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Background: Oxidative stress underlies metabolic diseases and cognitive impairment; thus, the use of antioxidants may improve
brain function in insulin-resistant conditions. We are the first to evaluate the effects of a-lipoic acid (ALA) on redox homeostasis,
sphingolipid metabolism, neuroinflammation, apoptosis, and B-amyloid accumulation in the cerebral cortex and hypothalamus of
insulin-resistant rats.

Methods: The experiment was conducted on male cmmdb/outbred Wistar rats fed a high-fat diet (HFD) for 10 weeks with intragastric
administration of ALA (30 mg/kg body weight) for 4 weeks. Pro-oxidant and pro-inflammatory enzymes, oxidative stress, sphingo-
lipid metabolism, neuroinflammation, apoptosis, and f-amyloid level were assessed in the hypothalamus and cerebral cortex using
colorimetric, fluorimetric, ELISA, and HPLC methods. Statistical analysis was performed using three-way ANOVA followed by the
Tukey HSD test.

Results: ALA normalizes body weight, food intake, glycemia, insulinemia, and systemic insulin sensitivity in HFD-fed rats. ALA
treatment reduces nicotinamide adenine dinucleotide phosphate (NADPH) and xanthine oxidase activity, increases ferric-reducing
antioxidant power (FRAP) and thiol levels in the hypothalamus of insulin-resistant rats. In addition, it decreases myeloperoxidase,
glucuronidase, and metalloproteinase-2 activity and pro-inflammatory cytokines (IL-1p, IL-6) levels, while in the cerebral cortex ALA
reduces B-amyloid accumulation. In both brain structures, ALA diminishes ceramide synthesis and caspase-3 activity. ALA improves
systemic oxidative status and reduces insulin-resistant rats’ serum cytokines, chemokines, and growth factors.

Conclusion: ALA normalizes lipid and carbohydrate metabolism in insulin-resistant rats. At the brain level, ALA primarily affects
hypothalamic metabolism. ALA improves redox homeostasis by decreasing the activity of pro-oxidant enzymes, enhancing total
antioxidant potential, and reducing protein and lipid oxidative damage in the hypothalamus of HFD-fed rats. ALA also reduces
hypothalamic inflammation and metalloproteinases activity, and cortical B-amyloid accumulation. In both brain structures, ALA
diminishes ceramide synthesis and neuronal apoptosis. Although further study is needed, ALA may be a potential treatment for
patients with cerebral complications of insulin resistance.
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Introduction
Currently, one of the most severe health problems is the increased incidence of diabetes and obesity. More than 400 million
people have type 2 diabetes, which is expected to double by 2040." Many clinical studies have shown that the leading risk
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factor for metabolic diseases is insulin resistance, ie, reduced sensitivity of target tissues to insulin action.” * At the molecular
level, insulin resistance is caused by a loss/downregulation of the insulin receptor (IR) and insulin receptor substrate (IRS-1) in
such organs as the liver, adipose tissue, and skeletal muscles.’”” Under these conditions, free fatty acids accumulate in cells,
inhibiting glucose uptake by serine/threonine kinases, which finally results in phosphorylation of IRS-1 and blocks the insulin
signaling.®’ Reduced insulin sensitivity and alterations in insulin release lead to disturbances in peroxisome proliferator-
activated receptor (PPAR) pathways, increased formation of reactive oxygen species (ROS), adipokines, and pro-inflamma-
tory cytokines as well as an excessive rate of cellular metabolism.'®'" Thus, insulin resistance is the first stage of a vicious
circle, promoting the development of metabolic complications of diabetes.'? These include cardiovascular diseases such as
cardiomyopathies, retinopathies, and nephropathies, but also neurodegeneration and cognitive disorders.'>'* Diabetic patients
are about three times more likely to develop Alzheimer’s disease (AD) than those without metabolic diseases.'> Recent
findings indicate that abnormalities in neuronal glucose metabolism contribute to B-amyloid accumulation in the brain,
causing oxidative stress, neuroinflammation, and cognitive impairment.'>'® Therefore, AD is even referred to as type 3
diabetes.

