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Abstract: Cdc42, a member of the Rho GTPases family, is involved in the regulation of several cellular
functions including cell cycle progression, survival, transcription, actin cytoskeleton organization and
membrane trafficking. Diabetes is a chronic and metabolic disease, characterized as glycometabolism
disorder induced by insulin deficiency related to β cell dysfunction and peripheral insulin resistance
(IR). Diabetes could cause many complications including diabetic nephropathy (DN), diabetic
retinopathy and diabetic foot. Furthermore, hyperglycemia can promote tumor progression and
increase the risk of malignant cancers. In this review, we summarized the regulation of Cdc42 in
insulin secretion and diabetes-associated diseases. Organized researches indicate that Cdc42 is a
crucial member during the progression of diabetes, and Cdc42 not only participates in the process of
insulin synthesis but also regulates the insulin granule mobilization and cell membrane exocytosis
via activating a series of downstream factors. Besides, several studies have demonstrated Cdc42
as participating in the pathogenesis of IR and DN and even contributing to promote cancer cell
proliferation, survival, invasion, migration, and metastasis under hyperglycemia. Through the
current review, we hope to cast light on the mechanism of Cdc42 in diabetes and associated diseases
and provide new ideas for clinical diagnosis, treatment, and prevention.
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1. Introduction

Diabetes mellitus (DM) has become a worldwide public health challenge with rapidly increasing
rates of morbidity and mortality and attracts more and more attention in this century [1]. Moreover,
diabetes has become the third major chronic disease after cancer and cardiovascular diseases [2].
The American Diabetes Association (ADA) defines diabetes as a complex and chronic disease which
requires continuous medical care with multifactorial risk-reduction strategies beyond glycemic
control [3]. The incidence of diabetes increases among adults aged 20 to 79, with approximately
415 million people diagnosed in 2015 and, an expected increase of 642 million by 2040 [4]. Besides,
according to the latest report of diabetes alliance, China has become the largest country of diabetes [5].
In 1936, scientists divided diabetes into two groups: type 1 diabetes mellitus (T1DM), type 2 diabetes
mellitus (T2DM) [6]. T1DM patients cannot produce sufficient insulin, and they subsequently undergo
high blood glucose levels. T2DM is caused by genetic, environmental, behavioural and other risk
factors and characterized by hyperglycemia, insulin resistance (IR), and relative insulin deficiency [7].
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Islet β cell failure occurs under the influence of multiple factors during the development of the disease
in T1DM or T2DM. Reduction of nearly 80% β cell mass is reported in T1DM, whereas in T2DM is
almost 60% [8].

Cell division cycle 42 (Cdc42), a small GTPase of the Rho family, the total length is 191 amino
acids, locates on chromosome 1p36.12 with molecular weight of 21.33 kDa. Cdc42 was first discovered
in budding yeast. Cdc42 regulates cell polarity, actin cytoskeleton including filopodia formation and
cell cycle progression [9]. Cdc42 gene is highly homologous and conservative in human and yeast. It is
speculated that Cdc42 may play a fundamental role in mammalian cellular biological processes [10].
Activation and inactivation of Cdc42 are regulated by various regulatory factors. At present, scientists
have discovered three kinds of factors: (a) guanine nucleotide exchange factors (GEFs), which exchange
GDP-bound (inactive) into GTP-bound (active) and activate Cdc42; (b) GDP-dissociation inhibitors
(GDIs), which are thought to sequester Cdc42 in the inactive-bound state; (c) GTPase activating
proteins (GAPs), which transform Cdc42 into inactive-bound by raising its GTPase activity [11]. Cdc42
acts as a molecular switch cycling between inactive GDP-bound and active GTP-bound; early studies
found that only Cdc42-GTP can be transported from the cytoplasm to the cell membrane, indicating
that the binding of Cdc42 to the membrane is in the form of Cdc42-GTP [12]. Normal expression
of Cdc42 not only plays critical roles in normal islet functions including cytoskeletal remodelling,
vesicular transport and fusion, insulin secretion and β cell proliferation but also is essential for
glucose-stimulated induced insulin secretion (GSIS) to occur [13]. In recent years, study showed that
expression of constitutively active Cdc42 interfered with β cell delamination and differentiation leading
to hyperglycemia [14]. The GSIS is composed of two phases: insulin in the first phase is released at a low
level under resting conditions; while in the second phase, insulin releases at a higher level under high
glucose (HG) conditions. Firstly, glucose is taken into β cells through glucose transporter 2 (GLUT2).
Secondly, glucose metabolism triggers the elevated intracellular ATP and shuts down the ATP-sensitive
potassium ion channel, and this leads to depolarization of cell membrane. Depolarization alerts the
voltage-gated calcium channels, and insulin granules fuse with the cell membrane at the release sites,
ultimately, insulin releases [15,16]. The first phase of insulin release happens in 10 min after glucose
stimulation, and this phase is short and fast. On the contrary, the second phase is slow and consistent,
but the speed of releasing declines gradually, for the insulin granules need to move from a reserve
pool to the readily releasable pool [17]. This process relies on the actin cytoskeleton rearrangement,
and Cdc42 is proved to be the upstream factor of cytoskeleton rearrangement signalling. Additionally,
Cdc42 is irreplaceable in the transportation and location of insulin granules on the cell membrane.
Cdc42 has been demonstrated to play a pivotal role in the second phase of insulin secretion. Disorder
of Cdc42 will impair normal insulin secretion and contribute to diabetes.

