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Abstract
Background/Aims: Correlation between type 2 diabetes and other abnormalities such 
as obesity with redox balance disturbance was analyzed in many reports. Nonetheless, 
antioxidants impact on parameters accompanying these conditions is still unknown. Currently 
the role of redox imbalance in the adipose tissue has gained a lot of attention. Methods: We 
investigated the impact of α-lipoic acid (ALA) on plasma glucose and insulin concentrations, 
oxidative stress and inflammation parameters in the subcutaneous (SAT) and visceral (VAT) 
adipose tissue of high fat diet-fed (HFD) rats. Male Wistar rats were randomly divided into 
three groups (n = 6) — control diet (CTRL), HFD and HFD with α-lipoic acid (HFD+ALA). 
Results: HFD increased body weight, plasma insulin and glucose as well as leads to oxidative 
stress parameters in the adipose tissue. ALA supplementation reduced body weight and 
oxidative stress parameters more effectively in the visceral than subcutaneous adipose tissue 
of insulin resistant rats. Conclusion: Insulin resistance led to increased enzymatic and non-
enzymatic antioxidant systems, protein and lipid glycoxidation, nitrosative stress, and selected 
inflammatory parameters more in VAT than in SAT of insulin resistant rats. Moreover, ALA 
inhibited HFD consequences mainly in VAT mostly through glutathione (GSH) biosynthesis.

Introduction

Overnutrition and sedentary life style reinforce the rising trend of worldwide obesity 
and its metabolic consequences such as insulin resistance and type 2 diabetes [1, 2]. However, 
the exact mechanisms underlying these negative outcomes as well as their treatment are still 
under debate. Currently the role of adipose tissue has gained a lot of attention, mainly due 
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to its recently recognized endocrine function. Many studies have shown that white adipose 
tissue, besides being just an energy reservoir, synthesizes biologically active adipokines (e.g. 
adiponectin, leptin, resistin, visfatin) involved in glucose and lipid metabolism, as well as 
regulating blood pressure, angiogenesis and the immune response of the body [2, 3].

Nearly 65–70% of body fat is stored in the subcutaneous adipose tissue (SAT), while 
the remaining 30–35% in the visceral adipose tissue (VAT). VAT and SAT differ greatly in 
their structure, metabolic activity as well as their role in eliciting metabolic consequences 
of abdominal obesity [4]. Indeed, obesity induced VAT accumulation has been considered to 
predispose to the metabolic dysregulation and overall mortality [5, 6]. What is more, recent 
research emphasizes the role of oxidative stress and inflammation as a link between obesity 
and its metabolic comorbidities [7]. Furthermore, the use of antioxidants as potent drugs 
ameliorating systemic insulin resistance is being extensively studied.

α-lipoic acid (ALA) is an eight-carbon saturated fatty acid essential for mitochondrial 
metabolic pathways [8]. Pleiotropic pharmacological, antioxidant, anti-inflammatory as well 
as antiapoptotic properties of ALA are used in the treatment of diabetes and its complications 
[9-11]. Antioxidant ALA activity relays mainly on free radical scavenging, chelation of 
prooxidant metal ions, or regeneration of various antioxidants (reduced glutathione 
(GSH), coenzyme Q10, or vitamins C and E) [12-14]. Moreover, recently proven ALA effects 
include glycemic control improvement and alleviation of neuropathy, retinopathy as well as 
nephropathy symptoms accompanying diabetes [15]. Besides, ALA used in obesity reduces 
total cholesterol and low-density lipoprotein in obese individuals and animals [16, 17]. 
However, previous studies were focused mainly on the systemic effects of ALA treatment. 
In the present study, we were the first to investigate ALA role in the alleviation of oxidative 
stress directly in the adipose tissue of high fat diet induced insulin resistant rats. What is 
more, we have compared the response of VAT and SAT to ALA supplementation.

