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Abstract  

Background:  Type 2 Diabetes Mellitus (T2DM) is a  
worldwide health problem with significant morbidity and  
mortality. β -cell failure is a main contributor to the develop-
ment of T2DM. Oxidative stress and enhanced apoptosis play  

a critical role in pathogenesis of β -cell failure. Recently, Alpha  
Lipoic Acid (ALA), a universal antioxidant, has been shown  

to exert anti-apoptotic actions.  

Aim of Study: The present study was aimed to evaluate  
the possible ameliorative effect of ALA against pancreatic  
tissue oxidative stress and apoptotic mechanisms in a rat  

model of High Fat Diet (HFD)-induced T2DM.  

Material and Methods: Eighty albino rats were included,  
20 rats received a standard diet and served as normal control  

group (Group I) and 60 rats were fed a homemade HFD for  

6 months for induction of T2DM, only diabetics (40 rats)  
were included and divided into 2 groups; 20 continued to  

receive HFD for further 21 days, served as diabetic untreated  

group (Group II); 20 received ALA (50mg/kg i.p) for 21 days  

and served as ALA-treated group (Group III). Thioredoxin  

Interacting Protein (TXNIP) and cyclic Adenosine Monophos-
phate (cAMP) were immunoassayed in addition to determina-
tion of levels of plasma fructosamine, fasting blood glucose  

(FBG) and pancreatic tissue Malondialdehyde (MDA) along  

with pancreatic catalase and Superoxide Dismutase (SOD)  

activities.  

Results:  ALA treatment showed significant improvement  
in fructosamine and FBG levels, decreased MDA level and  
increased catalase and SOD activities, in addition to increased  

cAMP level and decreased TXNIP level.  

Conclusion:  We concluded that ALA has the ability to  
interfere with β -cell dysfunction associated with HFD-induced  

T2DM possibly by improving redox status, rescuing cAMP  
signaling and decreasing the level of TXNIP.  
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Introduction  

TYPE  2 Diabetes Mellitus (T2DM) is a major  
health problem which is attaining an epidemic  

stature all over the world and the scenario in de-
veloping countries is getting worse day by day.  
Although genetic predisposition determines in part  
whether individual is susceptible to T2DM or not,  

obesity, which results from sedentary lifestyle and  

unhealthy diets, is the major driver of the current  

global epidemic [1] .  

Obesity is associated with impaired insulin  
action in various tissues, such as muscle, liver, and  

adipose which implicates a secretory burden on  

pancreatic β -cells. Overtime, failure of β -cells to  
fully compensate for the increased insulin demand  

by insulin hypersecretion ends with the develop-
ment of severe hyperglycemia and T2DM [2] .  

Experimental animal models based on chemical  
destruction of β -cells or monogenic disorders are  
clinically irrelevant to human diabetes. In contrast,  

the high-fat diet fed rodent model is more parallel  

to the natural pathophysiology of the disease,  
therefore, it has been used in several studies to  

induce insulin resistance with overt T2DM [3,4] .  

Glucolipotoxicity associated with chronic over-
nutrition leads to overproduction of Reactive Ox-
ygen Species (ROS) in several body tissues includ-
ing pancreatic β -cells. β -cell dysfunction is believed  
to be in part a consequence of the oxidative stress  
that occurs in this prediabetic milieu [5] .  
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ROS attack various classes of biomolecules  
including proteins, DNA and lipids such as mem-
brane Polyunsaturated Fatty Acids (PUFAs). The  
reaction of ROS with lipids is known as lipid  
peroxidation. The PUFA arachidonic acid is per-
oxidized to finally form many products one of  

them is Malondialdehyde (MDA) a widely accepted  

biomarker for oxidative stress [6] .  

Many studies have proved that β -cell loss due  
to increased apoptosis contributes largely to β -cell  
failure in T2DM which is induced by many mech-
anisms including oxidative stress, endoplasmic  
reticulum stress, and amyloid deposition [7] .  

Cyclic Adenosine Monophosphate (cAMP) is  
a ubiquitous second messenger that regulates many  
cellular processes. Recent studies showed that  
cAMP increases in pancreatic β -cells protect against  
apoptosis [8] .  

