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A B S T R A C T   

Protein tyrosine phosphatase 1B (PTP1B) is a typical member of the PTP family, considered a direct negative 
regulator of several receptor and receptor-associated tyrosine kinases. This widely localized enzyme has been 
involved in the pathophysiology of several diseases. More recently, PTP1B has attracted attention in the field of 
neuroscience, since its activation in brain cells can lead to schizophrenia-like behaviour deficits, anxiety-like 
effects, neurodegeneration, neuroinflammation and depression. Conversely, PTP1B inhibition has been shown 
to prevent microglial activation, thus exerting a potent anti-inflammatory effect and has also shown potential to 
increase the cognitive process through the stimulation of hippocampal insulin, leptin and BDNF/TrkB receptors. 
Notwithstanding, most research on the clinical efficacy of targeting PTP1B has been developed in the field of 
obesity and type 2 diabetes mellitus (TD2M). However, despite the link existing between these metabolic al
terations and neurodegeneration, no clinical trials assessing the neurological advantages of PTP1B inhibition 
have been performed yet. Preclinical studies, though, have provided strong evidence that targeting PTP1B could 
allow to reach different pathophysiological mechanisms at once. herefore, specific interventions or trials should 
be designed to modulate PTP1B activity in brain, since it is a promising strategy to decelerate or prevent neu
rodegeneration in aged individuals, among other neurological diseases. The present paper fails to include all 
neurological conditions in which PTP1B could have a role; instead, it focuses on those which have been related to 
metabolic alterations and neurodegenerative processes. Moreover, only preclinical data is discussed, since 
clinical studies on the potential of PTP1B inhibition for treating neurological diseases are still required.   

* Corresponding authors at: Biomedical Research Networking Centre in Neurodegenerative Diseases (CIBERNED), Madrid, Spain. 
E-mail addresses: acano@fundacioace.org (A. Cano), camins@ub.edu (A. Camins), camins@ub.edu, mirenettcheto@ub.edu (M. Ettcheto).   

1 Both authors have contributed equally. 

Contents lists available at ScienceDirect 

Biomedicine & Pharmacotherapy 

journal homepage: www.elsevier.com/locate/biopha 

https://doi.org/10.1016/j.biopha.2022.113709 
Received 18 July 2022; Received in revised form 13 September 2022; Accepted 15 September 2022   

mailto:acano@fundacioace.org
mailto:camins@ub.edu
mailto:camins@ub.edu
mailto:mirenettcheto@ub.edu
www.sciencedirect.com/science/journal/07533322
https://www.elsevier.com/locate/biopha
https://doi.org/10.1016/j.biopha.2022.113709
https://doi.org/10.1016/j.biopha.2022.113709
https://doi.org/10.1016/j.biopha.2022.113709
http://creativecommons.org/licenses/by-nc-nd/4.0/


Biomedicine & Pharmacotherapy 155 (2022) 113709

2

1. Introduction 

Among the different mechanisms that cells use to control regulatory 
processes, protein phosphorylation and dephosphorylation stands as one 
of the most importants. This reversible mechanism consists of the 
addition or extraction of a phosphate group to various amino acids by a 
protein kinase (PK) or phosphatase (PP), respectively, triggering a 
conformational change that modulates the activity of the target protein 
[1]. 

Phosphorylation and dephosphorylation of tyrosine residues (Tyr) in 
proteins have been shown to play a paramount role in several cell pro
cesses such as growth, differentiation, transcription, communication, 
migration or survival, thus influencing physiological outcomes such as 
immune responses or metabolism, among others [2,3]. For that reason, 
disturbances in protein tyrosine kinases (PTKs) and protein tyrosine 
phosphatases (PTPs) activity have been linked to several pathologies, 
including hypertension, rheumatoid arthritis, cancer and diabetes [4,5]. 

In the context of signalling, the role of PTPs becomes more crucial, as 
their protein-protein interaction abilities come into play along with 
phosphatase activity [6]. PTPs belong to a large family of protein 
phosphatase enzymes that have been classified into four categories [1]. 
This classification is based on the differences in the amino acid sequence 
in their catalytic domains and the nucleophilic amino acid used in the 
catalytic reaction. Hence, classes I, II, and III are formed by cysteine 
based PTPs and class IV are formed by aspartate based PTPs [5–7]. 
Moreover, classes I-III are characterized by the presence of a catalytic 
domain which contains the phosphate-binding pocket, also known as 
“P-loop”, with the signature motif cysteine-X5-arginine (where X can be 
any amino acid) [7,8]. 

The class I Cys-based PTPs is the most important family, and it can be 
classified into two subfamilies: classical or tyrosine-specific PTPs, which 
include receptor-like PTPs (PTPRs) and non-receptor-like PTPs 
(NRPTPs); and dual-specificity phosphatases (DUSPs), which are the 
most diverse group. In terms of substrate specificity, in addition to pTyr, 
they can dephosphorylate phosphoserine (pSer), phosphothreonine 
(pThr), and/or phosphoinositide (PIP), in addition to pTyr [7,8]. RPTPs 
contain an extracellular sequence, a transmembrane sequence and a 
cytoplasmic sequence that includes two tandem domains: D1 (mem
brane-proximal and catalytic) and D2 (membrane-distal and regulatory) 
[9]. By contrast, NRPTPs consist of a conservative domain responsible 
for dephosphorylation and another domain that modulates the activity 
and intracellular transport of the enzyme [9,10]. 

Class II Cys-based Tyr phosphatases contain a single member, the low 
molecular weight phosphatase (LMW-PTP), which is encoded by the 
ACP1 gene. LMW-PTP is involved in the modulation of various path
ways, including the dephosphorylation and inactivation of various 
growth factor receptors (such as platelet-derived growth factor receptor 
and ephrin type-A receptor 2) and proteins related to cell signalling and 
cell migration (such as JAK, FAK, and Rho-GAP) [7–13]. Likewise, this 
phosphatase has been related to the control of cell growth and invasion 
in oncogenic processes. 

Class III cysteine-based phosphatases, which are comprised of three 
enzymes (CDC25A, CDC25B and CDC25C) are involved in regulating 
cell cycle progression, as well as checkpoint pathways related to the 
response to DNA damage [5–9]. This process is orchestrated by the 
activation of cyclin-dependent kinases through the dephosphorylation 
of Thr14 and Tyr15 in the ATP binding loop of these kinases. 

Finally, class IV PTPs include the Eya (Absent Eyes) proteins that are 
related to Haloacid Dehalogenases (HAD) and, as we have already 
mentioned, have an aspartate in the active site of the enzyme, instead of 
a cysteine [1–5]. A well characterized target for the Tyr phosphatase 
activity of EYAs is the histone H2AX [7]. 

In the next sections, we will focus on PTP1B, a class I phosphatase 
which is a widely expressed nonreceptor PTP capable of inhibiting 
several membrane receptor tyrosine kinases, such as the epidermal 
growth factor receptor (EGFR), the macrophage colony stimulating 

factor receptor (MCSFR), the platelet-derived growth factor receptor, 
the insulin receptor (IR) and the insulin-like growth factor receptor-1 
[5–10]. It also inhibits the cascade of the brain-derived neurotrophic 
factor (BDNF)/ tropomyosin receptor kinase B (TrkB) receptor pathway, 
and it is involved in the regulation of the apoptotic process via activation 
of ERK and decrease of Smad2/ Smad3 phosphorylation [6]. The 
involvement of PTP1B in such a myriad of signalling pathways explains 
its participation in several activities in different cells, including activa
tion of T cells, embryonic development, spermatogenesis, erythrocyte 
development and growth and differentiation of neuronal cells [7–11]. 
For the same reason, PTP1B is involved in the pathogenesis of several 
human diseases, including cancer, metabolic and autoimmune diseases, 
cardiovascular and neurological disorders [3–6]. In this regard, dysre
gulation of PTP1B function may be due to the loss of protein expression 
or its overexpression, among other factors. For instance, in most pre
clinical studies, increased PTP1B expression in obesity models correlates 
with increased PTP1B activity, thus suggesting that the regulation of 
PTP1B expression is a major mechanism mediating increased activity of 
the enzyme [10–12]. 

The aim of the current review is to discuss the most notable recent 
associations of neurological diseases with PTP1B, in addition to their 
potential treatment with PTP1B inhibitors. We will focus on the role of 
PTP1B as a link between metabolic and neurological disorders. Since 
there is a lack of clinical studies, we will especially focus on preclinical 
evidence. 

2. PTP1B biology 

PTP1B is a NRPTP of 435 amino acids, which is located on the 
cytoplasmic side of the endoplasmic reticulum of several tissues such as 
liver, adipose tissue, skeletal muscle and brain [11]. 

PTP1B shares a general similarity of 72% with the T-cell protein 
tyrosine phosphatase (TC-PTP), also known as protein-tyrosine phos
phatase non-receptor 2 (PTPN2), with catalytic sites of both enzymes 
sharing 94% identity [14]. For this reason, some compounds developed 
to target the catalytic domain of PTP1B also resulted in the inhibition of 
TC-PTP, leading to significant undesirable side effects. For instance, 
although mice deficient in PTP1B showed better insulin sensitivity and 
resistance to obesity induced by a diet enriched in fatty acids (high-fat 
diet, HFD), deficiencies in TC-PTP function caused them to die prema
turely due to increased general inflammation and severe anaemia 
[15–17]. Indeed, TC-PTP is mainly involved in the regulation of immune 
responses and bone metabolism [16,17]. However, whereas PTP1B is 
encoded by the PTPN1 gene, TC-PTP is encoded by the PTPN2 gene. 