Materials and Methods

Animals
Three-week-old male Wistar cmdb/outbred rats (weighing initially approx. 50-70 g) were maintained 

with unlimited access to water and food, under 12 h light / 12 h dark cycle, 21°C ± 2. After a week of 
acclimatization, the animals were divided into four independent groups as follows:

1. CTRL group (n = 6) – the rats fed the control diet (CTRL; Agropol, Motycz, Poland; 10.3 kcal% fat, 
24.2 kcal% protein, and 65.5 kcal% carbohydrate) for 10 weeks.

2. HFD group (n = 6) – the rats fed the high fat diet (D12492; Research Diets, Inc. New Brunswick, USA; 
60 kcal% fat, 20 kcal% proteins and 20 kcal% carbohydrate) for 10 weeks.

After 6 weeks of the experiment, both groups received intragastrically saline solution additionally for 
the next 4 weeks.

3. HFD+ALA group (n = 6) – the rats fed the high fat diet for 10 weeks. Additionally, after 6 weeks of the 
experiment, the animals received intragastrically ALA solution at a dose of 30 mg/kg body weight (in 0.9% 
NaCl) for the next 4 weeks.

Animal body weight and food consumption was monitored during the experiment. After 10 weeks 
overnight fasted animals were anesthetized with intraperitoneal, phenobarbital injection at a dose of 80 mg/
kg body weight. Subsequently, the subcutaneous and visceral adipose tissue was excised and immediately 
freeze-clamped in liquid nitrogen and stored at -80°C until analysis. Meanwhile, blood from the abdominal 
aorta was collected into the heparinized tubes (to obtain plasma) and centrifuged (3000 × g, 4°C, 10 min). 
The above-mentioned procedures were done by the same experienced technician.

Plasma glucose and insulin concentrations
The fasting plasma glucose concentration was measured with a glucometer (Accu-Chek, Bayer, Germany). 

Insulin concentration was measured in the plasma with commercially available ELISA kit according to the 
manufacturer’s instructions (Abbot, USA). The insulin sensitivity was evaluated using the homeostasis model 
assessment of insulin resistance (HOMA-IR) = fasting insulin (U/mL) × fasting glucose (mM)/22.5.
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Oxidative stress parameters
The assay included determination of enzymatic and nonenzymatic antioxidants; proteins and lipids 

oxidation products; proteins oxidative damage products; prooxidant enzymes and proinflammatory and 
proapoptotic proteins. All measurements were performed in homogenates of subcutaneous and visceral 
adipose tissue. Absorbance and fluorescence were estimated using microplate reader Infinite M200 PRO 
Multimode Tecan (Tecan Group Ltd., Männedorf, Switzerland), while all the biochemical reagents were from 
Sigma-Aldrich Germany/Sigma-Aldrich USA.

Colorimetric bicinchoninic acid (BCA) assay with bovine serum albumin as a standard (Pierce BCA 
Protein Assay Kit, Rockford, USA) was used to assess the total protein content. The standardisation of the 
final results was made to one milligram of the total protein. All assays were performed in duplicates.

Enzymatic and nonenzymatic antioxidants
Catalase (CAT) spectrophotometric analysis was conducted at 340 nm and was based on the 

decomposition rate of hydrogen peroxide (H2O2), where 1 micromole of H2O2 is degraded by one unit of CAT 
in one minute. Glutathione peroxidase (GPx) was assayed based of NADPH (reduced form of nicotinamide 
adenine dinucleotide phosphate) conversion to NADP+, where one millimole of NADPH was catalyzed for one 
minute by one unit of GPx. During GPx spectrophotometric analysis, the absorbance was assayed at 340 nm. 
Total glutathione level was investigated with reaction of DTNB (5,5′-dithiobis-(2-nitrobenzoic acid)), and 
glutathione reductase. The level of oxidized glutathione (GSSG) was determined in the same way, however, 
prior to analysis, the samples were thawed and neutralized to pH 6-7 with 1M hydrochloric triethanolamine 
and then incubated with 2-vinylpyridine. The level of reduced glutathione (GSH) was calculated from the 
difference between the total glutathione and GSSG, and the redox status was evaluated using the formula 
[GSH2/GSSG]. Superoxide dismutase (SOD) activity was measured spectrophotometrically at the absorbance 
of 340 nm. Cytosolic activity of superoxide dismutase was measured by inhibiting oxidation of epinephrine 
to adrenochrome and the amount of enzyme inhibiting oxidation of epinephrine by 50% was defining one 
unit of SOD activity.

