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Abstract
Oxidative stress and protein glycation can contribute to the development of insulin resistance and
complications associated with type 2 diabetes mellitus. The antioxidant α-lipoic acid (ALA) reduces
oxidative stress and the formation of advanced glycation end products (AGEs) and improves insulin
sensitivity in skeletal muscle and liver. The AGE inhibitor pyridoxamine (PM) prevents irreversible
protein glycation, thereby reducing various diabetic complications. The potential interactive effects
of ALA and PM in the treatment of whole-body and skeletal muscle insulin resistance have not been
investigated. Therefore, this study was designed to determine the effects of combined ALA and PM
treatments on reducing muscle oxidative stress and ameliorating insulin resistance in prediabetic
obese Zucker rats. Obese Zucker rats were assigned to either a control group or to a treatment group
receiving daily injections of the R-(+)-enantiomer of ALA (R-ALA, 92 mg/kg) or PM (60 mg/kg),
individually or in combination, for 6 weeks. The individual and combined treatments with R-ALA
and PM were effective in significantly (P < .05) reducing plantaris muscle protein carbonyls (33%
−40%) and urine-conjugated dienes (22%−38%), markers of oxidative stress. The R-ALA and PM
in combination resulted in the largest reductions of fasting plasma glucose (23%), insulin (16%), and
free fatty acids (24%) and of muscle triglycerides (45%) compared with alterations elicited by
individual treatment with R-ALA or PM. Moreover, the combination of R-ALA and PM elicited the
greatest enhancement of whole-body insulin sensitivity both in the fasted state and during an oral
glucose tolerance test. Finally, combined R-ALA/PM treatments maintained the 44% enhancement
of in vitro insulin-mediated glucose transport activity in soleus muscle of obese Zucker rats treated
with R-ALA alone. Collectively, these results document a beneficial interaction of the antioxidant
R-ALA and the AGE inhibitor PM in the treatment of whole-body and skeletal muscle insulin
resistance in obese Zucker rats.
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1. Introduction
Oxidative stress is the result of an imbalance between antioxidant activity and oxidant
production within cells and plasma, in which oxidant production exceeds antioxidant activity.
Oxidative stress is frequently associated with the multifactorial etiology of insulin resistance,
characterized by a reduced ability of insulin to mediate glucose disposal, primarily in skeletal
muscle [1-3]. This oxidative stress–associated insulin resistance in skeletal muscle likely
develops because of oxidant-induced impairment of insulin signaling [4]. The oxidative stress
and insulin resistance are associated with several other atherogenic risk factors, including
hypertension, dyslipidemia, atherosclerosis, and central obesity, a condition referred to as the
syndrome X, [5,6] the insulin resistance syndrome, [7] or the cardiometabolic syndrome [8].

Conditions of increased oxidative stress, such as diabetes and aging, are hallmarked by
increased tissue levels of advanced glycation end products (AGEs), the result of nonenzymatic
chemical modification of protein by reducing sugars in the so-called Maillard reaction [9,10].
The accumulation of AGEs and related products is thought to be important in the development
of diabetic complications [9,10]. Pyridoxamine (PM) is an inhibitor of AGE formation, at least
in part via its ability to trap intermediates in AGE formation [11,12]. When administered
continuously to a rodent model of type 1 diabetes mellitus characterized by overt
hyperglycemia and marked elevations of plasma lipids, PM reduces plasma triglycerides and
total cholesterol, which correlates with a diminution of AGEs and an improvement of renal
function [13,14]. In addition, when given continuously to a rodent model of prediabetes that
displays marked dyslipidemia, the obese Zucker rat, PM causes a reduction in the formation
of AGE in tissues such as skin, elicits a diminution of plasma triglycerides and total cholesterol,
prevents the development of hypertension, and improves renal function [15]. However, no
study to date has rigorously examined the effects of PM to modulate insulin-dependent glucose
metabolism in a model of defective insulin action.