Oxidative stress and inflammation are thought to be the common denominators underlying neurodegeneration and
metabolic disorders.'”'” The brain is susceptible to oxidation since it consumes much oxygen (compared to other tissues
per unit mass), has an unfavorable surface-area-to-volume ratio, low antioxidant barrier capacity, and high polyunsaturated
fatty acid content.?® Overproduction of ROS results in oxidative damage to neuronal biomolecules, including enzyme
inactivation, protein misfolding, lipid membrane peroxidation, and DNA strand breaks, which disrupt cerebral homeostasis
and ultimately lead to cell death.?' However, not only autoxidation of neurotransmitters (eg, dopamine, norepinephrine, and
hydroquinones) is responsible for free radical formation in the brain. In neurons and glial cells, the primary source of ROS is
NADPH oxidase (NOX), which additionally induces a local inflammatory response. NOX activates the NF-«kB (nuclear factor
kappa-light-chain-enhancer of activated B cells) signaling, increasing the expression of TNF-o (tumor necrosis factor ), IL-1,
and IL-6, as well as brain adhesion molecules such as CAM-1 (intercellular adhesion molecule 1), VCAM-1 (vascular cell
adhesion molecule 1), and MCP-1 (monocyte chemoattractant protein 1).%* It has been demonstrated that IL-1p reduces
neuronal glucose transport to cells by inhibiting the expression of IRS-1, whereas TNF-a, IL-1B, and IL-6 lead to the activation
of c-Jun N-terminal kinases (JNKs), decreasing insulin sensitivity. Interestingly, NOX-mediated oxidative stress also
promotes ceramide accumulation in the brain, directly inducing insulin resistance at the cerebral level. Furthermore, ceramide
activates JNKs, resulting in the blockage of insulin transduction pathway.??® Therefore, it is not surprising that the scientific
community is focused on finding new therapeutic strategies to protect against oxidative brain damage.

o-Lipoic acid (ALA) is of growing interest in treating metabolic diseases.’’>* ALA is an 8-carbon, cyclic disulfide
antioxidant with hydrophobic and hydrophilic properties.®>*® ALA functions as a coenzyme of multi-enzymatic com-
plexes catalyzing the oxidative decarboxylation of o-keto acids.?’ Recent studies also indicate its direct involvement in
the free radical scavenging, chelation of pro-oxidant metal ions, and regeneration of other antioxidants such as reduced
glutathione (GSH), coenzyme Qyo, and vitamins C and E.>’*° Furthermore, ALA has anti-inflammatory effects and
regulates carbohydrate and lipid metabolism.?® It was shown that ALA normalizes glycemia and insulinemia, improves
peripheral insulin sensitivity, and prevents systemic oxidative stress and inflammation in insulin-resistant rats.**** In
addition, ALA reduces total cholesterol, low-density lipoprotein (LDL), and lipoprotein a (Lp(a)), as well as inhibits
LDL oxidation and adhesion of monocytes to endothelial cells.””***> Nevertheless, there are limited reports on the
effects of ALA on the brain function in insulin-resistant conditions.*® Given the multidirectional effects of ALA in

diminishing the peripheral consequences of insulin resistance,"*">°

we speculate that ALA may also improve brain
function through several mechanisms. Importantly, ALA readily crosses the blood—brain barrier (BBB) and can be used
in the pharmacotherapy of the central nervous system (CNS).>'~? In this study, we are the first to evaluate the effects of
ALA on pro-oxidant and pro-inflammatory enzymes, oxidative stress, sphingolipid metabolism, neuroinflammation,
apoptosis, and B-amyloid accumulation in the brain of insulin-resistant rats. We examined brain structures that regulate
lipid/carbohydrate metabolism (hypothalamus) and the brain tissue responsible for cognitive function (cerebral cortex).
We also evaluated the detailed inflammatory profile of serum cytokines, chemokines, and growth factors under ALA

supplementation.
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Materials and Methods

Animals

The experiment was performed on 40 male cmdb/outbred Wistar rats. The average initial bodyweight of the rats was
50-60 g (3-week-old). The animals were provided with standard conditions for laboratory animals with free access to
drinking water and food, and a 12/12 light/darkness cycle at 21 + 2°C. After a week’s adaptation to environmental
conditions, the animals were randomly divided into four equal groups (n = 10).

Rats were fed a control diet (CD; CD ALA- and CD ALA+ groups) comprised of 10.3 kcal% fat, 24.2 kcal% protein,
and 65.5% carbohydrate (Agropol, Motycz, Poland) for 10 weeks or high-fat diet (HFD; HFD ALA- and HFD ALA+
groups) containing 60 kcal% fat, 20 kcal% carbohydrates, and 20 kcal% proteins (D12492; Research Diets, Inc. New
Brunswick, USA) also for 10 weeks. Additionally, in ALA- groups after 6 weeks of the experiment, the rats received
intragastric saline solution for 4 weeks, whereas in ALA+ groups, the animals received intragastrically ALA solution at a
dose of 30 mg/kg body weight. The ALA dose (30 mg/kg body weight) was selected based on the literature analysis.” >
It was observed that the applied dose of ALA shows good antioxidant activity without any toxic symptoms. The saline
and ALA solutions (2 mL/kg body weight) were administered daily at the same time by one experienced technician.
Administration of ALA by the intragastric route ensures that the animal receives the total dose of the drug. Moreover, the
intragastric route of administration did not cause chronic stress and unusual behavior (compulsive behavior, changes in
food and water intake, nervousness, changes in response to external stimuli, and mutilation).

