIALS AND METHODS

Female Zucker fatty rats (fa/fa; Genetic Models Inc, Indianapolis,
IN) were randomized to receive either troglitazone (Parke Davis, Ann
Arbor, MI) CBS (n = 7) or no treatment (n = 7). We also studied lean
Zucker rats with either troglitazone (n = 7) or no treatment (n = 7). All
animals were 10 weeks old, and nondiabetic. Animals were fed with a
standard laboratory rodent diet (Labdiet; PMI Nutrition International,
Richmond, IN). This diet contains approximately 28% of calories from
protein, 12% from fat, and 60% from carbohydrate. The diet contains
multiple vitamins including folic acid 5.9 ppm, pyridoxine 6.0 ppm,
and vitamin B, 22 ug/kg.

Troglitazone, 200 mg/kg/d, was administered by gavage for 3 weeks.
Although much higher than the dose used in humans, this dose has been
shown to alleviate insulin resistance in zucker rats. After 3 weeks of
treatment, the animals were killed, and blood and liver tissue was
obtained and immediately frozen for later analysis.

Hepatic CBS and MTHFR activity was measured by previously
described methods.'* We also measured the hepatic and erythrocyte
concentrations of the body’s chief physiological methyl donor S-ad-
enosylmethionine (SAM) and of its metabolite and inhibitor S-adeno-
sylhomocysteine (SAH). The analyses of SAM and SAH in the blood
and liver extracts were conducted by high-performance liquid chroma-
tography (HPLC).!7-1° Plasma homocysteine was measured before and
after troglitazone treatment using the Bio-Rad homocysteine analysis
kit (Bio-Rad Diagnostics Group, Hercules, CA).20

Statistical analysis was performed using Sigmastat software (HAL-
LOGRAM, Aurora, CO). Comparisons between groups were made
using the 1-way analysis of variance (ANOVA) and ¢ tests. Data are
expressed as the mean * SD.

RESULTS

At the time of death the mean = SD body weight in the fatty
rats was 334 * 25 g and was significantly less in the lean rats,
182 = 14 g (P < .001). The plasma tHcy in the Zucker fatty
rats did not differ significantly from that in lean animals (6.2 *
1.9 wmol /L v 6.5 £1.6 wmol /L, respectively). Since there was
no difference in plasma tHcy between groups, we pooled data
from both groups to determine the effect of troglitazone treat-
ment.

Plasma homocysteine fell significantly in all troglitazone-
treated animals from 7.6 = 1.5 pumol/L to 4.5 = 1.1 wmol/L
(P < .02), but not in control animals (5.7 *1.8 umol/L to
5.9 = 1.8 umol/L). The effect was more marked in the Zucker
fatty rats in which plasma tHcy fell significantly from 6.2 * 0.5
pumol/L to 3.9 = 0.5 wmol/L in troglitazone-treated animals
(P = .02). The effect of treatment on plasma tHcy is illustrated
in Fig 1.

The hepatic CBS activity (expressed as nmol of cystathi-
onine formed at 37°C) in the troglitazone-treated rats was
1,226 = 47 nmol/h/mg protein, which was significantly higher
than that in the control group (964 = 64 nmol/h/mg protein;
P = .03).

The mean plasma insulin was 186.9 = 42 pmol/L in the fatty
rats and fell significantly with troglitazone to 114.5 *= 21
pmol/L (P < .001). In the lean rats, plasma insulin was 61.4 *
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Fig 1. Effect of treatment with troglitazone on plasma homocys-
teine (umol/L) in Zucker rats.

8 pmol/L and fell to 35.8 = 19 pmol/L (P= .018). There was
no change in the plasma insulin in the control rats over the
3-week period.

The mean hepatic MTHFR activity in the troglitazone-
treated rats was 3.5 = 1.4 nmol/h/mg, which was not signifi-
cantly different compared to that in the control group (3.2 =
1.2 nmol/h/mg).