The regulation of PTP1B function by several chemical modifications 
opens interesting possibilities in biomedical research. For instance, the 
oxidation of PTP1B Cys215 causes significant conformational changes in 
the architecture of the active site that inhibit substrate binding [21]. 
Likewise, reactive nitrogen species (RNS) also suppress the activity of 
PTP1B [20]. Besides oxidation and nitrosylation, other modifications 
such as sumoylation, phosphorylation and proteolytic cleavage can also 
modulate PTP1B activity [18–22]. 

These biological characteristics make PTP1B an interesting thera
peutic target for modulating mechanisms involved in both physiological 
and pathophysiological pathways. 

3. Role of PTP1B in glucose metabolism and control of body 
weight 

In physiological conditions, the binding of insulin to the insulin re
ceptor (IR) induces conformational changes that activate the tyrosine 
kinase domain of the receptor in its cytoplasmic region. This leads to 
autophosphorylation and interaction with IR substrate (IRS) proteins 
1–4 and other adaptor molecules (e.g. Grb2 and Shc) that, in turn, 
activate the phosphatidylinositol 3-kinase (PI3K)–AKT/protein kinase B 
(PKB) pathway [23,24]. Regarding glucose regulation, specifically, PI3K 
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activation triggered by insulin favours the process of cellular glucose 
uptake through an increase of cell glucose transporters 3 and 4 (GLUT3 
and GLUT4) in the plasma membrane. 

PTP1B activation attenuates insulin signalling through the dephos
phorylation of IRS-1 and the Tyr residues 972, 1162, and 1163 of the IR, 
leading to the inactivation and termination of IR signalling [23]. In this 
manner, the activation of PTP1B negatively regulates the insulin sig
nalling pathway and contributes to the entire process of insulin resis
tance. The importance of PTP1B in insulin metabolism was confirmed in 
studies with PTP1B knockout (KO) mice, which showed lower blood 
glucose and insulin levels than their wild-type (WT) littermates [25]. 
Likewise, PTP1B KO mice were resistant to weight gain and remained 
insulin-sensitive after being subjected to a chronic hypercaloric diet. 
After insulin injection, PTP1B KO mice showed increased IR phosphor
ylation in the liver, demonstrating that PTP1B is a key regulator of in
sulin signalling [25,26]. 

In addition to the direct effect of PTP1B on insulin signalling, this 
phosphatase is also involved in the regulation of body weight by regu
lating leptin signalling. Leptin is a 16 kDa peptide hormone produced by 
the ob gene [27]. It has a key role in the process of regulating food intake 
through specific receptors in the hypothalamus involved in appetite 
decrease [28,29]. Indeed, leptin levels increase after food intake, acting 
as a signal of satiety, whereas food restriction or fasting results in a 
decrease in leptin [30]. In addition, leptin also increases energy 
expenditure, by acting on the cardiovascular system and enhancing 
thermogenesis in brown adipose tissue [31]. It also has a key role in 
controlling the content of body fat, since it is mainly found in white 
adipose tissue [27–29]. Studies in PTP1B KO mice demonstrated that 
PTP1B attenuates leptin signalling. In this animal model, PTP1B is 
capable of dephosphorylating janus kinase 2 (JAK2), a known down
stream effector of the leptin receptor, resulting in an inhibition of the 
synthesis of neuropeptide Y, an appetite-stimulating hormone [32]. In 
this line, Kaszubska et al. showed that overexpression of PTP1B damp
ened leptin receptor signalling in a hypothalamic cell line [33]. More
over, global deletion of PTP1B in mice results in thinness, leptin 
hypersensitivity and obesity resistance [34]. 

All these results point to the fact that the pharmacological inhibition 
of PTP1B could have a fundamental role in the regulation of metabolism, 
the food intake and obesity. 

4. Relevance of PTP1B in the brain 

Another important pathway in which PTP1B has been involved is the 
BDNF / TrkB pathway [35]. BDNF is the most abundant neurotrophin in 
the CNS, and preclinical studies suggest that increasing its levels is a 
suitable strategy to enhance the cognitive process [36]. After binding to 
its receptor, BDNF carries out key functions related to neuronal survival, 
axonal synaptic structure and plasticity, neurotransmission, induction, 
and maintenance of long-term potentiation (LTP) and the regulation of 
dendritic spine numbers and morphology [37]. In this regard, some 
experimental studies aimed to increase the cognitive process by 
increasing the levels of BDNF [38]. This could be achieved by trans
planting stem cells in mice models of AD, for instance, or through the 
administration of a gene therapy construct that can maintain the BDNF / 
TrkB signalling pathway [39]. 

Interestingly, it has been reported that PTP1B overexpression re
duces TrkB phosphorylation and, as a result, it also reduces the activa
tion of downstream signalling pathways, such as those of the central 
BDNF. By contrast, PTP1B inhibition enhances TrkB signalling and im
proves memory in mice, which supports a role of PTP1B in neuronal 
survival, morphogenesis and plasticity [40]. Deepening at the molecular 
level, the pathways activated by BDNF / TrkB in the LTP process include 
the Rho GTPase Rac1 proteins, as well as RhoA and Cdc42, which are 
involved in the regulation of the actin cytoskeleton of dendritic spines 
and, therefore, in their structural and functional plasticity [41]. Hence, 
we could hypothesize that TrkB receptor modulation by PTP1B 

facilitates the physiological actions of BDNF in the hippocampus 
through Rac1 activation. Indeed, Rac1 acts through a cascade of serine / 
threonine-protein kinase PAK1-LIM kinase of domain 1 (LIMK1) to 
phosphorylate and inhibit cofilin, and to block its separation from actin, 
hence facilitating the cognitive process [42]. Accordingly, although 
several compounds acting as agonists of the BDNF / TrkB receptor have 
been developed, activating the receptor by pharmacological inhibition 
of PTP1B may also be a good strategy to increase or modulate the 
cognitive process in neurological disorders [43,44]. 

Taken together, these results suggest that brain PTP1B inhibition 
could enhance BDNF functions, leading to a cognitive improvement. 

5. Neurodegeneration and insulin resistance 

As already mentioned, insulin and leptin are peptide hormones 
classically associated with metabolic control and energy balance of the 
human body through hypothalamic regulation. However, they are also 
significantly involved in the process of cognition, mainly at the hippo
campus [45–47]. For this reason, the potential connection between 
diabetes, obesity and cognitive decline have been intensively studied 
since the end of the last century. Hence, some studies have demonstrated 
a key role of hippocampal insulin and leptin receptors alterations in 
cognitive decline [48,49]. Moreover, previous studies by Ott et al. 
indicated that type 2 diabetes mellitus (T2DM) patients are more sus
ceptible to cognitive impairment, possibly due to alterations in the 
structure and functions of brain [50]. In turn, a magnetic resonance 
imaging (MRI) study performed by Moran and colleagues demonstrated 
an association between T2DM and a regional cerebral atrophy with 
deterioration in cognitive function [51]. 

5.1. The link between cognitive loss in Alzheimer’s disease and diabesity 

AD is responsible for approximately 60–80% of dementia cases. It is 
characterized by a progressive neurodegeneration caused by the death 
of neurons in some brain areas, such as the hippocampus and sur
rounding para-hippocampal regions. Moreover, in the affected areas, 
there are production and extracellular deposition of the β-amyloid 
peptide (Aβ), together with an accumulation of the micro tubule- 
associated protein tau, which becomes abnormally phosphorylated 
and forms intracellular inclusions throughout the brain [52]. According 
to its aetiology and progression, there are two different forms of AD: the 
early-onset AD (EOAD) and the idiopathic late-onset AD (LOAD). EOAD 
is the least common (5% of cases) and it is also known as familial AD 
(FAD); it may be inherited and is associated with mutations in the am
yloid precursor protein (APP) and presenilin 1 and 2 (PSEN and 2) genes. 
Conversely, LOAD constitutes over 95% of all AD cases and has a com
plex aetiology, having been associated to many different risk factors. 
Among them, the apolipoprotein E (APOE) ε4 allele constitutes the main 
gene associated with LOAD, as multiple genetic studies have consis
tently reported [53]. Due to its high prevalence and the fact that 
currently there is no effective treatment to stop or delay its course, in 
this review we will focus more specifically on LOAD. 

The onset of LOAD has been associated with several risk factors, 
including the aging process, midlife hypertension, neuroinflammation, 
insomnia (which would be associated with a decrease in the elimination 
of amyloid) and metabolic factors such as obesity and T2DM, which, 
collectively, have been called “diabesity” [54–56]. Regarding the last 
one, the idea that AD should be considered a “whole-organism disease” 
instead of being restricted to the brain is gaining attention. Accordingly, 
AD could be originated in other peripheral tissues that can generate an 
inflammatory response, such as the gastrointestinal tract [56–58]. In 
this sense, although the exact molecular mechanisms by which the 
obesity-associated insulin resistance process occurs are not fully un
derstood, several hypotheses have been proposed. Among them, an in
crease in plasma levels of circulating pro-inflammatory cytokines such 
as tumour necrosis factor (TNF)-α, alterations in adipokines (such as 
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leptin, resistin, adiponectin), glucotoxicity mediated by reactive oxygen 
species and lipotoxicity resulting from increased circulating levels of 
non-esterified fatty acids, could lead to impaired insulin signalling and 
hence to insulin resistance [55–59]. 