Anthropometric measurements were performed as described in detail by Novelli et al.’® The specific rate of body
mass gain was calculated as the difference between final and initial body weight divided by initial weight. Body mass
index (BMI) was calculated using the formula: BMI = body weight (g)/length® (cm?). It was assumed that BMI over 0.65
g/em?® indicates obesity. Based on food and caloric intake, energy intake (food consumption x dietary metabolizable
energy) and feed efficiency (body weight gain x 100)/energy intake) were also calculated. The Lee index was estimated
using the formula: Lee index = the cubic root of body weight (g)/length (cm).

In the 10th week of the experiment, all animals were weighed, anesthetized with an intraperitoneal injection of
phenobarbital (at a dose of 80 mg/kg body weight), and sacrificed. Immediately after collecting blood from the
abdominal aorta, the hypothalamus and cerebral cortex were taken by the same technician. The brain tissues were
purified from blood and fat and then precooled in liquid nitrogen. The samples were stored at —80°C until final
determinations.

Fasting plasma glucose and insulin were assayed by commercial ELISA kits (EIAab, Wuhan, China). HOMA-IR
index (homeostatic model assessment of B-cell function and insulin resistance) was calculated using the formula:
HOMA-IR index = fasting insulin (U/mL) x fasting glucose (mM)/22.5.>” The plasma-free fatty acids level was
measured by colorimetric assay using a commercial reagent kit (Sigma-Aldrich; St. Louis, MO, USA).

The present study followed the guidelines stated in the “Guide for the Care and Use of Laboratory Animals”
(National Academies Press, Washington, 2011). The experimental procedures were approved by the Institutional
Committee for Ethics Use of Animals in Olsztyn, Poland (approval no. 21/2017).

Biochemical Assays

Unless otherwise indicated, all the reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA) or Fluka (Buchs,
Switzerland). The absorbance/fluorescence was measured using Infinite M200 PRO (Multimode Microplate Reader,
Tecan). Sphingolipid metabolism was assessed using high-performance liquid chromatography (HPLC; Varian ProStar,
Agilent Technologies) with a fluorescence detector and a C18 reversed-phase column. All results were standardized to 1

mg of total protein determined by the bicinchoninic acid method (Thermo Scientific, Rockford, IL, USA).

Brain Pro-Oxidant Enzymes, Antioxidant Status, and Oxidative Stress
The activity of NADPH oxidase (NOX, EC 1.6.3.1) was evaluated colorimetrically using lucigenin as an electron
acceptor.”® One nmol of superoxide radical per minute was assumed as one unit of NOX activity. The xanthine oxidase
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(XO, EC 1.17.3.2.) activity was assayed colorimetrically at 290 nm.’® One unit of XO activity was required to release 1
pmol of UA per 1 minute.

Ferric-reducing antioxidant power (FRAP) was used to assess the antioxidant status. FRAP level was measured
colorimetrically at 592 nm based on the reduction of Fe** to Fe** in an acidic environment, resulting in a colorful ferrous
tripyridyltriazine (Fe*"-TPTZ) complex.®

Protein and lipid oxidation products were used to assess the severity of oxidative stress. The concentration of total
thiols was analyzed colorimetrically at 420 nm using Ellman’s reagent.®' The reduced glutathione (GSH) was used as a
standard. The content of thiobarbituric acid reactive substances (TBARS) was measured using the colorimetric method
described by Buege and Austa.®” 1,1,3,3-Tetramethoxypropane was used as a standard. The absorbance was measured at
535 nm.

Brain Sphingolipid Metabolism

The level of sphingosine (SFO), sphinganine (SFA), sphingosine-1-phosphate (S1P), sphinganine-1-phosphate (SFA1P),
and ceramide (CER) was determined using the HPLC method. In the presence of C17-SFO as a standard, lipids were
extracted from ultrasonicated samples of the brain tissue. An obtained lipid extract was transferred to a tube containing
N-palmitoyl-D-erythro-SFO (C17 base). The released free SFO and SFA were converted to their o-phthalaldehyde
derivatives and then analyzed by the HPLC system. Neutral sphingomyelinase (nSMase) activity was measured by
colorimetric assay using a commercial reagent kit (Sigma-Aldrich; St. Louis, MO, USA).