The erythrocyte concentrations of SAM and SAH did not
differ between the fatty and lean rats and changed during the
course of these studies (Table 1). Table 1 indicates that the
concentrations of SAM increased and that those of SAH de-
creased during the course of the 3-week experiment. This
resulted in significant increases in the erythrocyte SAM/SAH
ratios. While the time-dependent changes in SAM, SAH and
SAM/SAH ratios were not invariably seen by pairwise com-
parisons between the groups in Table 1, regression analysis of
combined groups against time showed that the changes seen in
the following groups were all significant (P < .01): Zucker lean
combined, Zucker fat combined, troglitazone-treated, and com-
bined fat + lean controls. No significant effect of troglitazone
treatment or of fat status on the time-dependent changes in
erythrocyte SAM, SAH, or SAM/SAH ratios was observed. No
other consistent effect of treatment or group was observed on
erythrocyte SAM and SAH.

Hepatic SAM did not differ between fatty and lean rats
(243 £ 1.1 v21.5 = 1.2 ug/g, respectively) nor was there any
difference between treated and untreated rats (24.5 = 1.1 v
21.5 = 1.2 pg/g. Similarly, hepatic SAH did not vary signifi-
cantly between the fatty and the lean animals (Table 1). How-
ever, in rats treated with troglitazone, hepatic SAH was signif-
icantly higher than control rats (Table 1). When data from the
lean and fatty groups were combined, the hepatic SAM/SAH
ratio in the troglitazone-treated group was 2.7 = 0.1, which was
significantly lower than that in untreated rats, 3.4 = 0.2. Sim-
ilarly, the SAM+SAH concentrations were higher in the livers
of the troglitazone-treated animals than they were in the cor-
responding controls (84.2 = 3.6 v 69.9 v 3.5 nmol/g for the
troglitazone-treated animals and the controls, respectively).

To determine whether there was a relationship between
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Table 1. Hepatic and Erythrocyte SAM and SAH in Zucker Rats
Group
Tissue Parameter Time Fat + Troglitazone Fat Only Lean + Troglitazone Lean Only
RBC SAM (ng/g) 0 5.0 = 0.2 43+04 53+ 0.5 5.1 +0.2
1 6.1 = 0.4% 5.4 = 0.2* 6.3 = 0.2 6.4 + 0.3t
2 6.1 = 0.4% 55+ 0.4 5.8+ 0.4 6.6 = 0.6%
SAH (ug/g) 0 0.74 = 0.09 0.79 = 0.08 0.83 = 0.06 0.86 = 0.03
1 0.62 = 0.06 0.53 = 0.03* 0.57 = 0.04% 0.68 = 0.05%
2 0.32 = 0.03% 0.31 = 0.03 0.33 = 0.05% 0.43 = 0.05%
SAM/SAH 0 8.1+13 5.8+ 0.8 6.54 = 0.7 6.0 = 0.4
1 103+ 1.4 10.5 = 0.6% 11.5 = 1.1% 9.6 + 0.8%
2 20.2 £ 2.1 19.2 + 2.9% 19.0 = 2.8% 16.6 = 1.8%
Liver SAM (ng/g) 2 249 £ 1.4 23.7 £ 1.8 241 = 1.8t 194 +1.3
SAH (ng/g) 2 9.5 + 0.9t 6.0 = 0.4 8.0 £ 0.3t 6.2 =05
SAM/SAH 2 2.58 = 0.16T 3.84 = 0.30* 2.90 £ 0.19 3.03 = 0.18
Liver SAM + SAH (umol/L) 2 87 +5 755 815 65 +5

*Significantly different from corresponding lean (P < .05).

tSignificantly different from corresponding controls not receiving troglitazone (P < .05).

$Significantly different from corresponding O-time controls (P < .05).

Abbreviations: time 0, start of experiment; time 1, 2 weeks; time 2, 3 weeks.

changes in plasma tHcy and tissue concentrations of the me-
tabolites we carried out regression analysis between the con-
centrations of tHcy in blood and those of SAM and SAH in
liver and erythrocytes. An inverse linear correlation was noted
between the concentrations of tHcy and hepatic SAM (P <
.01). Similarly, as the concentrations of erythrocyte (red blood
cell [RBC]) SAM + SAH declined, those of hepatic SAM +
SAH increased (P < .05). These results are consistent with a
tHcy-lowering effect of troglitazone mediated by the increased
utilization or retention of homocysteine by the liver.