Lipid oxidation
Lipid hydroperoxides (LOOH) concentration was analyzed colorimetrically at 560 nm using a complex 

formation reaction involving a mixture of xylenol orange, butylated hydroxytoluene (BHT), sulfuric acid, 
and FOX2 reagent (ferrous ammonium sulfate). Concentrations were calculated based on the calibration 
curve for the hydrogen peroxide solution [18].

Malondialdehyde (MDA) was assayed spectrophotometrically (at 535 nm) based on thiobarbituric 
acid reactive substances (TBARS) method with 1,3,3,3-tetraethoxypropane as a standard [19].

Protein oxidation
The advanced oxidation protein products (AOPP) concentration was assessed colorimetrically, 

measuring the total iodide ion oxidizing capacity of the samples. Absorbance was measured at 340 nm. 
The protein carbonyl groups (PC) concentration was estimated spectrophotometrically at 355 nm using 
2,4-dinitrophenylhydrazine (2,4-DNPH) forming stable complexes with carbonyl groups in oxidatively 
damaged proteins [20]. PCs were calculated using the absorption coefficient for 2,4-DNPH (22,000 M-1cm-1).

Protein glycoxidation
The content of glycoxidatively modified proteins (dityrosine, kynurenine, N-formylokynurenine and 

tryptophan) were determined spectrofluorimetrically at wavelengths: 330/415, 365/480, 325/434 and 
295/340 nm respectively. Advanced glycation end products (AGE) were determined spectrofluorometrically 
at 440/350 nm.

Nitrosative stress
NADPH oxidase (NOX) analysis was carried out immediately after sampling with the luminescence 

test using lucigenin as the luminophore. The amount of enzyme required to release 1 nmol of peroxide 
anion defines one unit of NOX activity per minute. Total nitric oxide (NO) concentration was measured 
spectrofluorimetrically with the use of sulfanilamide and N-(1-naphthyl)-ethylenediamine dihydrochloride 
at 490 nm. The peroxynitrite content was determined colorimetrically at 320 nm. The assessment was 
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based on the peroxynitrite-mediated nitration which resulted in the formation of nitrophenol. The content 
of S-nitrosothiols was determined with Griess reagent and Cu2+ ions based reaction, whose product was 
analyzed spectrophotometrically at 490 nm [21, 22].

Proinflammatory and proapoptotic proteins
The concentrations of tumor necrosis factor α (TNF-α), Bcl-2-associated X protein (Bax) and B-cell 

lymphoma 2 (Bcl-2) in the adipose tissue were determined with commercial ELISA kits (from EIAab Science 
Inc. Wuhan (Wuhan, China)), according to the manufacturer’s instructions.

Statistical analysis
The data were processed using GraphPad Prism 7 (GraphPad Software, La Jolla, USA). Data was verified 

with The Shapiro–Wilk, while the Levene test was used to the homogeneity of the variance. With the one-
way ANOVA and the post hoc Tukey test detailed analysis of honestly significant differences (HSDs) was 
conducted. The multiplicity-adjusted p value was also calculated. The threshold for statistical significance 
was p < 0.05.

Results

The effect of ALA supplementation on body weight, plasma metabolic parameters and food 
intake
HFD caused significant increase in body weight, plasma glucose, plasma insulin and 

HOMA-IR (+36%, +69%, +123%, +777% respectively) when compared to CTRL. However, 
decreased food intake in HFD was observed (-37%) when compared to CTRL. ALA 
administration to HFD animals increased plasma glucose (+9%) and decreased food intake 
(-30%) when compared to CTRL, while it led to a decrease in body weight, plasma glucose, 
insulin and HOMA-IR when compared to HFD (-19%, -36%, -38% and -88%, respectively) 
(Table 1).