Brain Pro-Inflammatory Enzymes and Cytokines
The activity of myeloperoxidase (MPO) was analyzed by the spectrophotometric method at 450 nm. The determinations
were made using hexadecyltrimethylammonium sulfanilamide, ortho-dianisidine dihydrochloride, and hydrogen
peroxide.®® The activity of p-glucuronidase (GLU, EC 3.2.1.31) was assayed colorimetrically at 405 nm, measuring
the intensity of the released 4-nitrophenol. 4-Nitrophenyl-p-D-glucuronide was used as a substrate.®*

The concentrations of interleukin 1 beta (IL-1B) and interleukin 6 (IL-6) were determined using commercial ELISA
kits (EIAab, Wuhan, China) according to the manufacturer’s manual.

Brain Apoptosis

The activity of caspase-3 (CAS-3, EC 3.4.22.56) was analyzed by colorimetric method using Ac-Asp-Glu-Val-Asp
p-nitroanilide as a substrate. The absorbance was measured at a 405 nm wavelength.®® The activity of caspase-8 (CAS-8,
EC 3.4.22.61) was measured using Ac-Val-Glu-Thr-Asp-AMC as a substrate.

Brain Metalloproteinases

The activity of metalloproteinase-2 (MMP-2) and =9 (MMP-9) was measured fluorometrically using the substrate MCA-
Pro-Leu-Gly-Leu-Dpa(Dnp)-Ala-Arg-NH,, where MCA is the 7-methoxycoumarin-4-yl)acetate. The fluorescence was
measured at 325/393 nm.

Brain B-Amyloid

The formation of the amyloid cross-p structure was measured colorimetrically at 435/485 nm using thioflavin T.®°

Serum Cytokines, Chemokines, and Growth Factors

According to the manufacturer’s instructions, serum concentrations of 23 cytokines were assessed using ELISA Bio-Plex
Pro™ Rat Cytokine 23-Plex Assay (Bio Rad Laboratories, Hercules, CA, USA). Briefly, samples (1:4 serum dilution)
were added to the appropriate wells in a 96-well plate and incubated successively with couple beads and detection
antibodies. Following the addition of streptavidin—phycoerythrin conjugate and a series of washes, Bio-Plex 200 System
(Bio-Rad Laboratories, Hercules, CA, USA) was used for the read-outs.
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Statistical Analysis

GraphPad Prism 9 (GraphPad Software, La Jolla, CA, USA) for MacOS was used for statistical data analysis.
Homogeneity of variance was checked by Levene’s test, while normality of distribution was by the Shapiro—Wilk test.
Values are presented as means + SD. Three-way ANOVA and one-way ANOVA followed by a post hoc Tukey HSD test
were performed. In the absence of a normal distribution, the ANOVA Kruskal Wallis test followed by Dunn’s post hoc

test was used, and results were presented as median, minimum and maximum. The significance level was set at p < 0.05.

Results

General Characteristics
HFD induced obesity and insulin resistance, whereas ALA treatment effectively reduced body weight, specific rate of
body mass gain, and BMI compared to HFD ALA-rats. ALA increased food consumption and energy intake, as well as
decreased feed efficiency and Lee index in insulin-resistant rats compared to HFD ALA-. ALA normalized systemic
carbohydrate and lipid metabolism by lowering plasma glucose, insulin, free fatty acids, and HOMA-IR in the HFD ALA
+ group compared to HFD ALA- (Figure S1).

ALA supplementation enhanced plasma FRAP and total thiol concentrations as well as reduced TBARS levels in the
HFD ALA+ group compared to HFD ALA- (Figure S2).

ALA decreased serum levels of pro-inflammatory cytokines (IL-1a, IL-2, IL-6, TNF-a; Figure S3) and chemokines
(CCL-15; Figure S4) as well as increased anti-inflammatory IL-10 (Figure S5) in the HFD ALA- group compared with
HFD ALA+. ALA did not affect serum growth factor concentrations (Figure S6).

Brain Pro-Oxidant Enzymes, Antioxidant Status, and Oxidative Stress

NOX activity of HFD-fed ALA- animals was increased compared to CD ALA- both in the hypothalamus (+22%) and in
the cerebral cortex (+30%). Moreover, in the HFD group, hypothalamic NOX activity after ALA administration was
lower (—27%) (Figure 1A).

The activity of XO was enhanced (+28%) in the hypothalamus of HFD animals without ALA supplementation
compared to the CD group. Additionally, this parameter in the hypothalamus of HFD ALA+ animals decreased (—21%)
compared to the HFD ALA- group (Figure 1B).

Hypothalamic FRAP was reduced (—11%) in HFD compared to CD ALA- group. In ALA+ animals, FRAP was
higher in HFD than in the CD group in the hypothalamus and cerebral cortex (+9% and +10%, respectively).
Hypothalamic FRAP in HFD-fed ALA+ animals was increased when compared to both CD (+9%) and HFD (+22%)
ALA-. Furthermore, cortical FRAP was higher in HFD ALA+ than HFD and CD groups without ALA administration
(+12% and +9%, respectively) (Figure 1C).