Importantly, it has been widely demonstrated that the physiological 
actions of insulin are not limited to the peripheral tissue but are also 
fundamental in the brain [60]. Indeed, it has been shown that the 
activation of the hippocampal insulin receptor is necessary for the 
processes of neuronal synaptic plasticity, learning and memory [63–68]. 
Hence, several authors have demonstrated the synaptic localization of 
the insulin receptor in the hippocampus, which could explain the role of 
insulin in promoting the formation of synapses, dendritic spines, LTP 
and the involvement of this receptor in neuroprotection processes [60, 
66–69]. Likewise, the inhibition of the brain insulin receptor favours the 
increase in Aβ levels and the phosphorylation of tau [68]. In this sense, 
Grillo et al. reported that the intrahippocampal administration of a 
lentiviral vector that expresses an IR antisense sequence (LV-IRAS) in
duces a deficit of synaptic transmission, associated with alterations in 
LTP and in the expression and phosphorylation of the glutamate re
ceptor, which could impair the hippocampal learning process [67]. At a 
molecular level, insulin activates the PI3K / Akt / mTOR signalling 
pathway, which, in turn, promotes dendritic spine formation through 
the regulation of Ras-related C3 botulinum toxin substrate 1 (Rac1) 
[66]. These suggest that insulin resistance in the brain could be associ
ated to and be partially responsible for cognitive alterations in AD 
[60–64,66–71]. Regarding glucose regulation, specifically, PI3K acti
vation triggered by insulin favours the process of cellular glucose uptake 
through an increase of cell glucose transporters 3 and 4 (GLUT3 and 
GLUT4) in the plasma membrane. These transporters are essential to 
increase glucose availability in neurons during the cognitive process 
[72]. Likewise, leptin, has also an important role in neuronal develop
ment and the cognitive process. In this regard, Li and colleagues 
demonstrated that leptin receptors deficient rodents (Zucker fatty rats 
and db / db mice) exhibited alterations in the process of LTP and 
long-term depression (LTD) in the hippocampal CA1 region, which 
affected memory and learning [73]. These results were the first to sug
gest a key role for leptin receptors in the cognitive process, especially 
those in the hippocampus and the cerebral cortex. Furthermore, studies 
by Morrison and colleagues demonstrated that leptin participates in 
neurogenesis, synaptogenesis and in regulating dendritic morphology 
[74]. In addition, Greco and colleagues reported that leptin plays an 
important neuroprotective role against Aβ and tau hyper
phosphorylation, in addition to modulate BACE1 activity [75]. In this 
line, Bonda et al. reported an alteration in leptin signalling in the hip
pocampus of AD patients [76]. Considering all these results, an increase 
in leptin signalling may be a suitable strategy to restore or improve the 
cognitive process in AD. 

Collectively, the above-mentioned data has contributed to accept the 
existence of a clear link between metabolic alterations and neuro
degeneration. Hence, molecular targets involved in both processes 
should be studied in deep in order to find effective treatments. 

5.2. Potential of PTP1B in the treatment of diabesity-associated cognitive 
loss 

Given the existent connection between LOAD and diabesity, drugs 
used in the treatment of T2DM may have a beneficial effect on LOAD. As 
above-explained, PTP1B has a key role in the phosphorylation of the IR, 
IRS and JAK2, hence modulating insulin and leptin pathways. Conse
quently, the initial interest in PTP1B was explained by its key role in the 
regulation of receptors that play important functions related to meta
bolic processes, diabetes, and obesity. Indeed, preclinical studies 
showed that mice with a genetic deletion of PTP1B were resistant to 
weight gain and remained sensitive to insulin after treatment with a HFD 
[77,78]. It is important to note that rodents under a HFD have been 
widely used as a model of obesity-induced peripheral and central insulin 

resistance. Likewise, the role of a HFD as a risk factor in AD has been 
much investigated, and this preclinical model are very useful to study 
the molecular pathways involved in the alterations of the cognitive 
process [55–58]. 

The pro-inflammatory effect of a HFD in brain is well known, and 
there is an increasing interest in unveiling the molecular pathways 
involved in the hippocampal neuroinflammatory process associated 
with an excessive consumption of saturated fatty acids [79–81]. In this 
sense, Nakandakari et al. reported that the consumption of HFD caused a 
neuroinflammatory process in mice hippocampus with a significant in
crease in TNFα, IL1β, pIKK and PTP1B, which would be responsible for 
the induction of the classic markers of AD pathogenesis (Aβ and p-tau) 
[82]. Besides, HFD also generates endoplasmic reticulum stress associ
ated with the unfolded protein response (peIF2α and CHOP) and 
apoptosis, evidencing the adverse effects of HFD consumption on the 
hippocampus [82]. In addition, it has been suggested that the 
HFD-associated increase in PTP1B could inhibit the phosphorylation of 
STAT3 and favour the activation of the microglia. Moreover, in mice 
with PTP1B deficiency, the hypothalamic inflammatory response pro
voked by a HFD becomes attenuated through the activation of the 
JAK2-STAT3 signalling pathway in microglial cells [83]. Inhibition of 
PTP1B also proved to be effective to prevent memory loss in rats treated 
with a high-glucose-fat diet plus STZ injection to generate a T2DM [84]. 
In this respect, Wang and colleagues studied the neuroprotective effects 
of ferulic acid on cognitive deficits in this preclinical diabetic model and 
suggested that this compound could prevent the appearance of AD [85]. 
They showed that the administration of ferulic acid in diabetic rats could 
exert a neuroprotective effect through the reduction in the expression on 
PTP1B, thus causing an activation of the insulin signalling pathway in 
the brain. In addition, they observed a decrease in the levels of accu
mulation of Aβ and p-tau in the brain, leading to an improvement in 
learning and memory functions. They also found a decrease in the levels 
of cytokines associated with the neuroinflammatory process. Finally, Wu 
and colleagues have shown that ferulic acid was able to significantly 
inhibit the activity of the PTP1B enzyme in the liver [86]. 

On another front, previous studies have shown that BDNF plays a key 
role in the regulation of synaptic plasticity [87]. By binding to its TrkB 
receptor, BDNF modulates synaptic structure to generate LTP, hence 
participating in memory and learning processes [88]. In fact, it has been 
shown that BDNF levels are reduced in AD brains and preclinical disease 
stages [89–91]. Therefore, stimulation of BDNF signalling can be a 
suitable therapeutic strategy for AD. In this sense, a treatment with the 
synthetic derivative of the oleanolic acid, bardoxolone methyl (BM), 
improved the cognitive process in mice under a HFD through an increase 
in BDNF levels and the TrkB signalling [74]. Likewise, the authors 
detected an increase in p-AMPK and a decrease in PTP1B expression in 
the prefrontal cortex and in the hippocampus after the BM treatment, as 
well as an improvement in the activation of NMDA receptors and the 
neuroinflammatory process. Accordingly, the authors concluded that a 
decrease in PTP1B protein expression associated with an increase in 
BDNF protein levels and TrkB activation may be key in improving syn
aptic plasticity of neurons in the hippocampus and prefrontal cortex 
[92]. 

It is well known that hypothalamic inflammation plays a funda
mental role in the pathology of obesity, inducing resistance to leptin at 
the CNS by activating the negative regulators of leptin signalling, SOCS 
and PTP1B [93–97]. Indeed, Mendes and colleagues reported that 
knocking down PTP1B with antisense oligonucleotides in the central 
nucleus of the amygdala alter food intake in rats [97]. 

In this sense, it has been shown that the therapeutic effect of ginse
noside Rb1 improved the inflammatory response associated with 
obesity, the target being the inhibition of PTP1B and, possibly, also 
SOCS3 in the hypothalamus of obese mice [98]. In addition, related to 
the neuroinflammatory process, Song et al. have shown that the 
expression of PTP1B is regulated by inflammatory stimuli such as the 
intracerebral administration of lipopolysaccharide (LPS), which 
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promotes a substantial increase in brain cytokines that impair synaptic 
plasticity, including TNFα [99,100]. Likewise, PTP1B overexpression 
causes microglial activation associated with increased gene expression 
of the pro-inflammatory markers TNF-α, iNOS, and IL-6. Consequently, 
the study suggests that a PTP1B inhibitor could regulate the neuro
inflammatory process and constitute a new strategy in the treatment of 
neuroinflammatory processes and neurodegenerative diseases [93–95]. 