DISCUSSION

Our data demonstrate that troglitazone treatment led to a
significant decrease in plasma tHcy and plasma insulin in
Zucker rats. Our data suggest 2 possible mechanisms for this
effect: (1) an increase in in the activity of CBS, and (2)
increased utilization or retention of homocysteine by the liver.

Plasma homocysteine concentrations in Zucker fatty rats
were no different from lean Zucker rats. These results contrast
with our previous findings in rats made obese through high-fat
and sucrose feeding.!'# This difference may relate to the genetic
differences between the rat model and also subtle changes in
nutritional status that may have been induced during the rela-
tively long period of high-fat feeding in our previous experi-
ments. Troglitazone treatment led to a significant reduction in
plasma homocysteine in both lean and fatty rats, indicating a
direct effect of the drug independent of the degree of obesity or
insulin resistance.

Data from other studies indicate that the activity of CAS is
modulated by insulin.!> In an insulin-deficient animal CSBS
activity is decreased and is increased with insulin replacement,
whereas in high-fat and -sucrose-fed animals insulin resistance
is associated with decreased C@BS activity. Thus, it is possible
that troglitazone enhances any effect that insulin may have on
this enzyme. No effect of troglitazone was seen on hepatic
MTHEFR activity. Since troglitazone works by enhancing insu-
lin action these data support a role for insulin in homocysteine

metabolism in general and in the regulation of CBS activity in
particular.

With treatment, the erythrocyte SAM + SAH concentrations
declined, while those of hepatic SAM + SAH increased. These
findings are consistent with the tHcy-lowering effect of trogli-
tazone. A recent study using rats fed an atherogenic, homocys-
tine-containing diet has described similar findings.?! Compared
to animals fed a homocystine-supplemented, folate-deficient
diet, rats fed the corresponding diet containing methionine and
folate, like those treated with troglitazone in the present inves-
tigation, showed decreased tHcy and increased hepatic SAM +
SAH concentrations.?! Thus, troglitazone treatment resembled
that of the dietary methyl donors in elevating the hepatic
concentrations of the adenosylated derivatives of methionine
and homocysteine. RBC SAH declined significantly with time
with a concomitant increase in SAM that was significant only
in the untreated animals. As a result there is a reduction in a
time-dependent increase in the SAM/ SAH ratio with troglita-
zone. At the time of death, this ratio was significantly lower in
the liver in the troglitazone-treated animals. The significance of
this change in ratio is unclear but may represent a change in
methylation status. We have previously demonstrated abnormali-
ties in the relationship between these metabolites and their feed-
back regulation of enzyme activity in patients with diabetes.??

The effects of troglitazone on the absolute concentrations of
SAM and SAH are relatively minor. It has been suggested that
these metabolites, particularly SAM, regulate the activity of
enzymes in tHcy metabolism. The lack of a major change in
both hepatic and erythrocyte SAM in the face of changes in the
activity of C3S suggest that other factors regulate C3S activity.
These data support the hypothesis that insulin and/or insulin
resistance may modulate plasma tHcy concentrations through
changes in CBS activity.®'4!> We have not investigated the
possibility that the changes seen in our study relate to the
effects of the drug on other enzymes in the complex metabolic
pathways involved in metabolism of homocysteine.?*> We have
selected the 2 enzymes previously shown to be affected by
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insulin and also known to be important in the pathogenesis of
cardiovascular disease associated with hyperhomocysteinemia.
Further research is needed to determine whether other enzymes
are involved in this process.

Thiazolidinediones act through activation of peroxisome-
proliferator activator receptors, a family of nuclear receptors,
which serve as transcription factors for several genes. These
receptors are ubiquitous in various tissues. Thiazolidinediones
have been shown to have many effects independent of their
glucose-lowering effect.!® Our data add to the growing body of
literature supporting their potential for favorable effects on
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cardiovascular risk factors associated with insulin resistance.
Further work is needed to establish whether other thiazo-
lidinediones have similar effects and whether these effects are
also seen in human subjects with insulin resistance and type 2
diabetes.
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