The effects of ALA supplementation on enzymatic antioxidants during HFD regime
HFD caused an increase in SOD activity only in the subcutaneous adipose tissue when 

compared to the control (+101%), while in HFD+ALA animals we showed a significant 
decrease (-22%) in VAT and increase (+107%) in SOD activity in SAT when compared to 
CTRL. Moreover, HFD caused an increase in CAT in both locations (+127% in VAT and +28% 
in SAT), while decrease in CAT activity (-26%) in HFD+ALA was observed when compared to 
HFD only in VAT. Activity of GPx increased in VAT and SAT (+36%, +80% respectively) of HFD 
animals when compared to CTRL group. We also showed that GPx level increased (75%) in 
HFD+ALA rats when compared to CTRL (Fig. 1).

The effects of ALA supplementation on 
non-enzymatic antioxidants during 
HFD regime
Both in the VAT and SAT of HFD 

animals we showed a decrease in GSH 
content (-33%, -25% respectively) when 
compared to CTRL. There was also an 
increase of GSH in HFD+ALA when 
compared to HFD (+48%) in visceral 
AT. The concentration of GSH in SAT 
was lower (-32%) when compared to 
CTRL. A decrease in GSSG in VAT (-26%) 

Table 1. The effect of ALA supplementation on body 
weight, plasma metabolic parameters and food in-
take; Control – control rats; HFD – rats fed high-fat 
diet; HFD+ALA – rats fed high-fat diet + α-lipoic acid; 
HOMA-IR – homeostasis model assessment of insulin 
resistance. a p < 0.05 vs. Control, b p < 0.05 vs. HFD
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of HFD+ALA animals was observed when compared to HFD. In subcutaneous adipose 
tissue of HFD animals, [GSH2]/[GSSG] content decreased (-52%) when compared to CTRL. 
Its concentration in HFD+ALA was also lower (-49%) in SAT when compared to CTRL. In 
HFD+ALA rats, we observed its increased concentration (+114%) when compared to HFD 
(Fig. 2).

Fig. 1. The effect of ALA on: (a) SOD, (b) CAT and 
(c) GPx concentrations in visceral (VAT) and subcu-
taneous (SAT) adipose tissue after the HFD feeding; 
CTRL - control rats; HFD – rats fed the high-fat diet; 
HFD+ALA – rats fed the high-fat diet and receiving 
α-lipoic acid; p<0.05, ** p<0.01, *** p<0.001.
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Fig. 2. The effect of ALA on glutathione metabo-
lism: (a) GSH, (b) GSSG concentration and (c) 
[GSH2/GSSG] ratio in visceral (VAT) and subcuta-
neous (SAT) adipose tissue after the HFD feeding; 
CTRL - control rats; HFD – rats fed the high-fat diet; 
HFD + ALA – rats fed the high-fat diet and receiving 
α-lipoic acid; * p<0.05, ** p<0.01, *** p<0.001.
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The effects of ALA supplementation on protein oxidation during HFD regime
In the visceral adipose tissue of HFD animals, concentration of PC decreased as 

compared to both CTRL and HFD+ALA (-76% and -67% respectively). In VAT and SAT, the 
concentration of AOPP was increased in HFD (+168%, +65 respectively) and HFD+ALA 
(+116% and +48% respectively) when compared to CTRL. LOOH in VAT and SAT of HFD 
animals increased significantly (+58%, +176% respectively) when compared to CTRL. 
Similarly, higher concentration of AOPP was observed in SAT of HFD+ALA rats (+102%) 
when compared to CTRL group. In VAT, AOPP concentration in HFD+ALA animals decreased 
when compared to HFD (-45%). In both visceral and subcutaneous AT, concentration of MDA 
in HFD (+126%, +158% respectively) and HFD+ALA (+65% and +136% respectively) rats 
increased when compared to CTRL. In VAT, there was a decrease in MDA concentration in 
HFD+ALA when compared to HFD rats (-66%) (Fig. 3, 4).