Thioredoxin Interacting Protein (TXNIP) is an  

endogenous inhibitor of thioredoxin (TRX) and is  

upregulated during cellular stress [9] . Hyperglyc-
emia, among other factors, has been found to  

strongly induce TXNIP expression in pancreatic  
β -cells [10]  which induces β -cells apoptosis [11] .  

Alpha-Lipoic Acid (ALA) is a naturally occur-
ring short-chain fatty acid that contains a thiol  

bond. It acts as a powerful antioxidant and free  
radical scavenger [12] . Some studies have revealed  
that ALA exerts antiapoptotic effects [13] .  

Currently, there is a great need for treatment  
strategies that interrupt the pathogenesis of β -cells  
dysfunction in order to preserve a functional β -
cell mass and thus preventing the development and  

progression of T2DM. Therefore, this study was  
carried out to assess the possible modulatory effect  

of ALA on apoptotic mechanisms as well as oxi-
dative stress parameters of pancreatic tissue in a  

model of HFD-induced T2DM.  

Material and Methods  

Care of the animals as well as the experimental  

procedures was performed in Medical Biochemistry  

Department, Faculty of Medicine, Tanta University,  
Egypt, over the period from June 2017 to January  
2018, in accordance with guidelines of the Ethical  
Committee of Faculty of Medicine, Tanta Univer-
sity, Egypt (approval code 31527/05/17).  

Study design and animal grouping:  
Eighty male albino rats, ranged from (100-150)  

Kg body weight, were obtained from experimental  
animal colony of Tanta University and housed in  

appropriate cages with a 12h dark/light cycles.  

Rats were acclimatized for one week before the  

experiment and were allowed ad-libitum for a  

commercial standard rodent chow and tap water  

(El-Nasr Chemical Company, Cairo, Egypt). Then  

rats were divided as follows: 20 rats continued to  
receive the standard diet for 6 months then, 0.25  

ml of isotonic saline solution i.p injection each per  

day for 21 days and served as normal control group  

(Group I) and 60 rats received a house prepared  
high fat diet for 6 months for induction of T2DM  
as previously described [14] . At the end of the 6  
months period, the rats were subjected to Fasting  

Blood Glucose (FBG) checking by glucose oxidase  
strips (Bionime GM300, Taiwan), only diabetic  
ones (FBG level >180mg/dl) were included in the  
study (40 rats) and divided into 2 groups: Group  

II (diabetic group) which included 20 rats and  

continued to receive HFD for further 21 days and  

Group III (ALA-treated group) which included 20  
rats that received freshly prepared α -lipoic acid in  
a dose of (50mg/kg) i.p injection once daily for 21  
days [15] .  

Induction of experimental type 2 diabetes mellitus:  

T2DM was induced in second and third groups  
by feeding a house prepared HFD (58% of total  

kcal as fat) for 6 months. The composition of this  

diet was as described before with small modifica-
tion [14] . Ingredients were mixed, formed into  
dough with water, rolled into pellets, wrapped with  
plastic wrap, and stored at 20ºC until use to  

minimize oxidation. These small pellets were  
cooked and given to rats every day.  

Treatment with α -Lipoic Acid (ALA):  

After induction of T2DM in Group III, ALA  
was given in a dose of 50mg/kg body weight daily  

by intraperitoneal injection for 21 days. ALA was  

freshly prepared every day by mixing ALA powder  

with sterile saline and NaOH was added until the  

suspension dissolved. Then the pH was brought to  

7.4 with HCl [15] . The dosage of ALA was adjusted  
every week according to any change in body weight  

to maintain similar dose per kg body weight of rat  

over the entire period of treatment.  

Measurement of weight gain:  

Rats of all groups were weighed at the start  
and at the end of the experiment. Determination  

of the percent rise in body weight (% BWt gain)  
through the experiment was done using this formu-
la:  

(Final BWt-Original BWt)  
% BWt gain =  

Original BWt  
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Blood and tissue sampling:  
At the end of the experimental period (6  

months), all rats were fasted overnight, and then  
sacrificed. Blood was collected in EDTA-containing  

tubes followed by immediate centrifugation (aver-
age centrifugal force, about 2000 xg) for 20min  

then plasma was separated from the deposits by  

dry clean Pasteur pipettes in Eppendorf tubes.  
Abdomen and thorax were opened, pancreas was  

dissected carefully, washed three times with ice  

cold saline to remove extraneous materials, weighed  

and blotted individually on ash-free filter paper.  