The concentration of total thiols in the HFD group was lower (—48%) than CD in the hypothalamus of ALA-treated
animals. Hypothalamic total thiols content was enhanced (+95%) by ALA supplementation in the HFD group
(Figure 1D).

TBARS level of HFD animals was higher than CD ALA- both in the hypothalamus (+87%) and cerebral cortex
(+148%). However, only the cortical concentration of TBARS was increased (+70%) in HFD compared to the CD group
of ALA+ animals. Due to ALA administration, the TBARS content of HFD in the hypothalamus was reduced (—39%).
Furthermore, the biomarker’s level in the cerebral cortex was enhanced (+166%) in HFD animals compared to CD after
ALA treatment (Figure 1E).

Brain Sphingolipid Metabolism
The concentration of hypothalamic SFO was reduced in the HFD ALA+ group compared to CD ALA- (—38%) and HFD
ALA- (—47%) animals (Figure 2A).

SFA content in the hypothalamus of HFD ALA- was increased compared to CD-fed ALA- animals (+76%)
(Figure 2B).
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Figure | Effects of a-lipoic acid (ALA) on brain pro-oxidant enzymes [NADPH oxidase (NOX), (A) xanthine oxidase (XO), (B)], antioxidant status [ferric-reducing
antioxidant power (FRAP), (C)], and oxidative stress [total thiols, (D) thiobarbituric acid reactive substances (TBARS), (E)] in the hypothalamus and cerebral cortex of
rats fed a control (CD) and high-fat diet (HFD). Values are presented as mean * SD. Three-way ANOVA followed by post hoc Tukey HSD test was performed. *p < 0.05,
*p < 0.005, ¥*p < 0.0005, ***p < 0.0001.
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Figure 2 Effects of o-lipoic acid (ALA) on brain sphingolipid metabolism [sphingosine (SFO), (A) sphinganine (SFA), (B) sphingosine- |-phosphate (SIP), (C) sphinganine-1-
phosphate (SFAIP), (D) ceramide (CER), (E) neutral sphingomyelinase (nSMase), Figure 2F] in the hypothalamus and cerebral cortex of rats fed a control (CD) and high-
fat diet (HFD). Values are presented as mean = SD. Three-way ANOVA followed by post hoc Tukey HSD test was performed. *p < 0.05, **p < 0.005, ***p < 0.0005,
P

p < 0.0001.
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The hypothalamic level of S1P was lower (—50%) in the HFD group after administration of ALA. ALA also increased
cortical S1P concentration in CD and HFD groups (+316% and +330%, respectively) (Figure 2C).

SFA1P concentration in the hypothalamus of HFD was enhanced (+75%) in comparison to CD ALA-. In ALA-treated
animals, this parameter was higher (+59%) in the cerebral cortex in HFD when compared to the CD group. After ALA
supplementation, SFA1P was lower (—64%) in the HFD group in the hypothalamus. However, it was higher in HFD ALA
+ animals compared to CD (+830%) and HFD (+606%) ALA- rats in the cerebral cortex (Figure 2D).

The hypothalamic ceramide content in HFD ALA- group was increased (+90%) compared to CD ALA-. Additionally,
the level of ceramide of HFD animals was decreased by ALA administration both in the hypothalamus and the cerebral
cortex (—32% and —27%, respectively) (Figure 2E).

nSMase activity in the hypothalamus of HFD ALA+ was higher than CD (—=37%) and HFD (—47%) ALA- animals.
After ALA treatment, the activity of nSMase was enhanced (—45%) in the cerebral cortex of the HFD group (Figure 2F).

Brain Pro-Inflammatory Enzymes and Cytokines
The cortical activity of MPO of HFD animals was higher (+124%) than CD ALA+. Hypothalamic MPO activity in the
HFD group was reduced (—25%) due to ALA administration (Figure 3A).

GLU activity in the hypothalamus of HFD-fed animals was enhanced (+39%) in comparison to CD ALA-. However,
ALA treatment lowered (—31%) its activity in the HFD group after ALA treatment (Figure 3B).

The hypothalamic content of IL-1p in HFD was increased (+75%) compared to CD animals not supplemented with
ALA. Administration of ALA decreased (—52%) the hypothalamic level of this biomarker in HFD animals (Figure 3C).

In the hypothalamus, the concentration of IL-6 of HFD was higher (+132%) than CD ALA- animals. Moreover, the
hypothalamic IL-6 level was reduced (—64%) by ALA in the HFD group (Figure 3D).

Brain Apoptosis

The activity of CAS-3 of HFD animals was increased compared to CD ALA- animals in the hypothalamus (+76%) and
the cerebral cortex (+93%). However, after ALA treatment, hypothalamic and cortical CAS-3 activity in the HFD group
was reduced (—53% and —56%, respectively) (Figure 4A). ALA does not affect brain CAS-8 activity (Figure 4B).