The effects of ALA supplementation on protein glycoxidation during HFD regime
We showed significant changes in the protein glycoxidation products concentrations. 

In visceral adipose tissue, the concentration of tryptophan was lower (-46%) in HFD when 
compared to CTRL. Tryptophan content in HFD+ALA group decreased in VAT (-34%), while 
increased in SAT (+46%) when compared do CTRL. In VAT, kynurenine concentration 
increased in HFD when compared to CTRL (+59%). Its concentration in HFD+ALA rats 
decreased in VAT when compared to HFD (-69%) and increased in SAT when compared 
to CTRL (+38%). In both VAT and SAT, concentration of N-formylkynurenine increased in 
HFD when compared to CTRL (+43% and +92% respectively). In VAT its concentration 
decreased in HFD+ALA when compared to HFD (-46%). In SAT there was an increase in 
N-formylkynurenine in HFD+ALA when compared to CTRL (+84%). In visceral adipose tissue, 
concentration of dityrosine increased both in HFD and HFD+ALA when compared to CTRL 
(+140% and +87% respectively). In the same location, dityrosine concentration decreased 
in HFD+ALA group when compared to HFD (-53%). In subcutaneous AT, concentration 

Fig. 3. The effect of ALA on: (a) PC and (b) AOPP 
concentration in visceral (VAT) and subcutaneous 
(SAT) adipose tissue during the HFD feeding; CTRL 
- control rats; HFD – rats fed the high-fat diet; HFD 
+ ALA – rats fed the high-fat diet and receiving α-li-
poic acid; * p<0.05, ** p<0.01, *** p<0.001.
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Fig. 4. The effect of ALA on: (A) LOOH and (B) MDA 
concentration in visceral (VAT) and subcutaneous 
(SAT) adipose tissue during the HFD feeding; CTRL 
- control rats; HFD – rats fed the high-fat diet; HFD 
+ ALA – rats fed the high-fat diet and receiving α-li-
poic acid; * p<0.05, ** p<0.01, *** p<0.001.
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of dityrosine increased in both HFD and HFD+ALA when compared to CTRL (+136% and 
+144% respectively). In VAT and SAT of HFD animals, there was a significant increase in AGE 
concentrations (+46% and +55% respectively) when compared to CTRL (Fig. 5).

The effects of ALA supplementation on nitrosative stress during HFD regime
In both visceral and subcutaneous adipose tissue, we showed that activity of NOX in 

HFD+ALA animals was significantly higher (+52% and +46% respectively), when compared 
to CTRL. Concentration of NO in VAT increased in HFD+ALA (+34%) when compared to 
HFD and decreased in HFD when compared to CTRL (-60%). In VAT, the concentration of 
peroxynitrite was increased in HFD+ALA (+60%) and in HFD (+63%), when compared to 
CTRL (Fig. 6).

The effects of ALA supplementation on proinflammatory and proapoptotic proteins during 
HFD regime
In the visceral and subcutaneous AT, concentration of Bcl-2 decreased in HFD (-50% 

