
Revisiting Caloric Restriction as Therapeutic 
Strategy for Metabolic Syndrome, T2DM and Obesity

Introduction

Energy surplus and adiposity

Overnutrition and sals: Overnutrition is ingestion of food in 
excess causing a mismatch between actual caloric requirement 
and intake, which results in chronic energy surplus. In addition, 
the modern-day sedentary activity lifestyle (SALS) adds further 
to the imbalance between calorie intake and energy expenditure. 
The imbalance and chronic energy surplus leads to adiposity, 
which is accumulation of excess energy in adipose tissue as lipids. 
The adiposity contributes to reduced insulin sensitivity, metabolic 
syndrome (MetS) and obesity with its fallouts. The insulin  

 
resistance (IR) has been linked to increased oxidative stress, altered 
glucose, fat and protein metabolism, and altered skeletal muscle 
mitochondrial function [1]. 

The diet-gene interaction is an important determinant of 
health (Figure 1). The MetS encompassing abdominal adiposity, 
IR, dyslipidaemia and hypertension, accounts for a major public 
health threat both in developed as well as developing regions of the 
world. The rise in obesity and MetS prevalence in recent decades 
are attended by the background changes in dietary and lifestyle 
patterns, reflecting increased nutrient availability and consumption, 
and modern-day sedentary activity level of daily living. 
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Abstract

Overnutrition and adiposity: Overnutrition contributes to chronic energy surplus leading to adiposity, insulin resistance (IR), metabolic 
syndrome (MetS) and obesity with its fallouts including increased oxidative stress, altered glucose, fat and protein metabolism, and altered skeletal 
muscle mitochondrial function. 

Redox balance and thioredoxin system: The cellular redox balance is regulated by activity of several antioxidant systems including thioredoxin 
(TXN) system. Thioredoxin interacting protein (TXNIP) modulating the activity of TXN, is a key player in regulation of glucose homeostasis and lipid 
metabolism. The overexpression of TXNIP in T2DM, MetS and obese subjects is associated with metabolic abnormalities including apoptosis of β-cells, 
decreased insulin sensitivity and energy expenditure. The reduced oxidative capacity of skeletal muscle leads to accumulation of intramyocellular 
triglyceride (IMTG) and affects mitochondrial function. TXNIP influences metabolic regulation mainly through insulin release from β-cells, glucose 
production from liver and glucose uptake in peripheral tissues. In addition, it acts as a nutrient sensor in discrete regions of brain. 

Effects of CR on metabolic homeostasis: Caloric restriction (CR) is a potentially effective therapeutic strategy to improve adiposity and insulin 
sensitivity and action at tissue level. CR associated weight loss decreases IMTG and improves mitochondrial function in skeletal myocytes. The decrease 
in adipose mass, oxidative stress and inflammation lead to downregulation of TXNIP, eliminating its inhibitory effect on glycolysis, glucose transporters, 
insulin receptors and receptor substrate, insulin-stimulated Akt activation and phosphatidylinositol 3-kinase (PI3K). 

Conclusion: Novel additives to polypharmacy: To endorse CR is of immense value, as it consistently leads to improved cardiometabolic outcomes 
and exerts beneficial effects on every organ system. Yet, CR is difficult to implement in practice for multiple reasons including dietary adherence and 
perceived decrease in QOL. Still, the focus on CR is important within a specific disease context to clearly delineate underlying mechanisms and exploit 
the research to achieve therapeutic goals. TXNIP is a potential therapeutic target. Certain anti-diabetic agents like metformin, GLP-1 agonists and CRMs 
like resveratrol have been shown to inhibit TXNIP expression. Verapamil a calcium channel blocker, tranilast a tryptophan metabolite and allopurinol 
reduce TXNIP levels in vivo and in vitro studies. Certain calcium channel blockers by lowering TXNIP levels protect β-cells from apoptosis. On a cautious 
note, the loss of TXNIP may have serious consequences as TXNIP expression is required for maintaining normal fasting glycaemia and TXNIP being a 
tumour suppressor, its loss is associated with increased incidence of cancer.