α-Lipoic acid (ALA) is a nutriceutical compound that displays antioxidant properties [16] and,
like PM, can reduce the formation of AGEs [17]. The positive metabolic actions of this
antioxidant have been demonstrated in a variety of experimental models. The ALA can
positively modulate glucose metabolism in both insulin-sensitive [18-20] and insulin-resistant
[21-24] muscle tissues, with the R-(+)-enantiomer (R-ALA) displaying a greater effect than
the S-enantiomer [19,23]. Furthermore, continuous in vivo treatment with R-ALA elicits
improvements in whole-body glucose tolerance and insulin sensitivity as well as insulin action
in skeletal muscle glucose transport of insulin-resistant obese Zucker rats [25,26]. The
increased insulin action after R-ALA treatment in obese Zucker rats is associated with
reductions of oxidative stress and dyslipidemia and with an enhancement of upstream insulin
signaling in skeletal muscle [25,26].

It is currently unknown whether a combined PM and ALA treatment could facilitate a beneficial
interaction to decrease markers of oxidative stress, ameliorate dyslipidemia, or enhance whole-
body and skeletal muscle insulin action in a condition of oxidative stress and insulin resistance.
In this context, the purpose of the present investigation was to assess the interactions of R-
ALA and PM at individually maximally effective doses on whole-body glucose tolerance,
insulin-stimulated glucose transport in skeletal muscle, markers of oxidative stress, and plasma
and muscle lipids in the obese Zucker rat, a model of obesity-associated insulin resistance,
dyslipidemia, and oxidative stress.
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2. Materials and methods
2.1. Animals and treatments

Female lean Zucker (Fa/−) rats and female obese Zucker (fa/fa) rats were obtained at 5 to 6
weeks of age, and treatments began 1 week later. All animals were housed in a temperature-
controlled room (20°−22°C) with a 12-hour/12-hour light/dark cycle at the Central Animal
Facility of the University of Arizona. They were given free access to chow (4% fat mouse/rat
diet; Teklad, Madison, WI) and water throughout the period of the study. All procedures were
approved by the University of Arizona Animal Care and Use Committee.

Lean Zucker rats were used as vehicle-treated controls (LV group), whereas obese Zucker rats
were randomly assigned to receive by intraperitoneal injections vehicle (100 mmol/L Tris
buffer, pH 7.4) (OV group), PM HCl (60 mg/kg body weight; Calbiochem, La Jolla, CA) (OP
group), the purified R-enantiomer of ALA (R-ALA, 92 mg/kg, trometamol salt; BASF,
Ludwigshafen, Germany) (OR group), or PM and R-ALA in combination (OPR group) daily
for 6 weeks. Body weights were obtained every other day to adjust each animal's treatment
dose.

2.2. Assessment of glucose tolerance and plasma variables
At the end of the 6-week treatment period, animals were food-restricted overnight (chow was
restricted to 4 g at 5:00 PM and was consumed immediately) and subjected to an oral glucose
tolerance test (OGTT) using a 1-g/kg glucose feeding by gavage. Blood (∼0.25 mL) was
collected from a cut at the end of the tail immediately before and at 15, 30, 60, and 120 minutes
after glucose administration. Whole blood was then thoroughly vortexed with EDTA (18
mmol/L final concentration) and centrifuged at 13 000g for 30 seconds to isolate the plasma.
The plasma was then removed and stored at −80°C until analysis. After the blood collection,
animals were administered 2.5 mL of 0.9% saline solution subcutaneously to compensate for
plasma loss during the OGTT.

Plasma was analyzed for glucose (Thermo Electron, Pittsburgh, PA), insulin (Linco Research,
St Charles, MO), and free fatty acids (FFA) (Wako, Richmond, VA.). Fasting whole-body
insulin sensitivity was estimated using the homeostasis model assessment of insulin resistance
(HOMA-IR) by using the following formula: [fasting plasma glucose (in milligrams per
deciliter) × fasting plasma insulin (in microunits per milliliter)]/405 [27].

2.3. Measurement of glucose transport activity
After the OGTT, treatment of the animals was continued for 3 additional days. After the third
day, animals were again food-restricted overnight (4 g of chow at 5:00 PM). At 8:00 AM, animals
were deeply anesthetized with pentobarbitol sodium intraperitoneally (50 mg/kg Nembutal;
Abbott Laboratories, North Chicago, IL). Tissues collected included plantaris muscle, soleus
muscle, and liver. All tissues were immediately frozen between aluminum blocks cooled to
the temperature of liquid nitrogen and stored at −80°C until analysis. Urine was also collected
and stored at −80°C until analysis.