and -49% respectively) when compared to CTRL. In VAT, its concentration in HFD+ALA rats 
increased (+50%) when compared to HFD. In VAT, concentration of Bax was lower in CTRL 
(-98%) and HFD+ALA (-82%) when compared to HFD (Fig. 7).
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Fig. 5. The effect of ALA on: (a) trypto-
phan, (b) kynurenine, (c) N-formylkyn-
urenine, (d) dityrosine and (e) AGE activity 
in visceral (VAT) and subcutaneous (SAT) 
adipose tissue during the HFD feeding; 
CTRL - control rats; HFD – rats fed the high-
fat diet; HFD + ALA – rats fed the high-fat 
diet and receiving α-lipoic acid; * p<0.05,  
** p<0.01, *** p<0.001.
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Fig. 6. The effect of ALA on: (a) NOX, (b) 
NO, (c) S-nitrosothiols and (d) peroxyni-
trite concentration in visceral (VAT) and 
subcutaneous (SAT) adipose tissue during 
the HFD feeding; CTRL - control rats; HFD – 
rats fed the high-fat diet; HFD + ALA – rats 
fed the high-fat diet and receiving α-lipoic 
acid; * p<0.05, ** p<0.01, *** p<0.001.
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Fig. 7. The effect of ALA on: (a) Bcl-2, (b) 
Bax, (c) TNF-α concentration in visceral 
(VAT) and subcutaneous (SAT) adipose 
tissue during the HFD feeding; CTRL - con-
trol rats; HFD – rats fed the high-fat diet; 
HFD + ALA – rats fed the high-fat diet and 
receiving α-lipoic acid; * p<0.05, ** p<0.01, 
*** p<0.001.
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Discussion

Oxidative stress is one of the key factors responsible for the progression of obesity and 
its metabolic complications. Although experimental studies have shown beneficial outcomes 
of antioxidant supplementation in the obesity treatment, little is known about their effects 
on the adipose tissue. Among commonly used antioxidants, recently ALA has gained a lot of 
attention in the treatment of metabolic diseases [23]. ALA has been shown to lower blood 
pressure, reduce total cholesterol and LDL fraction as well as prevent LDL oxidation. It 
also reduces macrophages and cytokines accumulation, triglycerides (TG) levels as well as 
increases high-density lipoprotein (HDL) [24-26].

Our study is the first to assess the effects of ALA supplementation on enzymatic and 
non-enzymatic antioxidant systems, protein and lipid glycoxidation, nitrosative stress, and 
selected inflammatory parameters in the adipose tissue of obese rats. We demonstrated 
increased oxidative/nitrosative stress and increased secretion of pro-inflammatory cytokines 
in VAT of rats fed the high-fat diet, while ALA supplementation effectively eliminated redox 
homeostasis disorders and reduced the inflammatory cascade (Supplementary Table 1 – for 
all supplementary material see www.cellphysiolbiochem.com).

It has already been proven that AT is one of the main tissues responsible for insulin 
resistance induction [27-30]. In our study, we demonstrated that HFD induced an increase 
in body mass and blood glucose level and a decrease in insulin sensitivity, when compared 
to the standard diet. ALA effectively alleviated these negative outcomes by lowering HOMA 
index and body mass when compared with the HFD group. It was confirmed that ALA 
supplementation promotes body weight and fat mass reduction by decreasing food intake 
and increasing energy expenditure (Fig. 8). The postulated mechanism involves inhibition 
of hypothalamic AMP-activated protein kinase (AMPK), an enzyme responsible for appetite 
and satiety regulation, thereby affecting food intake [31]. Weight loss effect of ALA in 
humans is not that obvious, since some clinical trials showed a positive effect on weight 
loss in obese and overweight patients [31] whereas in others any effect was observed [32]. 
Furthermore, according to literature, ALA supplementation improves insulin signaling and 
increases glucose transporters translocation to the plasma membrane of adipocytes and 
skeletal muscles. This mechanism has been confirmed in vitro and in an animal model of 
insulin resistance [33-35]. The above results indicate that ALA can be considered beneficial 
in relation to the treatment of insulin resistance and obesity.