Keywords: Caloric restriction; Caloric restriction mimetics; Insulin resistance; Metabolic syndrome; Type 2 diabetes mellitus; Obesity; Redox balance; 
Thioredoxin (TNX); Thioredoxin interacting protein (TXNIP)
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Figure 1: Adiposity: Overnutrition, SALS and chronic energy surplus.

The pooling of positive energy balance, that is, food and energy 
intake greater than energy expenditure, leads to expansion of the 
white adipose tissue (WAT), occurring through both an increase 
in adipocytes volume as well as the development of new WAT 
transdifferentiated from brown adipocytes to store additional 
energy. 

Relevance of caloric restriction: Consistent with the 
pathophysiological phenomenon leading to adiposity, MetS and 
obesity, reducing caloric intake can be considered a potentially 
effective therapeutic strategy to improve insulin sensitivity, reduce 
IR and adiposity. The underlying molecular and cellular mechanisms 
of improved insulin sensitivity with CR in skeletal muscle, however, 
remain to be fully understood [2]. The studies have documented 
that the CR enhances insulin sensitivity without improving 
mitochondrial function [3]. The Skeletal muscle accounts for a 
major part of insulin-stimulated glucose disposal and important 
tissue for peripheral glucose uptake. The IR leads to accumulation 
of diacylglycerol (DAG) and ceramide in skeletal muscle. The CR 
decreases total skeletal muscle DAG and ceramide content along 
with weight loss and improves mitochondrial function in skeletal 
myocytes [4].

The CR as an intervention has consistently shown to improve 
insulin sensitivity, reduce oxidative stress and improve tissue 
functions in virtually all body organs and cardiometabolic 
outcomes [5,6]. Yet despite its clear benefits, CR may seem difficult 
to implement as a long-term therapy in obese patients for multiple 
reasons, like dietary adherence, perceived decreases in quality 
of life [7]. Understanding the mechanisms by which CR improves 
cardiometabolic fitness is of immense value as it would illuminate 
novel therapeutic targets and open up better treatment strategies 
[8]. 

Concept of redox balance and thioredoxin (TXN) system 

The cellular redox (reduction/oxidation) balance is regulated 
by the activity of several antioxidant systems including thioredoxin 
(TXN), a thiol oxidoreductase system that comprises of TXN, 
TXN reductase and NADPH [9]. TXN plays an important role in 
maintaining cellular redox status [10]. Oxidized proteins generated 
by exposure to reactive oxygen species (ROS) are reduced by 
the oxidoreductase activity of TXN. Oxidized TXN generated in 
the process is then reduced and brought back to normal form by 
NADPH-dependent TXN reductase. The thioredoxin interacting 
protein (TXNIP), an α-arrestin protein, negatively modulates the 
activity of TXN and influences the cellular redox balance [11]. In 
addition, genetic and epigenetic variations in TXNIP have been 
associated with chronic metabolic disorders such as diabetes, MetS 
and hypertension [12]. TXNIP is expressed in all metabolically 
important tissues like liver, adipose and skeletal muscle, and is 
a key player in the regulation of glucose homeostasis and lipid 
metabolism in peripheral tissues. The expression of TXNIP is 
upregulated by glucose and repressed by insulin level in skeletal 
muscle and cultured adipocytes. Further, the expression of TXNIP 
is elevated in the skeletal muscle and adipose tissue of MetS and 
T2DM subjects.