PTP1B presents a localization associated with the endoplasmic re
ticulum (ER) and other intracellular membranes via a hydrophobic 
interaction of its C-terminal 35 amino acids [101–103]. The ER plays a 
fundamental role in protein biosynthesis and folding, lipid biosynthesis 
and cellular calcium storage. Interestingly, it has been shown that 
PTP1B is involved in ER homeostasis by regulating the unfolded protein 
response (UPR) [102]. Under physiological conditions, the ER is 
involved in the synthesis of proteins with an appropriate tertiary 
conformation [104–107]. However, under pathological conditions, 
there may be alterations in the folding capacity of ER proteins, which 
become misfolded, cannot access the Golgi apparatus, and accumulate 
within the ER lumen generating ER stress [104–106]. UPR depends on 
three stress sensors, inositol-requiring protein 1α (IRE1α), protein kinase 
RNA-like endoplasmic reticulum kinase (PERK) and activating tran
scription factor 6 (ATF6) [105,106]. These sensors transduce informa
tion about the folding status of the ER to the cytosol and nucleus to 
restore protein-folding capacity [104–109]. Importantly, several 
research studies have reported that alterations in the UPR play a 
prominent role in the pathogenesis of neurodegenerative disorders 
[105–107]. Indeed, the activation of IRE1α triggers the translocation of 
the binding protein 1 (XBP1) from the dendrites to the nucleus [107]. 
After that, XBP1s enhances the transcription of genes encoding for 
BDNF, which can then be localized extracellularly and activate the TrkB 
receptor. Therefore, the expression of target genes involved in synaptic 
plasticity and memory is promoted. In turn, PERK phosphorylates the α 
subunit of eukaryotic translation initiation factor 2 (eIF2α), which plays 
a prominent role in the learning and memory process [108]. In this case, 
phosphorylation of eIF2α leads to global attenuation of translation and 
selective expression of ATF4, which represses the element-binding 
protein that responds to cAMP (CREB) and inhibits the expression of 
genes involved in synaptic plasticity and memory [105]. ATF4 also 
regulates apoptosis through a complex process of expression of proteins 
of the BCL-2 or BH3-only family, including NOXA, BIM, PUMA and 
others [105–108]. Hence, although UPR is activated to prevent the 
accumulation of misfolded proteins in the ER lumen, a persistent or 
severe ER stress induces apoptosis and neuronal death [109]. Finally, 
when ATF6 is activated in the cytosol, it translocates to the nucleus and 
activates the transcription of UPR target genes encoding factors involved 
in amino acid biosynthesis, the antioxidative response, autophagy and 
apoptosis [110]. 

Previous studies have shown a key role of the involvement of PTP1B 
in the regulation of ER stress signalling [102–104]. In the liver, PTP1B 
deficiency prevents the ER stress induced by HFD [111]. In turn, Jeon 
and colleagues demonstrated that PTP1B inhibition attenuates ER 
neuronal stress toxicity in SH-SY5Y neuroblastoma cells [112]. 
Furthermore, the authors demonstrated that PTP1B inhibition in SH 
SY5Y cells also protects against rotenone and MG132-induced cell death 
and prevents eIF2 phosphorylation [112]. Tunicamycin induces ER 
stress as it inhibits the glycosylation of newly synthesized proteins 
within the ER, which causes the interruption of the proper folding of 
proteins in endothelial and neuronal cells [113,114]. Interestingly, the 
effects of tunicamycin on insulin resistance mediated by ER stress were 
attenuated when silencing PTP1B [114]. 

Another very interesting point is that, after anaesthesia with sevo
flurane, memory alterations can occur due to multiple processes, 
including neuroinflammation and alteration of synaptic plasticity. These 
could be mediated by the UPR associated with the activation of PTP1B 
[115]. Hence, in a murine study by Liu et al., the results showed that the 
inhibition of PTP1B reduces the activation of the UPR and 

neuroinflammation caused by sevoflurane, hence protecting against 
cognitive deterioration [115]. Consequently, the authors suggested that 
the inhibition of PTP1B could be a therapeutic strategy against cognitive 
dysfunction caused by general anaesthetics. 

Besides its involvement in ER function, PTP1B also seems to play a 
role in mitochondria. Indeed, PTP1B regulates SRC and plays an 
important role in modulating the enzymatic activity of OxPhos com
plexes in brains of rodents [116,117]. In this sense, Lyu et al. showed 
that, after LPS-induced sepsis, both PTP1B and Src are involved in the 
decrease of mitochondrial protein tyrosine phosphorylation. Authors 
concluded that Src/PTP1B pathway induced changes in brain energy 
metabolism resulting from mitochondrial dysfunction in rats [118]. 

Bearing in mind all the above-explained, we can highlight at least 
five pathways modulated by PTP1B in the brain that can affect the 
cognitive process (Fig. 1): i) activation of the glia, especially the 
microglia, ii) increase in endoplasmic reticulum stress and mitochon
drial dysfunction, iii) alteration of the BDNF / TrkB pathway, iv) alter
ation of the hippocampal insulin receptor and v) alteration of the leptin 
receptor. 

6. PTP1B inhibitors 

Fuelled by the worldwide increase in the prevalence of obesity and 
diabetes, the establishment of PTP1B as a therapeutic target for these 
metabolic syndromes prompted studies of small inhibitors of PTP1B by 
pharmaceutical companies and academic laboratories. However, as we 
have mentioned, inhibiting PTP1B may also have a beneficial effect in 
AD and related neurological disorders associated with cognitive loss. In 
recent years, many studies on the synthesis and development of new 
PTP1B inhibitors have been published. However, very few PTP1B in
hibitors have been tested in clinical studies so far. In the present section, 
we aim to provide information on the inhibitors that are in clinical trials. 
Hence, not all synthesized PTP1B inhibitors are discussed. 

The first point to note is the urge for developing highly selective 
PTP1B inhibitors that allow to avoid possible undesirable effects. 
Accordingly, the first PTP1B inhibitor with a potential application for 
the treatment of AD was trodusquemine (MSI-1436), a compound pre
sent in the liver of Squalus acanthia, a dogfish shark [119–121]. This 
compound targets the C-terminal region of PTP1B with a very high 
selectivity, and it does so in a reversible and non-competitive manner. 
Thus, Krishnan and colleagues reported that trodusquemine was effec
tive in inhibiting the activity of PTP1B by binding to the intrinsically 
disordered C-terminal end of PTP1B, demonstrating that it acts alloste
rically and does not lead to aggregation of PTP1B nor causes undesired 
side effects [122–124]. At the preclinical level, trodusquemine showed 
high efficiency in mice with HFD-induced obesity, which showed a 
significant reduction in fat and insulin levels [125,126]. Besides, this 
drug was able to cross the blood–brain barrier (BBB) and significantly 
increased the insulin-stimulated Tyr phosphorylation of IR and STAT3 in 
the murine hypothalamic tissues. 

In addition to PTP1B inhibition, trodusquemine has been reported to 
prevent the toxicity of isolated or stabilized oligomers composed of 40 
residues of Aβ40 and Aβ42 [127–130]. The proposed mechanism is 
based on the displacement of the oligomer from the cell membrane, in 
addition to its ability to modulate the kinetics of its assembly [127,128, 
130]. Both the inhibition of Aβ42 aggregation and the acceleration of 
Aβ42 fibril formation can reduce the toxicity of the oligomer by 
decreasing the number of toxic species produced over time. Therefore, 
trodusquemine appears to be effective in lowering the concentration of 
both cytotoxic protein aggregates and membrane displacement seems an 
effective strategy to combat multiple protein misfolding diseases [127]. 

Due to the promising results of trodusquemine, other derivatives 
such as claramine were developed, which has similar pharmacological 
effects with the additional advantage of being easier to synthesize [131]. 
Likewise, the trodusquemine analogue DPM-1001 is also a potent se
lective inhibitor of PTP1B with the advantage of high oral 
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bioavailability, hence overcoming the low absorption through the oral 
route of trodusquemine [132,133]. Despite the development of all these 
compounds, very few are currently in the clinical phase [134]. 
Notwithstanding, trodusquemine has been investigated in recent years 
in completed Phase I clinical trials for the treatment of obesity and 
diabetes (https://clinicaltrials.gov/ ID NCT00509132, NCT00606112, 
NCT00806338, Genaera Corporation) and in the treatment of breast 
cancer (NCT02524951) [132–134]. 

In addition to trodusquemine, other inhibitors of natural origin have 
been identified. For example, ursolic acid (UA), which is a member of 
the ursan family of pentacyclic triterpenoids, is a non-selective 
competitive inhibitor of PTP1B, since it also inhibits other phospha
tases such as TCPTP and SHP2 [135]. Taking advantage of the beneficial 
effects of UA, more powerful, specific, and effective antidiabetic de
rivatives have been developed. For instance, UA0713 is a high potent 
novel derivative which have shown to improve glucose transport in 
different cellular models, hence suggesting a potential application in 
insulin resistance and associated neurological disorders [135]. Nor
ethyrriol is another natural product isolated from plants such as 
Hypericum elegans and Tripterospermum lanceolatum. Although this 
compound inhibits PTP1B with low affinity, an attempt was made to 
develop more potent derivative compounds, which allowed the devel
opment of XWJ24, a much more potent PTP1B inhibitor than nor
ethyrriol. Thus, XWJ24 is a competitive and selective inhibitor of PTP1B 
as it is 4.5 times more selective for PTP1B than for TC-PTP [136]. 