Brain Metalloproteinases

MMP-2 activity in HFD ALA- was enhanced compared to CD ALA- group both in the hypothalamus (+101%) and the
cerebral cortex (+71%). ALA decreased (—40%) only the hypothalamic activity of MMP-2 of HFD animals (Figure 5A).
ALA does not affect brain MMP-9 (Figure 5B) and MMP-2/MMP-9 activity (Figure 5C).

Brain B-Amyloid Accumulation

The cortical concentration of f-amyloid in HFD was higher (+26%) than CD in ALA-, but lower (—23%) when compared
HFD to CD in the ALA+ group. B-Amyloid level in the cerebral cortex of HFD ALA+ was reduced compared to both CD
and HFD ALA- animals (—26% and —41%, respectively) (Figure 6).

Discussion

Many epidemiological studies indicate that antioxidants offset the detrimental effects of insulin resistance by restoring
physiological redox balance.®” *’ Despite reports of the positive impact of antioxidants in eliminating diabetes at the
systemic level, only a few studies have evaluated the effects of antioxidants on the cerebral manifestations of insulin
resistance.*® This fact should not be surprising since the primary factor limiting the antioxidants in clinical practice is
their low bioavailability or inability to pass through the BBB.”® These problems do not apply to a-lipoic acid.’'* ALA
(6,8-dithiooctanoic acid) is a saturated fatty acid with potent antioxidant properties. The carbon atoms 6, 7, and 8 with
two sulfur atoms form a dithiol ring that can be reduced to dihydro-lipoic acid (DHLA).>> The molecule’s chemical
structure determines its ability to pass through biological membranes and the BBB.”'~*? Both ALA and DHLA contain a
non-polar aliphatic chain whose presence favors solubility in a lipophilic environment. In contrast, the short length of the
carbon chain and the occurrence of a polar carboxyl group make ALA and DHLA also soluble in water.>>%"" ALA is
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Figure 3 Effects of o-lipoic acid (ALA) on brain pro-inflammatory enzymes [myeloperoxidase (MPO), (A) B-glucuronidase (GLU), (B)] and cytokines [interleukin | beta (IL-
IB), (C) interleukin 6 (IL-6), (D)] in the hypothalamus and cerebral cortex of rats fed a control (CD) and high-fat diet (HFD). Values are presented as mean * SD. Three-way
ANOVA followed by post hoc Tukey HSD test was performed. *p < 0.05, ** < 0.005, **p < 0.0005, **p < 0.0001.
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Figure 4 Effects of a-lipoic acid (ALA) brain apoptosis [caspase-3 (CAS-3), (A) caspase-8 (CAS-8), (B)] in the hypothalamus and cerebral cortex of rats fed a control (CD)
and high-fat diet (HFD). Values are presented as mean + SD. Three-way ANOVA followed by post hoc Tukey HSD test was performed. *p < 0.05, **p < 0.005, ***p < 0.0005.

therefore well absorbed from the gastrointestinal tract and quickly removed from the bloodstream due to its intense liver
metabolism. The compound’s half-life is about 30 minutes, making it safe to use and virtually free of any side
effects.***¢"!

Our study confirms previous reports of the protective properties of ALA at the systemic level.**** ALA normalizes
carbohydrate (|fasting plasma glucose and insulin) and lipid (| plasma-free fatty acids) metabolism, as well as diminishes
systemic insulin sensitivity (|HOMA-IR) and inflammation (serum |IL-1a, |IL-2, |IL-6, | TNF-a, 1IL-10, and |CCL-15) in
insulin-resistant rats. ALA also improves energy homeostasis (| body weight, |specific rate of body mass gain, |BMI, |feed
efficiency, 1food consumption, Tenergy intake), and reduces the risk of cardiometabolic complications noted as a decrease in
Lee’s index. It is well known that ALA inhibits intracellular fatty acid accumulation in diabetic patients, increasing insulin
sensitivity and thus promoting glucose uptake by the liver, adipose tissue, and skeletal muscles.**”>""* The hypoglycemic
effects of ALA are also related to reducing triacylglycerol (TAG) accumulation in the pancreas and the stimulation of free fatty
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Figure 5 Effects of o-lipoic acid (ALA) on brain metalloproteinases [metalloproteinase-2 (MMP-2), (A) metalloproteinase-9 (MMP-9), (B)] and their ratio [MMP-2/MMP-9
ratio (MMP-2/MMP-9), (C)] in the hypothalamus and cerebral cortex of rats fed a control (CD) and high-fat diet (HFD). Values are presented as mean * SD. Three-way