In addition, 2 strips (25−35 mg) from 1 soleus muscle were prepared for in vitro incubation in
the unmounted state without tension (as previously described by Henriksen and Jacob [28]).
Each soleus strip was incubated initially for 60 minutes at 37°C in 3 mL oxygenated (95%
O2-5% CO2) Krebs-Henseleit buffer (KHB) supplemented with 8 mmol/L glucose, 32 mmol/
L mannitol, and 0.1% bovine serum albumin (BSA) (radioimmunoassay grade; Sigma
Chemical, St Louis, MO) in the absence or presence of a maximally effective concentration of
insulin (5 mU/mL, Humulin R; Eli Lilly, Indianapolis, IN). Muscles were then transferred to
flasks containing 3 mL of oxygenated KHB, 40 mmol/L of mannitol, 0.1% BSA, and insulin
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(if present in the previous step) to rinse the muscles of glucose for 10 minutes. After the rinse
step, muscles were transferred to flasks containing 2 mL of oxygenated KHB, 0.1% BSA, 1
mmol/L 2-deoxy [1,2-[3H] glucose (2-DG) (300 μCi/mmol, Sigma), 39 mmol/L [U-14C]
mannitol (0.8 μCi/mmol; ICN Radiochemicals, Irvine, CA), and insulin (if present in the
previous step) and incubated for 20 minutes.

After the final incubation step, muscles were trimmed of fat, extraneous muscle, and connective
tissue; frozen between aluminum blocks cooled to the temperature of liquid N2; weighed; and
dissolved in 0.5 mL of 0.5 N NaOH. Five milliliters of scintillant was added, and the specific
intracellular accumulation of 2-DG was determined as described previously [28]. This method
for assessing glucose transport activity in isolated muscle has been validated [29].

2.4. Biochemical assays
Pieces (30−40 mg) of plantaris muscle and liver were used for the measurement of
proteincarbonyl levels, a biomarker for tissue oxidant status, using the spectrophotometric
assay of Reznick and Packer [30]. Triglyceride concentrations were determined in the plantaris
muscle, soleus muscle, and liver tissue using the extraction method of Folch et al [31] and the
processing method of Frayn and Maycock [32], as modified by Denton and Randle [33]. Pieces
of tissue (30−40 mg) were homogenized in extraction buffer (20:10:3 mixture of chloroform-
methanol-butylated hydroxytoluene) and incubated at 4°C for 16 hours. Separation of phases
was obtained after addition of 0.9% saline, with centrifugation at 3000g for 60 minutes. The
lower (organic) phase was evaporated to dryness under N2 gas at 60°C for 60 to 90 minutes.
The sample was reconstituted in extraction buffer, and triglyceride concentration was
determined spectrophotometrically using an enzymatic colorimetric assay (Sigma Chemical).

Conjugated fatty acid dienes were analyzed in the urine samples by reversed-phase high-
performance liquid chromatography (HPLC)–diode array detection at a wavelength of 234 nm
after lipid extraction according to Folch et al [31]. The HPLC separation was performed on an
RP-18 (C-18 Nucleosil 120 nm, 5 μm; Macherey Nagel, Düren, Germany) stainless-steel
column (4.6 × 250 nm, 1.0 mL/min) as part of an HPLC system (Bio-Tek Instruments, Eching,
Germany) consisting of 2 pumps (type 422), a gradient mixer (M800), a Rheodyne injector
(100-μL loop), and a diode array detector (diode array detector type 540+). The solvent gradient
started with 100% aqueous trifluoroacetic acid (0.1% trifluoroacetic acid), followed by
increasing amounts of acetonitrile (0.1% trifluoroacetic acid in acetonitrile) up to 80% within
30 minutes, finally reaching 100% within the ensuing 10 minutes. The amounts of conjugated
pentadienes were calculated from the area under the curve, which was normalized for the
content of total lipids analyzed by using a commercial kit (Randox, Krefeld, Germany).

2.5. Statistical analysis
All values are expressed as means ± SE. The significance between the obese vehicle-treated
group and the respective obese groups treated with PM, R-ALA, or the combination of PM
and R-ALA was assessed by 1-way analysis of variance with a post hoc Dunnett test using
SPSS computer software (version 15.0; SPSS, Chicago, IL). The significance between the
obese vehicle-treated group and lean vehicle-treated group was assessed by using an
independent Student t test. A level of P less than .05 was set for statistical significance.