Hussain et al. recently reviewed the PTP1B inhibitors synthesized the 
last years [119]. Among them, ertiprotafib constitutes an example of the 
difficulty to identify selective, safe, and effective PTP1B inhibitors. 
Unlike trodusquemine, ertiprotafib was shown to induce oligomeriza
tion / aggregation of PTP1B and exhibited a poor specificity, since it also 
binds and activates PPAR α and γ receptors. Although this could explain 
its antidiabetic properties, ertiprotafib was withdrawn from phase II 
clinical trials for dose-limiting adverse effects observed in some patients 
[137,138]. In turn, Swarbrick et al. proposed another strategy of PTP1B 
inhibition through genetic selection of PTP1B. Therefore, they used 

antisense oligonucleotides (ISIS 113715) in monkeys. Interestingly, ISIS 
113715 significantly improved insulin sensitivity and caused an increase 
in adiponectin levels [139]. This compound has completed phase II 
clinical trials (NCT00330330) for potential application in the treatment 
of diabetes. 

Despite these efforts, none of the available inhibitors has made their 
way through to the clinical trials yet. In this sense, several identified 
synthetic small molecules can pave the way towards developing more 
efficient and improved inhibitors. Such molecules include the PTP1B 
inhibitor difluoromethylene phosphonates, a heterocyclic carboxylic 
acid and vanadate-based phosphotyrosine mimetics [121]. 

7. PTP1B as a therapeutic target in neurological diseases 

7.1. Role of PTP1B in Alzheimer’s disease 

The fight against the LOAD process has basically focused on trying to 
eliminate beta amyloid and reducing tau levels in the brain. In this re
gard, the first treatment to attack the process that causes AD has been 
recently introduced. Hence, a monthly intravenous infusion of aduca
numab, a monoclonal antibody directed against the amyloid beta pro
tein, reduces amyloid beta plaque, which could slow cognitive decline in 
AD patients [140]. However, more studies on this drug are being eval
uated, as there is still much controversy about its efficacy in treating 
dementia. 

On another front, sodium oligomannate, which has been condition
ally approved in China for the treatment of LOAD, seems to act mainly 
by regulating amino acid metabolism at the level of the intestinal 
microbiota, mainly affecting the decrease in phenylalanine levels and 
isoleucine [141]. The final effect of this drug would be a decrease in the 
activation process of the cerebral microglia and, therefore, decreasing 
the neuroinflammatory response in LOAD [142]. 

In addition to amyloid and neuroinflammation, it must be noted that 
the accumulation of tau protein in the brain at the molecular level has a 
role in neural degeneration and cognitive impairment in AD [140]. 

Fig. 1. Pathophysiological mechanisms associ
ated with PTP1B activation. PTP1B regulates 
multiple mechanisms implicated in the patho
genesis of neurological diseases. In microglia, 
PTP1B is a positive regulator of neuro
inflammation, and it is involved in the release 
and modulation of proinflammatory mediators, 
such as TNF-α, IL-1β, COX-2 and inducible ni
tric oxide synthase (iNOS). In neurons, PTP1B is 
upregulated by endoplasmic reticulum (ER) 
stress, a cellular response activated by amyloid- 
β oligomers in AD. Increased PTP1B levels 
inhibit pathways related to memory and 
cognitive processes. PTP1B acts on different 
enzymes that have been implicated in neuro
logical diseases, including the insulin receptor 
and its substrate IRS-1, the leptin receptor, and 
its immediate downstream effector Janus kinase 
2 (JAK2), and the BDNF receptor TrkB.   
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However, effective, or disease-modifying drugs for AD are still lacking 
today. Clinical trials targeting these events are under evaluation [140]. 
Despite these advances, AD still requires efficient treatments that will be 
able to delay the disease. 

The first approach to a potential involvement or relevance of PTP1B 
in AD was indirectly reported by Leuba et al. in 2004. Through immu
nocytochemistry, they found a decreased expression of LMO4, an 
endogenous inhibitor of PTP1B, in the entorhinal cortex and in the 
hippocampal region CA1 of AD patients, whereas the control group 
exhibited high LMO4 levels [143]. Moreover, the authors showed a 
correlation between the decrease in LMO4 and the number of neurofi
brillary tangles (NFT) in the degenerate neurons, as well as in the 
deposition of senile plaques. Despite this study did not assess the 
expression of PTP1B, its results are relevant because a decreased 
expression of a PTP1B inhibitor in brains of AD patients suggests a 

potential dysregulation of the PTP1B signal pathway. 
As we have explained, PTP1B is also involved in the process of cell 

plasticity. In this sense, Zhang et al. showed that aberrant activation of 
PTP1B correlated with dephosphorylation and inactivation at the pre
synaptic level of NMDA receptors in neurons from hAPP-J20 mice [144]. 
This led to an alteration in the modulation of synaptic plasticity. Given 
that spatial learning and memory depend on NMDA receptors in the 
hippocampus at CA3 CA1 synapses, PTP1B could orchestrate alterations 
in these outcomes. Moreover, when PTP1B was inhibited with tro
dusquemine, these cognitive alterations were restored in mice, 
evidencing the key role of this phosphatase in the regulation of cognitive 
processes in AD. Regarding to this synaptic effects, Fuentes and col
leagues reported that PTP1B is linked to the hippocampal synapses, 
specifically in dendritic spines, where it co-localizes with synapsin-1, a 
protein implicated in synaptogenesis and the modulation of 

Table 1 
PTP1B inhibitors with experimental evidence.  

Row Reference Disease model Drug Drug dose Duration of 
therapy 

Main findings 

1 [151] APPswe/ PS1dE9 Bis(ethylmaltolato) 
oxidovanadium (IV) 

0.2 and 1.0 mmol/L 3 months Reduced Aβ production and inhibit BACE1 
expression. Inhibiting PTP1B decrease tau 
hyperphosphorylation possibly by expression 
and regulating the IR/IRS-1/PI3K/Akt/GSK3β 
pathway. 

2 [150] 3 ×Tg-AD Bis(ethylmaltolato) 
oxidovanadium (IV) 

0.2 and 1.0 mmol/L 3 month Significantly improved contextual memory 
and spatial learning, increased brain glucose 
metabolism, reduced Aβ plaques and neuronal 
impairment, and decreased tau 
hyperphosphorylation in AD mice. 

3 [153] hAPP-J20 Trodusquemine 5 mg/kg (every 5d) 1 month Inhibition of PTP1B or PTP1B ablation in 
neurons ameliorate spatial learning and 
memory and prevent hippocampal neuron 
loss. 

4 [85] High Fat diet male 
Sprague-Dawley (SD) rats 

Ferulic acid 15 or 30 mg/kg 4 weeks Ferulic acid could improve High fat diet- 
induced cognition impairment through the 
inhibition of PTP1B. Attenuated brain 
inflammation and prevented the AD 
neuropathology in brain diabetic rats 

5 [154] 5xFAD 8-[2-(2-Pentyl- 
cyclopropylmethyl)- 
cyclopropyl]-octanoic 
acid (DCP-LA) 

1 mg/kg 7 days DCP-LA suppresses Aβ-induced GSK-3β 
activation and Tau phosphorylation due 
to PKCε activation and to PTP1B inhibition. 

6 [84] ICV streprozotocin treated 
male Wistar rats 

Alendronate 3 mg/kg/day, p.o 28 days Alendronate improved behavioural deficits, 
through the PTP1B inhibition and improved 
brain of insulin signalling pathway. 

7 [157] Intraperitoneal ketamine 
treatment 10, 50 or 
100 mg/kg, male mice 

Trodusquemine 5 mg/kg 10 days Trodusquemine prevent ketamine-induced 
deficits in working memory, sensorimotor 
gating and hyperlocomotion. The study 
suggested that PTP1B inhibitors could be 
novel antpsychotic agents. 

8 [168] Rat cerebral ischemia/ 
reperfusion 

sc-222227 (5 and 10 μM) was injected 
ICV 

1 days sc-222227, reduced cerebral IR injury, 
prevented microglial activation and 
subsequent neuroinflammation by 
modulating the ER stress-autophagy axis via 
PERK signaling in microglia. 

9 [166] Transient middle cerebral 
artery occlusion 

KY-226 10 mg/kg 2 h after 
transient 
middle 
cerebral artery 
occlusion 

KY-226 increases the phosphorylation of Akt 
in ischemic conditions. Phosphorylation of 
FoxO1, dependent on Akt activation (pAkt), 
prevents FoxO1 localization in the nucleus, 
leading to the transcription of ZO-1 

11 [112] Rotenone and 
tunicamycin in cell 
cultures 

PTP1B (CAS- 
765317–72–4) inhibitor 

concentrations ranging from 
5 to 20 μM  

PTP1B inhibition attenuates ER stress via 
mitochondria-independent mechanisms in 
neuronal cells. 

12 [118] LPS- i.p. at a dose of 5 mg/ 
kg induced 
neuroinflammation 

PTP1Bi was administered 
intracerebroventricularly (i. 
c.v.)  

Inhibition of PTP1B activity provides a 
therapeutic strategy for neuroinflammatory 
and neurodegenerative diseases. 

13 [174] Mecp2-mutant mice (Rett 
syndrome) 

CPT157633 and UA0713 (5 mg/kg)  Increased tyrosine phosphorylation of TRKB 
in the brain, which would augment BDNF 
signaling. This study presents PTP1B as a 
mechanism-based therapeutic target for RTT 

14 [161] LMO4 deficient mice Trodusquemine 5 mg/kg, i.p.  Trodusquemine could restore TrkB signaling 
and ameliorate the schizophrenia-related 
deficits in LMO4-deficient mice  
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neurotransmitter release [145]. They also reported that PTP1B is 
involved in spine maturation and synapse formation through the regu
lation of N-cadherin. Thus, the hippocampal disruption of PTP1B leads 
to an elongation of dendrites and to an improvement in learning and 
memory processes [145]. Finally, mice with a genetic PTP1B deficiency 
show alterations that affect the morphology of the spines, resulting in an 
impairment of the synaptic structures. All these results underpin the 
need for more research on the role of PTP1B in neural plasticity. 