The TXN system represents the key regulator mechanism 
of insulin-stimulated glucose transport in skeletal muscle and 
involved in the metabolic disruption and IR [13]. Further, the 
improvement in metabolic instability and insulin sensitivity 
brought about by CR has been linked to the TXN system. The 
TXNIP plays a key negative regulator of insulin-stimulated glucose 
uptake and in cellular fuel substrate partitioning in skeletal muscle 
[14,15]. Being a key regulator of glucose and lipid metabolism, 
TXNIP influences metabolic regulation through multiple actions 
including insulin release from β-cells, glucose production from liver 
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and glucose uptake from peripheral tissues like muscle and adipose 
[16,17]. TXNIP also affects the general metabolism by acting as a 
nutrient sensor in discrete regions of brain and playing a role in the 
regulation of fuel utilization and energy expenditure [18,19]. 

Mechanism for CR to improve insulin sensitivity and IR 

3.3.1.	CR and TXN system: For regulating glucose metabolism, 
TXNIP binds and negatively regulates thioredoxin via a di-sulphide 
bond and inhibits glucose uptake, the effect which is overcome by 
insulin [20]. TXNIP negatively regulates protein kinase B (PKB), 
also known as Akt and is a serine/threonine-specific protein kinase 
playing a key role in multiple cellular processes such as glucose 
metabolism, apoptosis, cell proliferation, transcription and cell 
migration. TXNIP also regulates glucose uptake, by maintaining 

PTEN (Phosphatase and Tensin) homolog protein in a reductive, 
which is the active state. There is documented evidence that the 
downregulation of TXNIP plays a role in the insulin-sensitizing 
effects of CR in the muscle [21]. Further, the global redox status (e.g., 
reduced/oxidized glutathione) of the skeletal muscle may be the 
important trigger for induction of TXNIP [22]. But various factors 
associated with muscle insulin sensitivity (e.g., mitochondrial 
respiration/ROS, ceramide, diacylglycerol) do not change with CR. 
The levels of carnosine, anserine, and taurine in the skeletal muscle 
increase with CR, which are potent scavengers of lipid- and sugar-
derived reactive carbonyl species (RCS). There is a causal role for 
RCS in obesity-related cardiometabolic diseases [23]. Autophagy 
is another process which enhance cellular metabolic fitness in 
response to CR (Figure 2). 

Figure 2: Possible mechanism for CR to improves skeletal muscle insulin sensitivity via TXNIP downregulation.

In the animal studies the TXNIP-deficient mice exhibit 
hypoglycemia during prolonged fasting, maintain skeletal muscle 
insulin sensitivity when challenged with a high-fat diet, and are 
unable to utilize lipid fuels. The high levels of TXNIP in vitro studies 
decrease insulin-stimulated glucose transport and elevate cellular 
oxidative stress. Further, insulin-resistant individuals and those 
with T2DM exhibit elevations in TXNIP mRNA [24]. 

 The downregulation of TXNIP plays a role in the insulin-
sensitizing effects of CR in the muscle. In response to CR and 
subsequent decrease in adipose mass, oxidative stress and 
inflammation, there occurs downregulation of TXNIP in the skeletal 
muscle, which eliminates its inhibitory effect on glycolysis and 
insulin-stimulated Akt activation, glucose transporters, insulin 
receptor, insulin receptor substrate and phosphatidylinositol 
3-kinase (PI3K). 

3.3.2.	The skeletal mitochondrial function: There occurs reduced 
oxidative capacity in skeletal muscle linked to accumulation of 
intramyocellular triglyceride (IMTG) and IR, both of which affect 
the mitochondrial function. Paradoxically, the markers of insulin 
sensitivity improve following CR, but mitochondrial function and 
IMTG remain unchanged [25]. There may not be a direct relationship 
between mitochondrial function and IR in obesity. Both, the skeletal 

muscle insulin resistance and reduced mitochondrial capacity have 
been proposed to be affected by aging. Exercise increases both 
mitochondria content and mitochondrial electron transport chain 
and fatty acid oxidation enzyme activities within skeletal muscle. It 
appears, though, that CR-induced weight loss does not bear a direct 
relationship [26]. 