3. Results
3.1. Body and abdominal fat weights

The average initial body weights did not differ among the various obese Zucker groups, and
the average final body weights of the obese groups treated individually with PM (OP group)
or R-ALA (OR group) were also not different compared with those of the obese vehicle-treated
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group (OV) (Fig. 1A). However, the average final body weight of the obese animals treated
with the combination of PM and R-ALA (OPR group) was approximately 38 g or 9% less (P
< .05) compared with that of the OV group. Both the initial and final body weights of the
vehicle-treated lean Zucker rats (LV group) were significantly less (P < .05) compared with
those of the OV group.

Total abdominal fat was assessed at the end of the 6-week treatment period both in absolute
terms and as a percentage of body weight (Fig. 1B). In absolute terms, at the end ofthe 6-week
treatment period, total abdominal fat was 11 g or 20% less in the OR group and approximately
10 g or 16% less in the OPR group (both Ps < .05) compared with that in the OV group. As a
percentage of total final body weight, total abdominal fat was actually increased (P <.05) in
the OP group compared with the OV group, whereas this variable was less than the OV group
only in the OR group. Total abdominal fat in the LV group, regardless of whether it was
expressed in absolute terms or as a percentage of body weight, was substantially less (P < .05)
than that in the OV group.

3.2. Biomarkers of oxidative stress
Protein carbonyls in skeletal muscle and conjugated dienes in urine were measured to evaluate
the effectiveness of the interventions to reduce oxidative stress in tissue and systemically (Fig.
2). Compared with the OV group, protein carbonyls in plantaris muscle were reduced (P < .
05) in the OP (35%), OR (41%), and OPR (40%) groups (Fig. 2A). Skeletal muscle protein
carbonyls were substantially less (61%, P < .05) in the LV group compared with those in the
OV group. Likewise, conjugated dienes in the urine of the obese animals were reduced (P < .
05) by the treatments with PM (27%), R-ALA (22%), and PM combined with R-ALA (38%)
compared with those in the control group (Fig. 2B). Urine-conjugated dienes were 15% less
(P < .05) in the LV group compared with the OV group.

3.3. Fasting plasma glucose, insulin, and FFA
Fasting plasma values for glucose, insulin, and FFA are presented in Table 1. Compared with
that in the OV group, fasting plasma glucose was not altered in the OP and OR groups, whereas
this variable was significantly reduced (23%, P < .05) in the OPR group. Plasma glucose in
the LV group tended to be somewhat less than that in the OV group, although this difference
did not reach statistical significance. Similarly, fasting plasma insulin in the obese groups was
significantly diminished compared with that in the OV group only in the obese animals that
received the combination of PM and R-ALA (16%, P < .05). Fasting plasma FFA were reduced
in the obese animals by the R-ALA intervention (14%, P < .05) and to the greatest extent by
the combined PM/R-ALA treatments (24%, P < .05). Fasting plasma insulin and FFA were
substantially less in the LV group compared with the OV group, reflecting the marked states
of hyperinsulinemia and dyslipidemia in the obese Zucker rat.

The HOMA-IR value, which is inversely associated with whole-body insulin sensitivity in the
fasting state [27], was significantly reduced (35%, P < .05) only in the OPR group compared
with the OV group (Table 1), indicating that continuous treatment with the combination of PM
and R-ALA enhanced fasting whole-body insulin sensitivity. The HOMA-IR in the LV group
was only approximately 5% of the value in the OV group, reflecting the enormous difference
in fasting insulin sensitivity between the lean and obese Zucker rats.

3.4. Glucose tolerance and insulin sensitivity
The glucose and insulin responses during the oral glucose tolerance test for the various groups
are shown in Fig. 3. Compared with that in the OV group, the glucose value for the OP group
was reduced (P < .05) only at the 30-minute time point (14%) (Fig. 3A). In contrast, for the
OR group, glucose was diminished relative to the OV group at the 15-minute (17%), 30-minute
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(18%), and 60-minute (20%) time points. The greatest reduction in the glucose response
relative to the OV group was demonstrated in the OPR group, with values being 29%, 27%,
30%, and 30% less at the 15-, 30-, 60-, and 120-minute time points, respectively. The glucose
response in the LV group was reduced compared with that in the OV group at the 30-minute
(15%), 60-minute (16%), and 120-minute (20%) time points. The total integrated area under
the curve for glucose (AUCg) was reduced, compared with the OV group, in the OR group
(17%), with the greatest reduction for AUCg induced in the OPR group (29%) (Fig. 3C). The
AUCg in the LV group was 15% less than that in the OV group.