Regarding the link between AD and metabolism, it is noteworthy that 
APPSwe/PS1dE9 mice are susceptible to an increase in body weight 
induced by a HFD associated with insulin resistance [146]. These 
metabolic effects are also associated with a significant increase in brain 
levels of PTP1B, a decrease in Akt activity and activation of GSK3 that 
favours alterations in the brain insulin pathway [146]. These preclinical 
results suggest that a diet rich in fat may worsen the development of AD, 
the increase in body weight being a risk factor. In this sense, King and 
colleagues reported a significant increase in the mRNA expression of 
PTP1B that altered the leptin receptor pathway in the hippocampus of 
APPSwe/PS1dE9 and control mice, especially in aged animals [147]. It 
is conceivable that the increase in the expression of PTP1B is involved in 
a resistance to leptin that could be associated with a significant increase 
in the production of Aβ related to the aging process. Thus, this study 
suggests a relation among PTP1B pathway, brain leptin resistance and 
cognitive impairment. In the same line, Kuga et al. reported a significant 
age-related increase in the hippocampal PTP1B protein levels in rats 
[148]. PTP1B overexpression was associated with a cognitive loss, 
probably due to a reduction in the insulin/BDNF signalling in the hip
pocampus [148]. 

Other authors assessed the preclinical effects of vanadium com
pounds, which were described as the first competitive inhibitors of 
PTP1B, although they are not specific. In particular, Bis(ethylmaltolato) 
oxidovanadium (IV) (BEOV), which has been reported to have hypo
glycemic properties, was given to APPSwe/PS1dE9 mice (Table 1). He 
and colleagues reported that a treatment with BEOV for 3 months 
significantly decreased Aβ levels PPARγ and IDE activation, as well as by 
inhibition of BACE1 activity in 6-month-old APPSwe/PS1dE9 
[149–151]. BEOV also decreased the expression of PTP1B, which 
induced the activation of the insulin pathway IRS-1/PI3K/Akt, hence 
inhibiting GSK3β and leading to a reduction in tau hyper
phosphorylation [149–151]. In addition, authors reported that BEOV 
was involved in the modulation of the autophagic process that increased 
the clearance of Aβ aggregates [149]. The same group also provided 
evidence about the efficacy of an antidiabetic compound such as BEOV 
in the 3Tg-AD preclinical model. Therefore, BEOV constitutes an 
example of a multitarget drug that could act on the neuropathology of 
AD, by increasing cerebral glucose uptake and by improving synaptic 
connections and cognition in mice. 

On another front, Kumar et al. reported that sodium orthovanadate 
was effective in improving the cognitive deterioration caused by 
hyperhomocysteinemia-associated vascular dementia in rodents, prob
ably through the PTP1B inhibition [152] (Table 1). This compound 
could also improve oxidative stress parameters and cholinergic function, 
which play a key role in the process of learning and memory. In turn, 
Ricke and colleagues reported a neuroprotective effect of trodusquemine 
in a transgenic AD mice model with Aβ pathology (hAPP-J20 mice) 
[153]. In this preclinical study, the authors demonstrated that neuronal 
PTP1B is a key player in the appearance of spatial memory deficits and 
neurodegeneration in the hAPP-J20 mice. Furthermore, the authors also 
demonstrated that the selective pharmacological inhibition and the 
ablation of neuronal PTP1B was sufficient to improve the memory def
icits and to prevent the loss of hippocampal neurons. This neuro
protective effect was associated with the modulation and inhibition of 
brain GSK3β, which is regulated by the brain insulin receptor. Moreover, 
while trodusquemine was able to reverse the neuroinflammatory pro
cess in hAPP-J20 mice, neuronal inhibition of PTP1B was not effective in 
this process. Notwithstanding, neuronal ablation of PTP1B decreased 

the size of the hippocampal Aβ plaques without affecting brain Aβ 
protein levels [153]. 

In turn, Kanno and colleagues reported that DCP-LA has neuro
protective effects through both inhibition of PTP1B and activation of 
PKC isozyme PKCε [154] (Table 1). This compound improved spatial 
learning and memory impairment in 5xFAD mice through GSK-3β in
hibition, tau phosphorylation and activation of insulin receptor / Akt 
pathway mediated by PTP1B. Authors proposed that the dual inhibition 
of both targets is a suitable therapeutic strategy for AD. 

Finally, Bansal and colleagues reported that alendronate, an inhibi
tor of alkaline phosphatase in bone used in the treatment of osteopo
rosis, is also a PTP1B inhibitor with a promising neuroprotective effect 
in the streptozotocin model of AD [84]. In this preclinical model, the 
intracerebroventricular (ICV) administration of streptozotocin in rats 
caused an increase in the activity of brain PTP1B, induced cognitive 
deficits associated with alterations in insulin signalling, decreased 
PI3-k/Akt and BDNF/TrkB signalling, increased neuroinflammatory 
markers and the activity of acetylcholinesterase. Interestingly, the in
hibition of PTP1B by alendronate improved the cognitive process and 
normalized the brain insulin-signalling pathway at the molecular level, 
confirming the efficacy of inhibitors of this enzyme as potential strategy 
in AD. 

Collectively, all these data reinforce the notion that PTP1B inhibition 
could have a therapeutic impact in different mechanisms associated 
with neuronal loss. 

7.2. Role of PTP1B in schizophrenia 

Schizophrenia is a highly complex mental illness characterized by 
multiple cognitive, behavioural, and emotional dysfunctions. As with 
AD, although different hypotheses have been proposed to explain 
schizophrenia’s origin (including environmental, genetic, mental, neu
rodevelopmental, and neurochemical effects), the pathophysiological 
mechanism of the onset and its progression have not yet been identified. 
From the clinical point of view, the most striking clinical characteristic 
of schizophrenia related to psychosis are hallucinations, personality 
alterations, delusions, and behavioural disorganization. Cognitive al
terations also constitute a central symptom of dysfunction in the disease 
[155,156]. 

Qin et al. were the first to introduce a potential role of PTP1B in 
schizophrenia by using mice deficient in LMO4 (LKO mice), an endog
enous inhibitor of PTP1B [157] (Table 1). These mice showed an 
endogenous activation of PTP1B. Moreover, since the use of cannabis 
increases the risk of schizophrenia, the authors also assessed the effect of 
the interaction between TrkB receptor and endocannabinoids in LKO 
mice. Cannabis alters the endogenous cannabinoid system (endo
cannabinoids) that include 2-arachidonoylglycerol (2AG) and ananda
mide [157–159]. These endocannabinoids play a key role in lipid signals 
and regulation of both excitatory and inhibitory synaptic neurotrans
mission by binding to the presynaptic receptor CB1 [160]. The authors 
demonstrated that mice lacking LMO4 in pyramidal neurons of the 
glutamatergic projection in prefrontal cortex were deficient in neuronal 
TrkB-dependent eCB signalling, which lead to schizophrenia-like defi
cits. By contrast, pharmacological inhibition of PTP1B by trodusque
mine restored TrkB and eCB signalling, hence ameliorating 
schizophrenia-related illness. 

In another preclinical study, the same authors evaluated the effect of 
subanaesthetic doses of the anaesthetic ketamine, a NMDAR receptor 
antagonist that causes symptoms and cognitive deficits that resemble 
schizophrenia [161]. The interest of the study relays on the fact that 
schizophrenia patients treated with ketamine show an exacerbation of 
the symptoms [161,162]. At the molecular level, it has been suggested 
that the proposed mechanism of action is the phosphorylation of the 
NMDA receptor by the Src tyrosine kinase, which would cause an in
crease in the activation of the NMDA receptor without affecting the 
conductance of the channel [163]. Furthermore, Src inhibitors have 
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been shown to protect from neuronal damage caused by MK801 (a high 
affinity receptor antagonist). Given that PTP1B activates Src, genetic 
ablation or pharmacological inhibition of PTP1B could explain the 
prevention of potential effects on schizophrenia by ketamine. Interest
ingly, it has been proposed that other atypical antipsychotic drug such as 
aripiprazole, could have a similar mechanism of action, in part through 
the inhibition of Src [164]. 

These data suggest that PTP1B inhibition could constitute a potential 
pharmacological target for the development of a novel class of anti
psychotic agents. 

7.3. Role of PTP1B in brain ischemia 

A stroke is defined as an alteration or a decrease in the blood supply 
to the brain. Currently, strokes are the second leading cause of death 

worldwide [165]. Cerebrovascular accidents are classified in two 
groups: i) ischemic strokes, representing approximately 85% of all 
clinical cases and caused by an occlusion of the blood vessels (e.g., by a 
clot) and ii) haemorrhagic strokes, caused by a rupture of the blood 
vessels and accounting for 15% of all cases. It is well known that once a 
cerebrovascular accident occurs, the central region suffers a sudden 
death by necrosis, while the surrounding injured regions, called pen
umbra, can present neuronal death due to apoptosis, although they can 
recover part of their functions. 