Each pancreatic tissue was wrapped in aluminum  
foil and stored at –70ºC till homogenized on ice  
with 10mM phosphate buffer saline (pH 7.4) and  

the homogenate then stored at –80ºC till the time  

of analysis.  

Determination of blood glucose and fructos-
amine levels:  

Fasting Blood Glucose (FBG) and plasma fruc-
tosamine levels were measured spectrophotomet-
rically using commercial kit (Biodiagnostic Com-
pany, Egypt).  

Assessment of redox status:  

Pancreatic tissue malondialdehyde level was  
measured spectrophoto-metrically as previously  

described [16]  using commercial kit (biodiagnostic  
company, Egypt). The activities of enzymatic anti-
oxidants catalase and superoxide dismutase were  

assayed in pancreatic tissue homogenate using  
reagent kits purchased from biodiagnostic company,  

Egypt, as previously described [17,18] .  

Assay of cAMP and TXNIP:  

TXNIP and cAMP levels in pancreatic tissue  
homogenate were measured using commercial  

Enzyme Linked Immunosorbant Assay (ELISA)  

kit (Sunred Biological Technology Co., Ltd, Shang-
hai, China) according to manufacturer's instructions.  

Color development was monitored by absorbance  
at 450nm with a microplate reader (Stat Fax 2100,  

NY, USA).  

Statistical analysis:  

The data were analyzed using Statistical Pack-
age for Social Sciences (SPSS), version 16.0 for  
Windows (SPSS, Chicago, IL). One-way analysis  
of variance (ANOVA) was used followed by TUK-
EY test to compare various groups with each other.  

Results were expressed as mean ±  SE and values  
of p>0.05 were considered non significantly dif-
ferent, while those of p<0.05 were considered  
significant.  

Results  

Body weight, glycemic parameters and redox status:  

The diabetic group of rats showed significant  

increase of % BWt gain, elevated FBG and plasma  

fructosamine levels , and elevated MDA level while  

the activity of SOD and catalase was significantly  

decreased in diabetic group ( p<0.05) when com-
pared to normal control group. Treatment with  
ALA showed significant improvement in these  

altered parameters as showed when comparing  

ALA-treated group with diabetic untreated group  

(p<0.05) (Table 1).  

Table (1): Comparative statistics of studied biomarkers between all of the studied groups.  

Parameters  
Group IA  

(normal control group)  
(n=20)  

Group IIB  
(Diabetic group)  

(n=20)  

Group IIIC  
(ALA-treated group)  

(n=20)  

ANOVA  

F  p-value  

BWt gain %  52.646±902b ,c  221.497± 10.280a,c  80.469± 16.58a,b  1067.326  <0.001 *  

FBG (mg/dl)  87.600±8.641b ,c  183.250±9.613 a,c  165.400±6.476a ,b  742.537  <0.001 *  

Fructosamine (mmol/L)  151.550±34.992b ,c  395.550±82.819a,c  331.450±39.352a,b  99.676  <0.001 *  

MDA (mmol/mg tissue)  0.314±0.203b ,c  0.854±0.133 a,c  0.664±0.272a ,b  33.846  <0.001 *  

Catalase (U/gm tissue)  86.482± 17.894b ,c  50.054± 12.473 a,c  68.917±25.399a ,b  17.765  <0.001 *  

SOD (U/gm tissue)  27.042±2.061b ,c  18.621 ±2.914a,c  20.760±2.149a,b  66.234  <0.001 *  

TXNIP (ng/mg tissue)  1.311 ±0.772b 2.129±0.600a,c  1.505±0.610b  8.260  <0.001 *  

Data are mean ±  SD of a group of 10 rats.  
Statistical analysis was carried out using one-way analysis of variance (ANOVA) with Tukey's post-hoc test.  

BWt gain%  
FBG  
MDA  
SOD  
cAMP  
TXNIP  

: Percent Body Weight gain. 
: Fasting Blood Glucose. 
: Malondialdehyde. 
: Superoxide Dismutase. 
: Cyclic Adenosine Monophosphate. 
: Thioredoxine Interacting Protein.  