The insulin responses during the oral glucose tolerance test were likewise significantly (P < .
05) impacted by the interventions (Fig. 3B). In the OP group, compared with the OV group,
insulin was reduced by 21% at the 30-minute time point. The R-ALA treatment caused a
diminution of insulin values at the 15-minute (22%) and 30-minute (18%) time points
compared with those in the OV group. The largest decrease in the insulin values relative to the
OV group was shown in the OPR group, with the respective values being 31%, 28%, 24%, and
17% less at the 15-, 30-, 60-, and 120-minute time points. The insulin values in the LV group
were markedly less than those in the OV group at all time points. The AUC for insulin
(AUCi) was significantly reduced, compared with the OV group, in the OP group (18%) and
in the OPR group (25%) (Fig. 3D).

The glucose-insulin index is defined as the product of the AUCg and the AUCi and is inversely
related to whole-body insulin sensitivity under a glucose load [34]. Responses of the glucose-
insulin index to the PM and R-ALA interventions are presented in Fig. 3E. Compared with the
OV group, the glucose-insulin index was reduced (P < .05) by 27% in the OR group and to the
greatest extent (47%) in the OPR group, indicating that these interventions significantly
enhance whole-body insulin sensitivity, with the most marked effect elicited by the
combination of PM and R-ALA in the obese rats. This parameter in the LV group was only
6% of the value in the OV group, consistent with the much greater insulin sensitivity in the
lean Zucker rat compared with the obese Zucker rat.

3.5. Muscle glucose transport activity
Basal in vitro glucose transport in the soleus muscle of the various obese groups treated with
PM or R-ALA, alone or in combination, was not altered relative to that of the OV group (Fig.
4). In the OP group, there was a small, nonsignificant reduction in the rate of insulin-stimulated
2-DG uptake (5%) and in the increase in 2-DG uptake above basal due to insulin (11%). In
contrast, R-ALA induced an enhancement (P < .05) of insulin-dependent 2-DG uptake, whether
expressed as the rate of 2-DG uptake in the presence of insulin (17%) or as the increase in 2-
DG uptake above basal due to insulin (44%). The increases in these variables relative to the
OP group were maintained in the obese group that received both PM and R-ALA (16% and
44%). Both basal and insulin-dependent 2-DG uptakes were markedly greater in the LV group
compared with the OV group.

3.6. Tissue triglyceride concentrations
The treatment with PM did not significantly alter the triglyceride concentration in the soleus
(Fig. 5A) or the plantaris (Fig. 5B). In contrast, compared with that in the OV group, liver
triglyceride in the OP group was significantly reduced (37%, P < .05). The R-ALA intervention
caused a reduction in triglyceride concentration in the soleus (31%), plantaris (37%), and liver
(23%), as did the combination of PM and R-ALA in all 3 tissues investigated (49%, 44%, and
31%, respectively). Triglycerides in the LV group were markedly lower than those in the OV
groups in the soleus (72%) and liver (74%), whereas this difference in the plantaris (27%) did
not reach statistical significance.
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4. Discussion
The most critical aspect of the present investigation is the identification of a novel interaction
between the AGE inhibitor PM and the antioxidant R-ALA in a well-accepted rodent model
of obesity-associated insulin resistance, the obese Zucker rat. The individual effects of
continuous R-ALA administration to the obese Zucker rat were consistent with our previous
studies and include reductions in plasma FFA [25,35], improvements in glucose tolerance
[25,35], whole-body insulin sensitivity [25,35], insulin-dependent skeletal muscle glucose
transport activity [23,25,26,35], and diminution of skeletal muscle triglyceride concentrations
[26,35]. The combination of the PM and R-ALA treatments resulted in substantial reductions,
compared with those of the obese vehicle-treated group, of the oxidative stress biomarkers,
both systemically (urine-conjugated dienes) and locally (skeletal muscle protein carbonyls).
However, this combination of PM and R-ALA did elicit the only significant amelioration of
body weight gain; reversed the PM-induced increase in abdominal fat; caused the greatest
reductions in fasting plasma glucose, insulin, and FFA; and brought about the only increase in
fasting insulin sensitivity. Moreover, the PM/R-ALA combination resulted in the greatest
improvement in glucose tolerance and whole-body insulin sensitivity during the glucose
tolerance test. Finally, the combination of PM and R-ALA maintained the significant increase
in insulin-mediated skeletal muscle glucose transport activity seen with the individual R-ALA
treatment, despite the slight negative effect of PM alone on this parameter. A similar effect of
the combination treatment to maintain the beneficial action of R-ALA was also seen for muscle
and liver triglycerides.