Sun et al. reported a potential role for PTP1B in ischemic damage. 
They found that the allosteric PTP1B inhibitor KY-226, which was 
developed for the treatment of diabetes and obesity, showed neuro
protective effects in ischemic injury (ischemia/reperfusion) in a murine 
model of middle cerebral artery occlusion [166,167] (Table 1 and  
Table 2). Thus, KY-226, significantly decreased the volume of the 

Table 2 
Chemical structure of some PTP1B included in the manuscript.  

KY-226 Is a benzoylsulfonamide derivative non-competitive allosteric PTP1B inhibitor 

SC-222227 A selective PTP1B inhibitor. 

Ursolic acid Has biological properties such as anticancer, anti-inflammatory, antimicrobial, 
antidiabetic and cardiovascular effects 

Ginsenoside Rb1 Is a main bioactive ingredient in ginseng. It is used as a cognitive and 
antidiabetic agent. 

Ferulic acid Has several functions such as anti-inflammatory, antioxidant, antidiabetic and 
anticancer. Additionally, it has been verified effective against Aβ-induced 
memory impairment. 

Suramin (sodium salt) 
(sodium salt) 

Suramin, through the inhibition of PTP1B, could improve neuronal damage in 
PD models. 

Trodusquemine Is an allosteric inhibitor of protein-tyrosine phosphatase 1B. Shown 
neuroprotective effects in preclinical models of AD. 
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cerebral infarct, and improved neurological deficits in ischemic mice. 
Moreover, the authors demonstrated that these neuroprotective effects 
were due to an inhibition of PTP1B, which in turn activated neuro
protective pathways such as Akt / eNOS and the ERK signalling 
pathway. In a similar study carried out by the same authors, it was found 
that the inhibition of PTP1B by KY-226 attenuated the disruption of BBB 
induced by ischemia and reperfusion through the regulation of the 
expression of proteins of tight junctions. In the ischemic cerebrovascular 
process, the inactivation of Akt inhibits the phosphorylation of FoxO1 
and its translocation to the cytoplasm. This causes the accumulation of 
FoxO1 in the nucleus, enhancing its interaction with the DNA-binding 
domain in the ZO-1 promoter and repressing its transcription. This 
causes the loss of ZO-1 protein in tight junctions, altering the endothelial 
barrier function and increasing the permeability of the BBB. The authors 
found that KY-226 restored tight junctions proteins, mainly ZO-1, 
partially through the activation of the Akt / FoxO1 pathway. Accord
ing to this, inhibiting PTP1B prevents BBB disruption in 
ischaemia/reperfusion. 

In turn, Zhu et al. reported that a treatment with the PTP1B inhibitor 
sc-222227 prevented ischemic stroke-induced microglial ER stress, as 
well as downstream autophagy, and ultimately mitigated deleterious 
activation of microglia [168]. The molecular mechanism suggested was 
PTP1B inhibition /microglial ER stress inhibition, probably through the 
inhibition of PERK signalling. 

Finally, Cruz and colleagues have reported that neuronal inhibition 
of PTP1B produces a beneficial effect in the recovery of stroke, 
improving sensory and motor functional recovery, as well as preventing 
mood disorders such as anxiety and depression that are associated with a 
stroke injury [169]. 

Considering all these results, PTP1B may be a promising target to 
improve stroke recovery. 

7.4. Role of PTP1B in Parkinson’s disease 

Parkinson’s disease (PD) is characterized by tremor, rigidity, bra
dykinesia, as well as by postural instability in some patients. It is the 
second most common neurodegenerative disorder after AD, and its 
pathophysiology mainly includes loss of nigrostriatal dopaminergic 
innervation, although other neurons can also be affected [170]. 

The number of preclinical studies assessing the efficacy of PTP1B 
inhibition in PD treatment is scarce. Feng and colleagues assessed the 
effects of the PTP1B inhibitor suramin in in vitro and in vivo models of 
PD, reporting a neuroprotective action in both cases (Table 2) [170]. 
The authors suggested that the inhibition of PTP1B by suramin 
prompted an anti-inflammatory response and reduced ER stress, which 
lead to neuroprotection. Suramin also increased BDNF levels in cells. In 
another study, PTP1B inhibition exerted a neuroprotective effect in 
SH-SY5Y cells and in mouse primary cortical neurons treated with 
rotenone, an insecticide widely used to induce PD in experimental 
models [171]. In this case, the authors also proposed that the inhibition 
of UPR may be the molecular mechanism involved in neuroprotection. 
Despite these promising results, more research studies are necessary to 
establish the potential application of PTP1B inhibitors in the treatment 
of PD. 

Interestingly, beyond PTP1B, the use of natural products as prom
ising therapies is gaining momentum, since they contain natural anti
oxidant compounds (such as phenols and flavonoids) that exhibit a wide 
range of neuroprotective effects [172,173]. Among them, Mucuna pru
riens stands out. It has been used in the treatment of parkinsonism in the 
ancient Ayurveda of India, since it has been shown that the ethanolic 
extract of the seeds of Mucuna pruriens contains a high content of 
levodopa (L-DOPA) found naturally [172,173]. Although Levodopa 
(L-DOPA) is currently effective for the symptomatic treatment of PD, it 
does not modify the disease evolution [172]. Moreover, long-term use of 
L-DOPA therapy causes neurooxidative damage. However, this may be 
prevented by the antioxidant and metal-chelating properties of Mucuna 

pruriens. Further research studies of the chemical composition of Mucuna 
pruriens revealed that it also has a high content of ursolic acid, which, in 
addition to L-DOPA, may be responsible for this powerful neuro
protective activity in PD [172–176]. For this reason, this plant has been 
extensively studied in preclinical rodent models using different neuro
toxins such as MPTP, Paraquat, etc., and even in humans. In the 
MPTP-induced parkinsonian mouse model, the extract demonstrated an 
antioxidant effect against the oxidative stress of TH in the SN and striatal 
regions, increasing the level of antioxidant enzymes catalase and su
peroxide dismutase. In addition, normal levels of expression of iNOS and 
markers of neuroinflammation were recovered in the animals treated 
with MPTP [172,173]. Withania somnifera is another interesting me
dicinal plant that has shown a powerful antiparkinsonian effect in 
different preclinical models such as rotenone, 6-hydroxydopamine and 
MPTP [177–181]. Likewise, the ethanolic extract from the root of 
W. somnifera exerted a potent neuroprotective effect on dopaminergic 
neurons in the preclinical rodent model of Parkinson’s induced with 
maneb-paraquat. Hence, it caused an increase in the expression of 
tyrosine hydroxylase and the levels of dopamine in the substantia nigra, 
while it reduced the expression of inducible NO synthase (iNOS), in 
addition to decreasing the glial activation process. Likewise, 
W. somnifera showed a powerful antiapoptotic effect through the in
crease of Bcl2 and the reduction of BAX (proapoptotic) [173–178]. 

These preclinical results underpin the importance of PTP1B in
hibitors and natural compounds as promising therapies against PD. 

7.5. Role of PTP1B in Rett syndrome 

Rett syndrome (RTT) is a genetic neurological disorder that affects 
brain development and causes severe mental and physical disability. It is 
caused by mutations in the X-linked methyl CpG–binding protein 
(MECP2) gene, which was the first autism spectrum disorder-related 
gene to be identified [182]. Moreover, MECP2-deficient mice have 
markedly higher blood glucose levels, and these metabolic disorders 
were associated with significant upward expression of the Ptpn1 gene, 
which encodes PTP1B [183]. Consistently, PTP1B levels are upregulated 
in RTT patients and murine models of RTT [183]. Therefore, PTP1B 
inhibitors could be a potential strategy for the RTT treatment. 

In this regard, Krishnan and colleagues evaluated the effects of two 
characterized inhibitors of PTP1B in the Mecp2-mutant mice, reporting 
an improved symptomatology [184] (Table 1). This effect was mediated 
by TrkB phosphorylation and activation of receptor-signaling pathways 
such as RAS/MAPK, PI3K/AKT, and PLCγ/CaMKII, that are involved in 
neuronal survival, growth, differentiation, synaptic plasticity, and 
long-term potentiation (LTP). Accordingly, authors concluded that 
PTP1B inhibition could be a good therapeutic target for the treatment of 
RTT [184]. Nevertheless, this results still require to be validated in 
clinical studies. 

7.6. Role of PTP1B in depression 

Depression is a serious disorder affecting hundreds of millions of 
people worldwide. Its main symptoms are low or depressed mood, 
anhedonia (or inability to feel pleasure) and fatigue, but other symptoms 
such as sleep and gastrointestinal disturbances, among others, are often 
present [185]. Its pathophysiology is complex, and several mechanisms 
have been proposed, including the biogenic amine hypothesis, dysre
gulation of the hypothalamic-pituitary-adrenal axis, immunologic fac
tors, abnormalities of second messenger systems and genetic and 
environmental factors [186]. 

Li and colleagues studied the role of miR-144 in the brain to provide 
a theoretical basis for the treatment of depression [187]. They used rats 
with depression induced by chronic mild unpredictable stress (CUMS), 
which is a widely used experimental model for the study of efficacy of 
new potential drugs for the treatment against depression. The authors 
demonstrated that miR-144 activates the TrkB / BDNF signalling 
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pathway by inhibiting the expression of PTP1B in the hippocampus of 
CUMS rats. Therefore, they associated the activation of TrkB / BDNF in 
the hippocampus with an antidepressant effect [187]. 