Increased activity of antioxidant enzymes in VAT (↑CAT, ↑GPx) and SAT (↑SOD, ↑CAT, 
↑GPx) in obese rats (HFD compared to control) suggests an adaptive mechanism in response 
to the overproduction of free radicals. It is well known that an increased supply of dietary fats 
is responsible for the disturbances in the mitochondrial respiratory chain, which, together 
with chronic inflammation, is a major source of ROS in obesity [36-38]. Although people 
with obesity accumulate fat in both adipose tissue deposits, VAT releasing adipokines, 
free fatty acids and glycerol directly into the portal circulation is particularly unfavorable 
[38]. It matches the results of our study, where the activity of antioxidant enzymes was 
significantly higher in VAT than in SAT both in the CTRL and HFD groups. Indeed, FFAs 
enhance gluconeogenesis and overproduction of TG, as well as disrupt insulin signaling in 
the liver and other target organs. These conditions lead to increased infiltration of AT with 
macrophages into AT, which further increases the production of free radicals. Oxidative 
stress is also promoted by the activation of the NF-κB (nuclear factor kappa-light-chain-
enhancer of activated B cells) transcription factor by adipokines and an increased level of 
FFAs and glucose in adipose tissue, which not only enhances the production of ROS, but also 
damages endothelial cells and promotes the inflammatory response [37, 39, 40]. Several 
studies indicated an increase in the activity of antioxidant enzymes in the adipose tissue of 
both obese people and animals. Elevated fat intake led to an increase in SOD and CAT activity 
in the adipose tissue of mice and rats [41, 42]. Contrastingly, it was documented that long-
term obesity in women led to a decrease in SOD activity in the AT [43] (similarly to VAT in 
our study) which suggests that the duration of OS in adipose tissue may determine the level 
of SOD activity.
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Several studies evidence a positive systemic ALA role in promoting antioxidant activity. 
For instance, a dose of 600 mg/day ALA increased plasma SOD activity in diabetic patients [44] 
as well as rats fed a hypercaloric choline-deficient diet showed a significant increase in plasma 
SOD after receiving ALA [45]. Moreover, ALA supplementation restored the transcription of 
gene encoding SOD which was decreased by HFD in mice plasma [46]. Interestingly, in our 
study we have not observed any significant effects of ALA supplementation on the activity 
of enzymatic antioxidants in the adipose tissue of obese rats. ALA supplementation lowered 
only CAT activity only in VAT, which suggests a decreased production of hydrogen peroxide 
due to antioxidant treatment (Fig. 8). It is well documented that CAT is responsible for 
enzymatic breakdown of hydrogen peroxide at its high concentration, whereas, under its 
physiological concentrations, GPx is mainly responsible for H2O2 decomposition.

ALA, in contrast to common antioxidants (vitamin C and E) possesses both hydrophilic 
and hydrophobic properties and thus may express its antioxidant activity in the plasma 
membrane as well as in the cytosol [47]. An array of ALA antioxidative properties include 
ROS scavenging (hydroxyl radicals and hypochlorous acid) and thus preventing protein 
carbonyl formation as well as antioxidants regeneration (GSH, vitamins C and E). Moreover, 
ALA forms stable complexes with divalent metal ions thus reducing the risk of iron-induced 
oxidative stress. Some of the metabolic effects of ALA supplementation may origin also from 
the regulation of gene expression (i.e. Nrf-2 or PPARs) or inhibition of the activation of NF-
κB [47].

Despite the induction of enzymatic antioxidant barrier, in our experiment we observed 
increased oxidation/glycation of proteins and lipids, as well as nitrosative damage to the 
VAT more than to SAT (especially in HFD groups). This can be explained by the reduced 
concentration of GSH and the redox ratio in both VAT and SAT in obese animals. Indeed, 
the activity of antioxidant enzymes in the AT is significantly lower compared to other 
tissues, and low molecular weight antioxidants such as GSH play the most important role in 
protection against ROS generation. ALA supplementation improves glutathione metabolism 
in AT of obese rats: it significantly increases the concentration of GSH and the redox ratio 
in VAT, as well as reduces the concentration of GSSG in both types of adipose tissue (Fig. 8). 
It was previously shown that adequate GSH concentration in the adipose tissue is critical 
for lipogenesis (maintenance of mitochondrial GPAT activity) [48]. GSH deficiency impairs 

Fig. 8. The summary of ALA effects 
in visceral (VAT) and subcutaneous 
(SAT) adipose tissue of HFD rats; 
HFD – high-fat diet; ALA – α-lipoic 
acid.
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insulin signaling and activity in the adipose tissue. Due to higher lipolytic activity together 
with increased basal glucose uptake and thus faster triacylglycerol turnover VAT is more 
prone to GSH depletion than SAT. It was suggested that in obese subjects a decline in GSH 
level may be an early sign of diminished adipose fat storage buffering capacity [49].