Superscript 
a,b,c 

 represent significant difference between groups: 
a  : Significance from Group I. 
b  : Significance from Group II. 
c : Significance from Group III. 
* : p<0.05 is significant.  
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cAMP and TXNIP in pancreatic tissue:  
The diabetic group showed significantly in-

creased TXNIP level and significantly decreased  

cAMP level when compared to normal control  
group. However, ALA-treated group showed an  

opposite pattern, TXNIP was significantly de-
creased while cAMP was significantly increased  

as compared to diabetic untreated group ( p<0.05)  
(Table 1).  

Correlations matrix of the studied parameters:  

All correlations are summarized in (Table 2).  
In diabetic group, % BWt gain was significantly  
positively correlated to FBG and fructosamine  

levels. In addition tissue MDA level was signifi-
cantly positively correlated to tissue catalase and  

SOD enzyme activity. However, tissue SOD en-
zyme activity was significantly negatively corre-
lated with tissue TXNIP level.  

Table (2): Correlation matrix for the studied parameters in Group II (diabetic group).  

Parameters  Fructosamine  
(mmol/L)  

MDA  
(mmol/mg  

tissue)  

Catalase  
(U/gm  
tissue)  

cAMP  
(pmol/mg  

tissue)  

SOD  
(U/gm  
tissue)  

TXNIP  
(ng/mg  
tissue)  

FBG  
(mg/dl)  

MDA (mmol/mg tissue):  

r  0.172  
p-value  0.467  

Catalase (U/gm tissue):  
r  –0.424  –0.886  
p-value  

cAMP (pmol/mg tissue):  

0.063  0.001*  

r  –0.374  –0.236  0.393  
p-value  0.028*  0.316  0.037*  

SOD (U/gm tissue):  
r  –0.389  –0.808  0.640  0.020  
p-value  0.090  0.001*  0.002*  0.933  

TXNIP (ng/mg tissue):  

r  0.122  0.106  –0.016  –0.245  –0.431  
p-value  0.608  0.657  0.948  0.298  0.018*  

FBG (mg/dl):  
r  0.786  0.160  –0.019  –0.217  –0.178  0.068  
p-value  0.002*  0.499  0.935  0.064  0.452  0.718  

BWt gain %:  
r  0.384  0.234  –0.362  –0.029  –0.209  0.168  0.239  
p-value  0.024*  0.321  0.117  0.902  0.377  0.479  0.310  

* :  p<0.05 is significant. TXNIP : Thioredoxine Interacting Protein. 
MDA 

 
: Malondialdehyde. FBG : Fasting Blood Glucose.  

cAMP 
 

: Cyclic Adenosine Monophosphate. BWt gain % 
 

: Percent Body Weight gain.  
SOD 

 
: Superoxide Dismutase.  

Discussion  

Feeding a HFD has been widely used for induc-
ing T2DM in the experimental animals by a mech-
anism that involves induction of obesity-associated  
insulin resistance with overt T2DM  [19] . Obesity  
is associated with excessive ROS generation as a  

result of several mechanisms including glucolipo-
toxicity, mitochondrial dysfunction, and systemic  
low grade inflammation which causes oxidative  
stress that culminates in P -cell dysfunction through  
the induction of apoptosis and suppression of  
insulin biosynthesis [20] . In addition, chronic ex-
posure to saturated FFAs, among other factors,  
contributes to P -cell apoptosis (lipotoxicity) [21] .  

Recently, research studies are directed towards  

providing strategies for interrupting the pathophys-
iological processes underlying P -cell failure in  
order to preserve a functional P -cell mass thus  
preventing the development or progression of  
T2DM.  

The current study was planned to evaluate the  

effect of ALA, a powerful antioxidant recently  

proved to protect against apoptosis [13] , on apoptotic  
mechanisms and oxidative stress parameters of  

pancreatic tissues in a model of HFD induced  

T2DM. In accordance with previous research [22] ,  
the present study revealed that the rat model of  

T2DM was successfully established by feeding a  
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HFD over 6 months, at which time, the body weight  

was greatly increased as compared to a standard  

diet fed control rats.  

The development of T2DM was confirmed by  

the significantly elevated levels of FBG and plasma  
fructosamine in diabetic group as compared to the  
normal control group. The observed increased  
levels of fructosamine in diabetic group is due to  

the presence of excessive amounts of blood glucose.  