7.7. PTP1B as a therapeutic target for Spinal Cord Injury 

Traumatic spinal cord injuries (SCI) are a leading cause of neuro
logical disabilities and have a very important impact on the life quality 
and expectancy of affected patients. It has been proposed that in severe 
damage SCI, the adaptive response of the UPR fails to maintain the 
physiological protection [188]. Consequently, the ER begins a 
pro-apoptotic signalling through caspase-12 and CHOP. CHOP is a 
pro-apoptotic protein that is regulated by the activation of ATF4, which, 
as we have already mentioned, is upregulated in the PERK-eIF2 stress 
pathway. 

A significant increase in the expression of PTP1B in the spinal cord 
after injury has been reported [189]. In this regard, Li and colleagues 
administered a miR-210 through the carrier of the AAV virus in rats with 
SCI [190]. They found that the treatment reported neuroprotective ef
fects, including increased angiogenesis, inhibition of neuronal 
apoptosis, and regulation of inflammatory reactions [190]. The authors 
showed that the neuroprotective effect was due to the downregulation of 
PTP1B, hence supporting the potential therapeutic effect of PTP1B in
hibition in SCI. However, miR-210 has additional potential targets 
including Efan3, Dapk1, and Ctgf [191]. The inhibition of these target 
genes by miR-210 may favour the functional improvement of cardiac 
function after myocardial infarction [191]. Likewise, miR-210 is 
involved in the regulation of mitochondrial respiration, iron meta
bolism, and reactive oxygen species generation [191]. 

8. Perspectives 

The enzyme PTP1B phosphatase has been extensively studied for the 
treatment of metabolic disorders such as T2DM and obesity. However, it 
constitutes a therapeutic target that may not have been enough 
considered in the treatment of neurological diseases (Fig. 2). In this 
regard, most of the preclinical studies have been carried out in AD 
models, possibly because it is the most important neurodegenerative 
disease worldwide. However, the use of PTP1B inhibitors as a potential 
treatment in other neurological diseases cannot be ruled out, as we have 
already commented throughout the article. Given that PTP1B inhibition 
in brain is a powerful enhancer of the cognitive process, at least in 

preclinical studies, it would be interesting to compare its efficacy with 
other AD treatments that are currently on the market, such as inhibitors 
of the enzyme acetylcholinesterase or drugs that are under research for 
cognitive improvement also in AD or additional brain diseases. 

The fact that the expression of the endogenous PTP1B inhibitor 
LMO4 is decreased in brain of AD patients, suggests that the activity of 
PTP1B is increased in this neurodegenerative disease [143]. Indeed, 
preclinical studies have shown that PTP1B is over-expressed in the brain 
after stress conditions such as aging process, in T2DM/obesity and in AD 
[34,35,192]. In previous studies, Pandey and colleagues reported that 
LMO4 loss, favors an increase in PTP1B activity in the hypothalamus 
[193]. Likewise, this inhibition is sensitive to metabolic stress, whereby 
the loss of the suppression of LMO4-dependent PTP1B activity can cause 
an alteration in insulin sensitivity and in the regulation of glucose levels. 
Although it remains to be elucidated how LMO4 inhibits PTP1B activity 
in different brain diseases, it has been proposed that the activity of 
PTP1B can be inhibited by the oxidation of a cysteine residue in the 
catalytic domain [18,19]. In any case, since PTP1B can inhibit three key 
hippocampal receptor pathways involved in the regulation of the 
cognitive process (the insulin pathway, leptin and BDNF / TrkB), we can 
speculate about a common mechanism involved in the pathogenesis of 
different neurological diseases with neurodegeneration (Fig. 1). 

We have discussed in this paper, as well as in other manuscripts, the 
importance of targeting multiple pathways when fighting a multifaceted 
neurological disease such as AD. The ability to interact with and regulate 
a wide range of molecular targets, gives PTP1B a very promising ther
apeutic potential. In this regard, it has been demonstrated that PTP1B 
inhibition decreases the pro-inflammatory response in addition to 
reducing the secondary damage associated with inflammation in the 
neurological tissue. This is a matter of importance since a continuous 
inflammatory state can lead to an increase in deficient neurocognitive 
alterations. Inhibition of PTP1B also downregulates the UPR signalling 
pathways, including the proapoptotic process, hence constituting a 
promising ally to halt neurodegeneration. As already explained in this 
paper, inhibition of PTP1B increases TrkB phosphorylation, leading to 
an increase in BDNF signalling. The beneficial effect of this is obvious, 
bearing in mind that BDNF is a major regulator of synaptic transmission 
and plasticity in many regions of CNS. Finally, PTP1B inhibition also 
enhances hippocampal IR and leptin receptor, allowing targeting the 
metabolic disturbances associated with the neurodegenerative process. 
Hence, PTP1B emerges as a major regulatory enzyme in key physio
logical pathways involved not only in energy metabolism but also in 

Fig. 2. PTP1 Inhibition as a multitarget therapeutic strategy. Inhibition of PTP1B has been shown to exert multiple beneficial effects, such as anti-inflammatory, 
neuroprotective, antidiabetic. It also prevents endoplasmic reticulum stress and mitochondrial dysfunction. 
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neuroprotection and synaptic improvement. 
In this regard, as we discussed throughout the manuscript, the results 

in preclinical studies support the use of PTP1B inhibitors as a suitable 
therapeutic strategy in different neurological disorders. Hence, tro
dusquemine and UA have shown encouraging results for the treatment 
of AD, and PTP1B inhibition improves cognitive function, reduces tau 
hyperphosphorylation and protects against Aβ toxicity. A very inter
esting result is the fact that trodusquemine attenuates GSK3β hyperac
tivity in preclinical models of AD [153]. GSK3β has a key role in the 
aberrant phosphorylation of tau protein and its aggregation into 
neurofibrillary tangles. The reported results indicate that PTP1B is up
stream of GSK3β activation; therefore, inhibition of PTP1B by tro
dusquemine could be a suitable target for the treatment of AD and other 
neurological diseases. Likewise, PTP1B has also been involved in the of 
microglial proinflammatory response. 

Moreover, studies with rodents indicate that PTP1B inhibitors could 
prevent brain injury after an ischemic process and hence reduce the 
damage caused by a stroke. In addition, preclinical results also indicate 
that PTP1B inhibitors have a promising potential that should not be 
discarded in the treatment of RETT syndrome and Parkinson’s disease. 

Beyond the classical pharmacological inhibition of the enzyme, 
miRNAs therapy represents another therapeutic strategy that is being 
explored to regulate PTP1B at the post-transcriptional level. Hence, 
miRNA-144 exerts antidepressant effects by enhancing the neurotrophic 
process and, on another front, miR-34c inhibits the proliferation of 
human glioma cells, also through the PTP1B inhibition [187]. Other 
miRNAs that also inhibit PTP1B such as miR-338–3p, miR-193a-3p, 
miR-135a, miR-146-b and miR-206 have a role in tumour suppression 
and myocardial damage protection [194]. 

The advantage of inhibiting PTP1B in neurological disorders relies 
on the fact that this enzyme regulates different critical pathways. Hence, 
it is possible to achieve a simultaneous and robust action of many 
downstream pathways involved in neuroprotection, cognitive process
ing, and neurotransmitter regulation. 

Currently, clinical trials based on the evaluation of PTP1B inhibitors 
for the treatment of neurological disorders have not been yet performed. 
Consequently, further studies are necessary to deepen our knowledge 
about the relation between PTP1B inhibition and brain diseases, as well 
as the neuroprotective pathways regulated by this phosphatase. How
ever, considering the above explained, the potential of PTP1B, as a key 
therapeutic target for neurological disorders is undoubtable. 

9. Conclusions 

The evidence supporting the rationale for clinical targeting of PTP1B 
in neurological disorders are very limited and mainly based on pre
clinical animal models. On the other hand, the efficacy of PTP1B in
hibitors in clinical trials on metabolic disorders, mainly T2DM, has been 
studied more extensively. Of note, the regulation of body weight is 
established through a fine regulation by the hypothalamus. There, 
PTP1B plays a prominent role through the regulation of insulin and 
leptin receptors. In addition to the hypothalamus, PTP1B is also found in 
hippocampus and other brain areas and has been characterized in 
neuronal and glial cells. Indeed, mounting evidence show that the 
overexpression of PTP1B could be involved in the pathophysiology of 
neurological disorders associated with a cognitive loss, neuro
inflammation, activation of the UPR and neurotransmitter alterations, or 
mitochondrial dysfunction, among other mechanisms. Moreover, this 
may trigger other pathways that further worsen the condition, such as 
oxidative stress. This is important, since the brain is one of the most 
vulnerable organs to oxidative stress, given its limited antioxidant ac
tivity. PTP1B also is involved in synaptic plasticity and, additionally, it 
has a crosstalk with other pathways such as ERK1/2, c-Jun N-terminal 
kinases (JNK), NFḳβ, not to mention that, through the UPR, can also 
modulate apoptotic responses. 

Therefore, given that PTP1B regulates several pathways involved in 

neurological and neurodegenerative disorders, therapeutic modulators 
targeting PTP1B have a wide scope in the management of these diseases. 
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