The role of glutathione metabolism disorders in the development of insulin resistance, 
type 2 diabetes, arterial hypertension and metabolic syndrome is particularly emphasized. 
By stimulating GSH biosynthesis, ALA effectively reduces redox homeostasis disturbances 
in the adipose tissue of obese rats, as well as reduces local inflammation. Indeed, in our 
study we demonstrated a reduced activity of pro-oxidative enzymes, the intensity of 
oxidative, carbonyl and nitrosative stress, as well as the concentration of pro-inflammatory 
cytokines in both VAT and SAT in HFD-fed rats supplemented with ALA. However, we noted 
a more favorable effect of ALA in VAT. Previous studies have shown that ALA inhibits NF-
κB activation, reduces T-cell migration in response to chemokines and T-cell adhesion to 
endothelial cells [50]. In this study, we also showed the protective effects of ALA on the 
adipose tissue apoptosis. Although we did not directly assess the rate of ROS production, the 
decreased NOX activity under ALA supplementation may explain the inhibition of apoptosis 
in the VAT. It is well known that the primary driver of apoptosis is an increase in free radicals 
in the cell.

Redox imbalance can modify cell membrane phospholipids responsible for the 
structural changes and the loss of their physiological functions [51-53]. The resultant lipid 
hydroperoxides and their metabolites may further damage the proteins and DNA of adipose 
tissue. Importantly, many studies have demonstrated a relationship between disturbances in 
redox homeostasis and the progression of obesity and its metabolic complications [54, 55]. In 
patients with obesity, increased levels of plasma dityrosine, kynurenine, N-formylkynurenine 
and AGE as well as a decreased plasma tryptophan level was observed in comparison to 
healthy controls [56, 57]. What is more, it is already proven that elevated AGE level, as 
observed in our study, may be responsible for the development of diabetes complications. 
AGE receptor (RAGE) in adipose tissue may promote adipocyte proliferation and thereby be 
involved in the development of obesity [58, 59].

It is well known that visceral adipose tissue is metabolically more active than the 
subcutaneous. It is characterized by a higher density and expression of β3-adrenergic 
receptors, which explains increased lipolysis and the release of large amounts of FFAs [60, 
61]. Importantly, VAT is also more sensitive to the lipolytic effects of catecholamines and 
glucocorticoids and resistant to the lipogenic effects of insulin. Although our study does not 
explain mechanistically the protective effect of ALA on VAT, it may result from inhibition 
of the NF-κB signaling pathway by blocking p65 phosphorylation and degradation of IκBα 
and/or be a consequence of its ability to regenerate vitamin E. As demonstrated in vitro, 
decreased NF-κB expression results in inhibition of protein kinase C responsible for IκB 
phosphorylation, a decrease in TNFα and IL-6 production, as well as induction of the Nrf2 
pathway stimulating the expression of antioxidant genes.

Conclusion

•	 ALA normalizes body weight, blood glucose level as well as systemic HOMA-IR in the 
insulin resistant rats.

•	 ALA inhibits the activity of pro-oxidant and pro-nitrating enzymes mainly in VAT in 
the insulin resistant rats.

•	 ALA improves GSH biosynthesis in both adipose tissue deposits (VAT and SAT) in the 
insulin resistant rats.

•	 ALA prevents oxidation, carbonylation and glycation of proteins and lipids mainly in 
VAT in the insulin resistant rats.
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