The skeletal muscle mitochondria have been implicated 
in IR associated with obesity and T2DM as well as impaired 
muscle function with normal aging. Further, there is decreased 
mitochondrial capacity associated with obesity, T2DM and aging. 
The potential to improve mitochondrial content and function is 
shown by increasing physical activity, but not by simply weight loss 
[27]. Weight loss by CR improves insulin sensitivity and decreases 
the triglyceride content in skeletal muscle [28]. Further, the excess 
triglyceride storage within skeletal muscle is due to apparent 
defects in fatty acid metabolism associated with the mitochondria 
leading to diminished use of fatty acids and increased esterification 
and storage of lipid within skeletal muscle, leading to accumulation 
of triglyceride in skeletal muscles and IR. 

Experimentally, the relationship between skeletal muscle 
mitochondrial dysfunction, oxidative stress and insulin resistance 
in mouse models treated systemically with an antioxidant 
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normalized skeletal muscle mitochondrial function but failed 
to normalize glucose tolerance and insulin sensitivity. In the 
evolution of diet-induced obesity and IR, divergent mitochondrial 
adaptations modulate oxidative stress and energy expenditure 
without influencing the onset of impaired insulin-mediated glucose 
uptake [29]. The IR plays a pivotal role in the development of T2DM. 
With adiposity, there occurs the deposition of lipids in non-adipose 
tissues when the capacity of adipose tissue is overwhelmed. The 
hyperlipidemia-induced ROS production in skeletal muscle promote 
mitochondrial alterations, lipid accumulation and inhibition of 
insulin action [30]. 

Further, during the development of T2DM, skeletal muscle is a 
major site of IR. This has been linked to mitochondrial dysfunction 
and impaired fatty acid oxidation. Some hormones like insulin, 
thyroid hormones and adipokines (e.g., leptin, adiponectin) have 
positive effects on muscle mitochondrial bioenergetics through 
their direct or indirect effects on mitochondrial biogenesis, 
mitochondrial protein expression, mitochondrial enzyme activities 
and/or AMPK pathway activation, all of which can improve fatty 
acid oxidation [31]. 

Mechanism for TXNIP to improve IR and various metabolic 
effects

Pancreatic β-cells Mass: There occurs β–cell loss in T1DM and 
dysfunction of β-cells along with IR in T2DM. In these conditions, 
the islet’s TXNIP gene is upregulated. The β-cells are susceptible 
to oxidative stress, and cell death due to apoptosis is a key factor 
in the pathogenesis of both T1DM and T2DM, following glucose 
induced stimulation of TXNIP expression in islets (Figure 3). In 
rodent diabetic models, the TXNIP expression is markedly elevated 
and has a significant impact on the functioning of β-cells [32]. The 
TXNIP may be the critical link between glucose toxicity and β-cell 
apoptosis and plays a pivotal role in mediating the detrimental 
effects of elevated glucose on β-cells. It induces apoptosis of β-cells 
primarily by activating the mitochondrial death pathway through 
the stimulation of apoptosis signal-regulating kinase 1 (ASK1) 
and involves cytochrome release and caspase -3 activation. It also 
promotes β-cell apoptosis through the increased expression of 
pro-apoptotic miR-200 and inhibition of Zinc finger E-box-binding 
homeobox 1 (ZEB1) expression and mediates glucose dependent 
upregulation of islet amyloid polypeptide. 

Figure 3: TXNIP associated regulation of glucose metabolism and related projections.

TXNIP regulates of glucose metabolism by inhibiting both its 
uptake and breakdown by cells. The TXNIP upregulates expression 
of several miRNAs including miR-204 that mediate the TXNIP 
induced inhibition of insulin production. MiR-204 has been shown 
to function through downregulation of MafA, which is a known 
transcriptional regulator of insulin gene. The expression of miR-
124a, miR200 and miR-204 are altered in the diabetic condition 
consistent with the increased expression of TXNIP.