During diabetes the excess of glucose present in  

blood reacts with proteins mainly albumin to form  
fructosamine [23] . Estimation of fructosamine level  

has been found to be particularly useful in moni-
toring the effectiveness of therapy in diabetes [24] .  
In the present study, intraperitoneal injection of  
ALA significantly decreased the % body weight  

gain in addition to the levels of FBG and fructos-
amine in ALA-treated group as compared to dia-
betic group. These results indicated the effective-
ness of ALA in lowering body weight and impro-
ving glycemic control thus preventing the patho-
genesis of diabetic complications caused by im-
paired glucose metabolism in obese individuals  
with T2DM. The results herein were in harmony  

with previous reports where ALA was found to be  
effective in reducing body weight [25] . Another  
study reported a decrease in levels of fructosamine  

& blood glucose upon ALA treatment in Alloxan  
induced diabetes in rats [26] .  

In this study, to assess the oxidative state of  

pancreatic tissue associated with HFD induced  

T2DM, we measured the tissue level of MDA, a  

by-product of lipid peroxidation frequently used  

as oxidative stress marker [27] . Results revealed a  
significantly increased MDA level in diabetic group  
when compared to control group which indicates  

that oxidative stress may be implicated in mecha-
nisms by which HFD induces T2DM. A previous  
study reported increased MDA level in brain tissue  
of rats fed high fat diets [28] . Elevated plasma free  
fatty acids & hyperglycemia which associate with  

feeding high fat diet contributes to oxidative stress  
via enhancing mitochondrial generation of super-
oxide anions [20] . On the other hand, upon ALA  
treatment MDA level was significantly decreased  

as compared to diabetic group. As previously re-
ported [29] , ALA treatment increased MDA level  
in renal tissue homogenate of Goto-Kakisaki (GK)  
diabetic rats, the author explained this improvement  

by ALA ability to regenerate other antioxidants  

such as Vitamin C, A & Superoxide Dismutase  
(SOD) whose level was also improved in ALA  
treated group.  

SOD and catalase are two main enzymes of the  

antioxidant defense system in our body. While  
SOD acts by the dismutation of superoxide anion  
into hydrogen peroxide, catalase acts to safely  

decompose hydrogen peroxide into oxygen and  
water [30] . In the current study, in an attempt to  
assess the antioxidant effect of ALA against HFD  

induced T2DM, we measured the activity of cata-
lase & SOD in pancreatic tissue. Results revealed  

a statistically significant decreased activity of both  

catalase & SOD in diabetic group compared to  

control group. This can be explained by the in-
creased oxidative stress associated with obesity &  

T2DM resulting from exaggerated free radicals  
generations. Exaggerated free radicals may cause  

depletion of the anti-oxidant enzymes level in  

addition may cause oxidation of their protein struc-
ture that may be the reason for the decreased  

enzyme activity. In agreement, previous studies  
reported decreased SOD & catalase activities in  
pancreatic tissue of STZ-induced type 2 diabetic  

rats [31] . Meanwhile, upon ALA treatment, the  
treated group showed a statistically significant  

increased SOD & catalase activities as compared  

to the untreated diabetic group. Which confirms  

the antioxidant function of ALA & its ability to  

scavenge deleterious & toxic ROS retrieving anti-
oxidant enzymes activity & improving redox state.  

Of relevance, a recent study reported that pre-
treatment with ALA reduced MDA concentra-
tion & increased the activities of catalase, SOD,  

and glutathione peroxidase in pesticide exposed  
rats [32] .  

cAMP is a second messenger produced by ade-
nylyl cyclase enzymes in response to several stimuli  
and it regulates many cellular processes. Two major  

downstream effectors of cAMP are Protein Kinase  

A (PKA) & exchange protein directly activated by  

cAMP (Epac 1 & 2) [33] . Previous studies revealed  
that GLP-1 inhibits P -cell apoptosis and enhances  
0 -cell mass & it mediates this action via elevation  

of 0 -cells cAMP concentration [34] . PKA phospho-
rylates and activates CREB which increases the  

expression of antiapoptotic proteins BCL-2 and  

BCL-Xl [35,36] . EPAC 1 & 2 activates Rap1 that  

stimulate P -cell proliferation most probably via  
interface with the mTOR complex [37] . In addition,  
cAMP was found to inhibit caspase activation in  

0 -cells [38] .  