ANOVA followed by post hoc Tukey HSD test was performed. * p < 0.05, ** p < 0.005.
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Figure 6 Effects of a-lipoic acid (ALA) on brain B-amyloid level in the hypothalamus and cerebral cortex of rats fed a control (CD) and high-fat diet (HFD). Values are
presented as mean * SD. Three-way ANOVA followed by post hoc Tukey HSD test was performed. **p < 0.005, ***p < 0.0005, ****p < 0.0001.

acid oxidation in mitochondria.”” ALA is a known cofactor of many mitochondrial dehydrogenases involved in cellular
respiration and the regulation of cell metabolism.”’ During the reduction of ALA to DHLA, this compound inhibits
gluconeogenesis by decreasing pyruvate carboxylase (PC) activity and stimulates glycolysis by increasing pyruvate dehy-
drogenase (PDC) NAD/NADH ratio. In insulin resistance and diabetes, intracellular increase in NAD" results in respiratory
chain overload and mitochondrial ROS overproduction.””’® An essential source of free radicals is also hyperglycemia
accompanied by polyol pathway activation, non-enzymatic glycation of proteins, glucose autoxidation, as well as induction
of protein kinase C (PKC).””"”® Under these conditions, nuclear factor NF-kB is stimulated, increasing inflammation and
further enhancing ROS formation. ALA inhibits NF-kB activation, thereby reducing the expression of pro-inflammatory
genes, lowering oxidative and carbonyl stress, as well as normalizing lipid-carbohydrate metabolism.?***7

The beneficial effects of ALA are also evident at the cerebral level. We noted that ALA improves brain redox homeostasis
by decreasing the activity of pro-oxidant enzymes (|NOX, |XO), strengthening the antioxidant barrier ({FRAP), and
effectively preventing oxidation of proteins ({total thiols) and lipids (JTBARS) in the hypothalamus of insulin-resistant
rats. The antioxidant effects of ALA may result from multiple mechanisms. ALA can directly act as a free radical scavenger,
regenerator of low-molecular-weight antioxidants (eg, vitamins C and E), a modulator of gene expression (| NF-kB), as well as
metal ion chelator (eg, Fe*", Cu®").>’? Numerous studies have shown that ALA is capable of scavenging superoxide anions
(O, 7), hydroxyl radicals (OH), and peroxynitrite (ONOO™). When reacting with radical and non-radical species, ALA
converts to the radical cation ALA™ (eg, ALA + OH — ALA" + OH ), which is much less reactive and does not pose a
significant risk to the cell.**** ALA and DHLA create a potent redox couple, with an oxidation-reduction potential higher
than the reduced glutathione (GSH)/oxidized glutathione (GSSG) system. Therefore, DHLA guarantees more effective
protection than GSH and can reconstitute the reduced form of other antioxidants.”*>**** ALA may also prevent the
consequences of metal-induced neuronal damage.®>*" It is well known that the brain has a low capacity of the antioxidant
barrier with a relatively high content of pro-oxidant metals. In the Fenton reaction, these compounds catalyze the formation of
the highly reactive hydroxyl radical (eg, Fe*" + H,0, — Fe*" + OH + OH ), which may induce DNA oxidation and neuronal
apoptosis. Although we did not evaluate the brain antioxidants separately, the increase in FRAP level may be due to the
improved GSH biosynthesis. Indeed, thiol groups have a high contribution to the total antioxidant potential in the FRAP assay,
and their most important source in the brain is GSH.® Thus, it is not surprising that the total thiols in the hypothalamus of HFD
ALA+ rats are increased. GSH is the most important cerebral antioxidant. It scavenges free radicals and acts as a
neurotransmitter or neuromodulator of synaptic transmission.®’ Previous studies have shown that ALA increases GSH
biosynthesis by inducing nuclear factor (erythroid 2)-like 2 (Nrf2) or enhancing glutathione reductase (GR) that converts
GSSG to GSH.”>®" ALA also increases the availability of neuronal NADPH necessary for GSH synthesis and GSSG
reduction.””** However, the ALA-mediated inhibition of NOX activity is of particular clinical significance. It was shown
that NOX-derived free radicals play an essential role in the intracellular signal transduction leading to activation of the brain
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inflammatory response. Several studies demonstrated that NOX mediates NF-kB activation by affecting MAPK kinases
(pP38MAPK, INK, and ERK). It is also involved in angiotensin [I-induced overexpression of [ICAM-1, VCAM-1, and MCP-1.
NOX-derived ROS also enhances the synthesis of MMP-2 by activating NF-kB signaling.”* *® Therefore, it is not surprising
that we observed high expression of IL-1f, IL-6, and MMP-2 in the hypothalamus of HFD-fed animals. Interestingly, more
and more studies indicate the involvement of pro-inflammatory cytokines in the modulation of energy homeostasis.”>'°° The
hypothalamus, where the hunger and satiety centers are located, coordinates food intake behavior.'”" Nevertheless, both
peripherally produced cytokines and those derived from the blood may change hypothalamic neurotransmission.'* It has been
proven that IL-1p and IL-6 act as appetite regulators, while its pharmacological blockade effectively reduces weight gain in
HFD animals. The results of our study may support this hypothesis.'”® ALA inhibits inflammation at the central (|MPO,
|GLU, |IL-1B, and |IL-6) and systemic levels (|IL-1a, [IL-2, |IL-6, | TNF-a, 11L-10, |CCL-15), reduces food intake and
promotes weight loss in insulin-resistant rats.>*>'**"'% Of particular note is the inhibition of MPO activity released by
neutrophils and monocytes during inflammatory cell activation. MPO significantly exacerbates oxidative stress and metallo-
proteinases activity, as well as initiates and sustains acute and chronic inflammation.'® Recently, the involvement of matrix
metalloproteinases has been increasingly emphasized in neurodegenerative diseases. Studies in a mouse model of multiple
sclerosis indicate that ALA inhibits neuronal demyelination by reducing metalloproteinases activity.''® MMP-2 promotes the
passage of blood lymphocytes into the CNS; thus, its pharmacological blockade may have important clinical implications.