The limited data set in the present investigation does allow for a possible explanation for this
novel interaction between PM and R-ALA in improving whole-body glucose tolerance and
insulin sensitivity in the obese Zucker rat. Oxidative stress has been shown to be one of several
elements that can contribute to the multifactorial etiology of insulin resistance [1-3]. Both PM
and R-ALA can impact the degree of oxidative stress in an organism by acting, directly or
indirectly, as free radical scavengers [16] or by preventing molecular interactions that lead to
the development of AGE and free radical production [36]. Both PM and R-ALA did reduce
markers of oxidative stress, and these effects could explain some of the beneficial actions of
these compounds on glucose tolerance and insulin sensitivity. However, mechanisms are
possible for this interaction of PM and R-ALA that are independent of alterations in local and
systemic oxidative stress. For example, R-ALA has the additional effect, not shared by PM,
of reducing plasma FFA, which can negatively impact insulin action in tissues by activating
novel protein kinase C isoforms and impairing insulin receptor substrate 1–dependent insulin
signaling [37]. The greatest reduction in plasma FFA was clearly facilitated in the obese
animals treated with the combination of PM and R-ALA; and this modulation of the
dyslipidemic environment could explain, in part, the novel interaction between PM and R-
ALA. It is clear, however, that other possible explanations exist and may require the collection
of additional data.

This study also represents the first investigation of the metabolic consequences of the
continuous administration of the AGE inhibitor PM in the prediabetic, insulin-resistant, obese
Zucker rat. With regard to PM action alone, we have demonstrated that the continuous treatment
of obese Zucker rats with this AGE inhibitor successfully reduced markers of oxidative stress.
However, this decrease in oxidative stress appeared to be uncoupled from the regulation of
most metabolic processes assessed. Although the PM treatments alone did induce a significant
decrease in the insulin response to a glucose load and a diminution of liver triglyceride storage,
it also caused a significant increase in abdominal fat (as a percentage of body weight) and
elicited no increases in insulin action on skeletal muscle glucose transport activity. The increase
in visceral fat associated with the PM treatment may help explain the limited usefulness of PM
alone to facilitate increases in insulin action at the systemic level.

Muellenbach et al. Page 7

Metabolism. Author manuscript; available in PMC 2009 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Previous investigations have provided the PM in the drinking water [14,15], and the dose of
PM administered in the present study (60 mg/kg body weight) corresponds to that provided
orally in the study of Alderson et al [15]. These previous studies have demonstrated the utility
of PM in mitigating the development of diabetic complications, showing that continuous PM
administration can successfully inhibit the development of retinal microvascular lesions in the
streptozotocin-diabetic rat (a model of type 1 diabetes mellitus) [14] and can reduce the onset
of the dyslipidemia, impaired renal function, hypertension, and vascular abnormalities in the
heart and kidney associated with the prediabetic obese Zucker rat [15]. In the latter study, PM
did not affect plasma glucose or hemoglobin A1C level, an index of long-term glycemic control
[15], similar to the results of the present investigation. Although in vitro investigations using
3T3-L1 adipocytes have demonstrated a relationship between AGE and insulin resistance
[38] and have elicited improvements in in vitro glucose transport activity with PM treatment
[39], the present results from PM-treated obese Zucker rats do not support the utility of PM
alone as an intervention for ameliorating skeletal muscle insulin resistance.