In the present study, cAMP level was estimated  
to evaluate its role in mediating the hypothesized  

anti-apoptotic role of ALA in pancreatic tissue of  
rats with HFD induced T2DM. Diabetic group  
showed significant decrease in cAMP level when  
compared to control groups. In harmony with this  
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result Tian and Sol in 2015 reported that chronic  

exposure of mouse and human pancreatic islets to  

elevated levels of the fatty acid palmitate caused  

defective cAMP generation in response to glucose  

which consequently caused a deteriorated glucose  

induced-insulin secretion and demonstrated that  

this effect of palmitate was mediated through  
downregulation of certain adenylyl cyclases [39] .  
On other hand, upon ALA treatment cAMP level  

was significantly increased as compared to diabetic  

group thus rescued defects in cAMP signalling  

which is antiapoptotic in  β -cells as formerly ex-
plained. To the best of our knowledge no studies  

were done to evaluate the antiapoptotic effect of  

ALA mediated through its effect on cAMP level  

in pancreatic tissue in T2DM. Nevertheless, many  
in vivo and in vitro studies revealed that ALA  

influence cAMP level in other tissues such as the  
study of Banday and Fazili in 2007 [40]  who re-
ported that treatment of obese insulin resistant rats  

with ALA caused increase in cAMP level in the  
renal proximal tubular membranes via affecting  

the Dopamine Receptor 1 (DR-1), which is a G  

protein coupled receptor, where ALA rescued the  

DR-1 affinity and normalized the ability of the  

SKF-38393 (a DR-1 agonist) to induce G-protein  

coupling in the receptor and adenylyl cyclase  
activation subsequently increased cAMP accummu-
lation in that tissue.  

TXNIP acts as an endogenous inhibitor of TRX  
which resides mainly in the nucleus during basal  
conditions. However it shuttles during cellular  

stress such as oxidative stress to cytoplasm as well  

as mitochondria where it binds TRX1 & TRX2  

respectively, dislocating ASK1 from its binding to  

TRX allowing for ASK1 phosphorylation/ activa-
tion, resulting in induction of the ASK 1-dependant  

apoptotic pathway [41] . Previous studies revealed  
TXNIP as a proapoptotic factor favoring, when  
over expressed, the death of pancreatic beta cells  

[42] . In the current study, the protein level of  
TXNIP in pancreatic tissue of diabetic group was  

shown to be significantly increased as compared  

to the normal control group. This finding may  

possibly be the result of increased TXNIP expres-
sion as a consequence of hyperglycemia &/or  

increased translocation from the nucleus due to  

oxidative stress which is consistent with results of  

Minn and Hafele in 2005 [10]  who reported that  
glucose induced β -cell TXNIP transcription through  

a distinct carbohydrate response element (ChoRE)  

which induced pancreatic β -cells apoptosis. Saxena  
and chen in 2010 reported that oxidative stress of  

pancreatic beta cells induced translocation of  

TXNIP from nucleus to mitochondria & induced  
beta cell apoptosis via ASK1 signaling pathway  

[43] . Furthermore, the present study revealed a  

significant decrease in TXNIP protein level in  
pancreatic tissue of ALA-treated group when com-
pared to diabetic group thus providing an experi-
mental evidence for a possible protective role of  

ALA against β -cell apoptosis in T2DM. Given that  
high glucose has been reported to induce TXNIP  
gene expression in pancreatic β -cells [44] , it is  
tempting to hypothesize that the reported decrease  

of TXNIP protein level in the ALA-treated group  

is due to the ameliorative effect of ALA on blood  

glucose level in the same group. Also cAMP has  
been reported to increase the proteasome mediated  
degradation of TXNIP in pancreatic β -cells [45,46] ,  
therefore the reported increase of cAMP level in  

ALA-treated group may be also another mechanism  

for the decreased TXNIP level by ALA treatment.  

Conclusion:  
The current study provided an evidence that  

oxidative stress and disturbed cAMP signaling  
along with increased TXNIP level in pancreatic  

tissue acted as major contributing factors for patho-
genesis of high fat diet-induced T2DM. It also  
proved that ALA has a potential therapeutic value  

in T2DM which is possibly accredited to its anti-
oxidant and hypoglycemic effects. Moreover, ALA  

was found to have an ameliorative effect on pan-
creatic apoptosis as demonstrated by the upregu-
lated cAMP protein level and downregulated  
TXNIP protein level. Thus, ALA could possibly  
serve not only as a therapeutic but also as a pre-
ventive agent modulating the course of the patho-
genesis of T2DM.  
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