ALA also affects brain sphingolipid metabolism. Sphingolipids belong to a large group of biologically active lipids
that build cell membranes of neurons and glial cells. In addition to the structural functions, sphingolipids regulate these
cells’ growth, differentiation, proliferation, and apoptosis.''""''? The central place in the sphingomyelin transduction
pathway is occupied by ceramide that can be formed from sphingomyelin using sphingomyelinases (SMases) or as result
of de novo condensation of serine with palmitoyl-CoA. Recent studies have shown increased ceramide production in
patients with type 2 diabetes. Since ceramide mediates insulin resistance and may also cross the BBB, there is a
relationship between peripheral insulin resistance and neurodegeneration.113 It has been demonstrated that ceramide
activates JNKs and inhibits IRS-1, resulting in blockage of the insulin transduction pathway.''*''® In our study, ALA
reduces ceramide accumulation in both the hypothalamus and cerebral cortex of HFD rats, which may occur through
decreased de novo synthesis (|plasma-free fatty acids), salvage pathway (|/SFO) and sphingomyelinase pathway
(InSMase). Several studies demonstrated that ROS enhance SMase activity, indicating a direct relationship between
the rate of ceramide formation and oxidative-reductive status of the cell.''”''® Increased levels of both acidic and neutral
SMases were also observed in the brains of AD patients, which is related to the synaptic dysregulation and progression of
neurotoxicity.''” In the in vitro models, exposure to short-chain ceramides results in neuronal insulin resistance,
mitochondrial dysfunction, oxidative damage to DNA and lipids, and increased formation of B-amyloid precursor protein
(APP).>'2%121 In our study, ALA reduces B-amyloid accumulation in the cerebral cortex of insulin-resistant rats.
Although we did not perform behavioral studies, this may suggest an improved cognitive function in HFD-fed animals.
We also showed that ALA could inhibit cerebral apoptosis (JCAS-3) by reducing ceramide accumulation and limiting
ROS formation. Previous studies have demonstrated that increased ceramide level intensifies ROS production, enhancing
CAS-3 and CAS-8 activity and inducing neuronal apoptosis. Therefore, as in neurodegenerative diseases, ceramide-
mediated apoptosis may cause cerebral complications of insulin resistance.™'*? Unfortunately, due to the very small mass
of brain tissue, we could not assess insulin signaling in the studied animals. Further studies are needed to evaluate the
effects of ALA on insulin sensitivity and brain metabolism.

Conclusions

Summarizing, ALA normalizes body weight as well as systemic lipid and carbohydrate metabolism in insulin-resistant
rats. ALA improves systemic oxidative stress and reduces serum pro-inflammatory cytokines, chemokines, and growth
factors in insulin-resistant rats. We also showed that ALA improves hypothalamic redox homeostasis by decreasing the
activity of pro-oxidant enzymes, enhancing total antioxidant potential, and reducing protein and lipid oxidation.
Generally, ALA does not affect the redox balance of the cerebral cortex. In insulin-resistant rats, ALA treatment reduces
hypothalamic inflammation and metalloproteinases activity as well as cortical B-amyloid accumulation. In both brain
structures, ALA diminishes ceramide synthesis and neuronal apoptosis. ALA may be a potential treatment for patients
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with cerebral complications of insulin resistance. Further studies are needed to elucidate the molecular mechanisms of
ALA action in the brain.
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