TXNIP controls peripheral insulin sensitivity: TXNIP is a key 
component in the improvement of insulin sensitivity in response to 

CR in obese subjects. A study involving CR for 16 weeks resulted in 
marked reduction of TXNIP levels in the skeletal muscle of obese 
adults, which significantly correlated with the improvement in 
insulin sensitivity and enhanced non-oxidative disposal of glucose 
[33]. The TXNIP null mice gain more weight and have higher fat 
mass, when fed on a high fat diet compared to the WT animals, but 
despite increased adiposity, TXNIP null mice have improved insulin 
sensitivity and do not develop features of metabolic syndrome 
[34]. Metformin and Glucagon like peptide-1 (GLP-1) agonists 
downregulate the expression of TXNIP, which may contribute to 
their therapeutic efficacy in the treatment of DM [35,36].
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TXNIP key regulator for hepatic gluconeogenesis: TXNIP 
plays a critical role in hepatic glucose production. The liver specific 
TXNIP knockout mice suffer from fasting hypoglycemia and elicit a 
diminished response to glucagon. Hepatocytes isolated from TXNIP 
deficient animals produce significantly less glucose as compared to 
hepatocytes obtained from the wild type. TXNIP has been shown 
to influence cellular redox state and alter NADP/NADPH and 
NAD/NADH concentrations, explainable by the changes in glucose 
production from liver.

TXNIP-nutrient sensor and regulator of energy expenditure: 
TXNIP is highly expressed in discrete areas of hypothalamus and 
brainstem having centres for metabolic regulation for metabolic 
homeostasis and energy balance. Hypothalamic expression 
of TXNIP is repressed by anorexigenic indicators (refeeding, 
insulin and leptin) and stimulated during fasting in healthy lean 

mice. TXNIP expression is elevated in various mouse models of 
obesity and diabetes and downregulation of hypothalamic TXNIP 
expression prevents diet-induced obesity and insulin resistance. 
Thus, hypothalamic TXNIP plays a critical role in nutrient sensing 
and the regulation of fuel utilization. TXNIP controls multiple 
aspects of energy metabolism by regulating key processes in 
adipose, brain, liver, muscle and pancreatic β-cells.

TXNIP regulates metabolic homeostasis

TXNIP functions primarily through the inhibition of TXN 
activity, playing a vital role in maintaining a reducing environment 
in the cell. Low levels of ROS are important for optimal cellular 
signaling but excessive generation of ROS impairs pancreatic cell 
function and reduces insulin sensitivity in skeletal muscle and 
adipose [37]. 

Figure 4: DM and hyperglycemia upregulate TXNIP, which affects several aspects of β-cell function.

TXNIP is also involved in NOD-like receptor Protein-3 (NLRP3) 
inflammasome activation in a redox dependent manner (Figure 
4). NLRs are present in cytoplasm where they act as receptors 
and detect danger signals emanating from cells undergoing stress, 
damage or abnormal death as well as by exogenous signals coming 
from pathogens. TXNIP initiated NLRP3 inflammasome activation 
has been implicated in obesity-induced insulin resistance and 
beta cell failure [38]. TXNIP inhibits cellular glucose uptake by 
regulating the expression and modulating the localization of glucose 
transporter (Glut1). TXNIP directly interacts with Glut1, reducing 
its plasma membrane expression by facilitating its endocytosis 
[39]. In addition, TXNIP also inhibits glucose uptake by inhibiting 
glycolysis and increasing oxidative metabolism of pyruvate [40]. 
TXNIP inhibits glycolysis by downregulating the expression of 
key glycolytic enzymes through the inhibition of hypoxia-induced 

transcription factor (HIF1α) expression. TXNIP also regulates 
and activates Phosphatase and Tensin homolog (PTEN) lipid 
phosphatase by a REDOX-sensitive mechanism. PTEN is a natural 
inhibitor of PI3 kinase/AKT pathway and its activation negatively 
regulates glucose uptake and metabolism. 