In conclusion, although the individual treatment of the prediabetic, insulin-resistant, obese
Zucker rat with the AGE inhibitor PM did reduce markers of oxidative stress, it provided
limited beneficial effects on metabolic regulation. The individual treatment of these prediabetic
animals with the antioxidant R-ALA also reduced oxidative stress and did elicit significant
improvements in glucose tolerance, insulin sensitivity, and dyslipidemia. Most importantly,
this study documents the novel interactions between PM and R-ALA in the context of a
combination treatment regimen provided to the obese Zucker rats, resulting in the greatest
decreases in fasting plasma glucose, insulin, and FFA and causing the largest improvements
in glucose tolerance and insulin sensitivity. Furthermore, the combination of PM and R-ALA
maintained the R-ALA–induced enhancement of insulin-mediated glucose transport activity
in skeletal muscle in the face of a slight negative effect of PM on this variable. Overall,
combining the AGE inhibitor PM with the antioxidant R-ALA can be beneficial for providing
substantial improvements in glucose tolerance and insulin sensitivity in obesity-associated
insulin resistance. Future investigations should be undertaken to elucidate the underlying
molecular mechanisms for these novel interactions and to gain a better understanding of the
underlying mechanisms responsible for these interactions affecting insulin sensitivity of
peripheral tissues in the insulin-resistant obese Zucker rat.
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Fig. 1.
Effects of individual and combined treatments of obese Zucker rats with PM and R-ALA on
body weight and total abdominal fat. A, Body weights assessed at the onset of treatment (open
bars) and at the termination of the 6-week treatment period (filled bars). B, Total abdominal
fat, both in absolute terms (filled bars) and as a percentage of the final body weight (text under
the bars). Values are means ± SE for 6 to 7 animals per group. aP < .05, LV vs OV
group; bP < .05, obese compound-treated group vs OV group.
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Fig. 2.
Effects of individual and combined treatments of obese Zucker rats with PM and R-ALA on
markers of oxidative stress. Protein carbonyls were assessed in the plantaris muscle (A) and
conjugated dienes were measured in the urine (B) at the termination of the 6-week treatment
period. Values are means ± SE for 6 to 7 animals per group. aP <.05, LV vs OV group; bP <.
05, obese compound-treated group vs OV group.
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Fig. 3.
Effects of individual and combined treatments of obese Zucker rats with PM and R-ALA on
glucose tolerance and whole-body insulin sensitivity. Responses of glucose (A) and insulin
(B) to an oral glucose load were assessed after the 6-week treatment period. Integrated AUCs
for glucose (C) and insulin (D) were derived from these responses. The glucose-insulin index
(E) was calculated as the product of the glucose AUC and the insulin AUC. Error bars for the
glucose and insulin responses are obscured by the symbols. Values are means ± SE for 6 to 7
animals per group. aP < .05, LV vs OV group; bP < .05, obese compound-treated group vs OV
group.
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Fig. 4.
Effects of individual and combined treatments of obese Zucker rats with PM and R-ALA on
glucose transport activity in soleus muscle. The 2-DG uptake in isolated soleus strips was
measured in the absence of insulin (open bars) and in the presence of 5 mU/mL insulin
(crosshatched bars). The increase in 2-DG uptake above basal due to insulin (filled bars) is
also presented. Values are means ± SE for 6 to 7 animals per group. aP < .05, LV vs OV
group; bP < .05, obese compound-treated group vs OV group.
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Fig. 5.
Effects of individual and combined treatments of obese Zucker rats with PM and R-ALA on
triglyceride levels in skeletal muscle and liver. At the end of the 6-week treatment period,
triglyceride concentrations were determined in soleus and plantaris muscles and in liver. Values
are means ± SE for 6 to 7 animals per group. aP < .05, LV vs OV group; bP < .05, obese
compound-treated group vs OV group.
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Table 1
Effects of PM and R-ALA treatments on fasting plasma variables in female obese Zucker rats.

Group Plasma glucose (mg/dL) Plasma insulin (μU/mL) Plasma FFA (mmol/L) HOMA-IR (U)

Lean vehicle-treated 116 ± 5 9 ± 1* 0.76 ± 0.04* 2.5 ± 0.1*

Obese vehicle-treated 127 ± 5 154 ± 10 1.62 ± 0.07 48.3 ± 3.9

Obese PM-treated 127 ± 4 147 ± 8 1.51 ± 0.06 46.1 ± 3.0

Obese R-ALA–treated 123 ± 4 148 ± 3 1.39 ± 0.07† 44.1 ± 1.4

Obese PM + R-ALA–
treated

98 ± 3† 130 ± 8† 1.23 ± 0.04† 31.2 ± 1.2†

Values are means ± SE for 6 animals in the vehicle-treated groups and 7 animals in all other groups. HOMA-IR units are in milligrams per deciliter ×
microunits per milliliter.

*
P < .05, lean vehicle-treated group vs obese vehicle-treated group.

†
P < .05, obese compound-treated group vs obese vehicle-treated group.
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