The up-regulation of TXNIP is a short-term response to 
high calories diet but repeated bouts of over-nutrition lead to 
a permanent increase in TXNIP expression and accompanying 
adverse effects. G-protein coupled receptors (GPCRs) are involved 
in almost all the aspects of metabolic homeostasis. TXNIP has 
been shown to bind glucose transporter (Glut1) and regulate its 
endocytosis in TRVb-1 cells and TXNIP may directly interacts with 
glucose transporters in insulin sensitive tissues like muscle and 
adipose.
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Conclusion-The Additives to Polypharmacy

CR-an essential additive to therapy

To endorse CR is of immense value, as it consistently leads to 
improved cardiometabolic outcomes and exerts beneficial effects 
on every organ system. CR may involve cutting down the caloric 
intake by about 40 percent with provision for adequate dietary 
protein and essential elements like vitamins and minerals. Yet, 
CR which is simple to conceptualize, is difficult to implement in 
clinical practice. The hinderance lies in convincing the subjects to 
follow the rigid dietary programmed, its chronic adherence and 
allaying fear about compromised QOL issues. Still, the focus on CR 
is important within a specific disease context to clearly delineate 
underlying mechanisms and exploit the research to achieve 
therapeutic goals. Finally, understanding the mechanisms by which 
CR improves cardiometabolic fitness is immensely valuable as 
it would add to fulfil therapeutic targets and allow to plan better 
treatment strategies. 

5TXNIP: A potential therapeutic target 

TXNIP may appear a potential novel therapeutic target. Certain 
anti-diabetic agents like metformin, GLP-1 agonists and CRMs 
like resveratrol have been shown to inhibit TXNIP expression. 
Verapamil-a calcium channel blocker, trialist-a tryptophan 
metabolite and allopurinol reduce TXNIP levels in vivo and in vitro 
studies. Certain calcium channel blockers by lowering TXNIP levels 
protect β-cells from apoptosis. Certain issues are important: First, 
TXNIP expression is upregulated by glucose and elevated levels 
of TXNIP are found in diabetic subjects and confirmed by animal 
models. Second, expression of TXNIP is also regulated by insulin, 
amino acids and nutritional signals like feeding-fasting, suggesting 
its importance in the regulation of metabolic homeostasis. Third, 
overexpression of TXNIP is associated with metabolic abnormalities 
including apoptosis of pancreatic β-cells, reduced insulin sensitivity 
and decreased energy expenditure. The TXNIP is a significant 
player in regulating insulin sensitivity of peripheral tissues and its 
overexpression causes reduced insulin sensitivity. The deficiency of 
TXNIP appears beneficial and animals lacking TXNIP have normal 
insulin sensitivity and do not develop diabetes or other metabolic 
abnormalities. Anti-diabetic agents like Insulin and metformin, 
and CRMs like resveratrol have all been shown to inhibit TXNIP 
expression. Metformin and CR mimetics like resveratrol are 
known activator of AMPK, which in turn inhibits expression of 
TXNIP mRNA and augments degradation of TXNIP protein. GLP-1 
receptor agonists regulate expression of TXNIP by accelerating its 
proteasomal degradation in a cAMP/PKA dependent manner.

The TXNIP based therapeutic approach may achieve the 
requirement of a perfect anti-diabetic therapy by not only improving 
insulin secretion and sensitivity but also ameliorating global 
pathology of diabetes, including cardiovascular and microvascular 
complications. But, on a cautious note, the loss of TXNIP with the 
use of TXNIP inhibitors may have serious consequences as TXNIP 
expression is required for maintaining normal fasting glycaemia 
[41]. Secondly, TXNIP being a tumour suppressor, its loss may be 

associated with increased incidence of cancer. Therefore, use of 
TXNIP inhibitors could potentially be associated with an elevated 
risk of hypoglycaemic episodes and increased incidence of cancer.
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