The upstream of Cdc42 varies from miRNAs to proteins, with partly demonstrated pathways.
For example, IGF-1R/MiR29a/Cdc42 pathway negatively regulates Cdc42 expression [18], while
CysLTR/Arf/Cdc42, Yes/GDI/Cav-1/Cdc42, and GGPPS/GGPP/GGTase1/Cdc42 pathways
significantly promote the activation of Cdc42 [19–21]. Pathways above have a great degree of
interaction with the conventional GSIS, and with joint effects of triggering on Cdc42 to maintain
the stable blood glucose concentration. The post-translational modification of Cdc42 regulates insulin
secretion as well. The isoprenylation of Cdc42 enables it to attach to the cell membrane and thereby
promotes the fusion and release of insulin granules [22]. Meanwhile, insulin secretion also relies on
the methylation of carboxyl in Cdc42. Studies showed that the carboxyl methylation of Cdc42 in β

cells requires endogenous GTP and is positively related to the concentration of glucose [23].
In T2DM, IR may be caused by dysfunction of β cells, and researchers consider IR as the primary

cause of T2DM [24,25]. IR is a pathophysiological condition that is manifested as decreased insulin
sensibility in insulin-sensitizing tissues including liver, adipose tissue, and skeletal muscle. Over the
past decade, most research has emphasized that obesity is a significant risk factor of IR. Mainly started
at T1DM or T2DM, diabetic nephropathy (DN) is a worldwide health problem, which is characterized
by albuminuria and a decline of the glomerular filtration rate [26]. DN always correlates with chronic
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kidney disease and dysfunction of glomerular podocytes reveals a positive effect on the progression of
DN. Many previous studies have indicated several altered regulatory factors and signalling pathways
in DN, but the mechanism of DN remains elusive. Furthermore, various studies reported that diabetes
could also increase the risk of progression of multiple cancers including the pancreas, esophagus, liver,
colon, breast, and lung [27]. One study shows that diabetes could promote cell proliferation, invasion
and metastasis of breast cancer in mice, and hyperglycemia contributes to cancer recurrence [28].
Meanwhile, high glucose level promotes tumour progression such as tumorigenesis, cell proliferation,
anti-apoptosis, cell migration, cell invasiveness and drug resistance [29].

In the current review, we summarized the role of Cdc42 in insulin secretion, as well as
the relationship between Cdc42 and diabetes-associated diseases, including IR, DN, and cancer.
Furthermore, we hope to provide a theoretical basis for the design of more efficient anti-diabetic drugs
in the treatment of diabetes and complications associated with DM.

2. Cdc42 and Insulin Secretion

GSIS refers to the process of releasing insulin and maintaining the balance of glucose in islet β
cells under the stimulation of glucose [30]. Changes in many molecular mechanisms are involved
in this process and lead to insulin secretion disorders. Among these, Cdc42 affects insulin secretion
by regulating granule fusion, exocytosis and cytoskeletal rearrangement (Figure 1). Immunological
and confocal microscopy observations confirmed the presence of Cdc42 in cloned oocytes, the islet of
normal mice and human.
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miR-330-3p reduces expression of Cdc42 and E2F1 leading to impaired β cell proliferation via 

Figure 1. The mechanism of glucose-induced insulin secretion in islet β cell. GEFs exchange Cdc42-GDP
(inactive) into Cdc42-GTP (active) which can be transported to the cell membrane, this process could
be also promoted via glucose. Then activated Cdc42 is localized with insulin secretory granules
and subsequently induces mobilization of insulin granules moving to the plasma membrane via
rearrangement of F-actin, which could be rearranged via N-WASP and Cofilin as well. Positioning
and fusion between granules and cell membrane are regulated by SNARE on cell membrane, and
also by the F-actin rearranged by Cdc42. Glucose stimulates exocytosis as well as endocytosis of
secretory membrane. Cdc42 is involved in the formation of a complex among IQGAP1, GDP-bound
Rab27a, and coronin 3. This complex is essential for endocytosis of the insulin secretory membrane.
Besides, a TOCA/Cdc42/PAR/WAVE complex contributes to endocytosis and is required for retrograde
endocytic recycling.

2.1. Cdc42 and β Cell Proliferation

Cdc42 is widely accepted as a pivotal mediator of cell proliferation by regulating cell cycle, and
β cell proliferation depends on its positive effects as well. One study showed that up-regulation
of miR-330-3p reduces expression of Cdc42 and E2F1 leading to impaired β cell proliferation via
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transferring from the plasma membrane to the cytoplasm of β cells in gestational diabetes mellitus
(GDM) [31]. As downstream factors of Cdc42, p21-activated kinase 1(PAK1) is an essential promoter
of cell proliferation. Study showed that PAK1 decreased 80% in T2DM, and subsequently both islet
morphology and β cell mass, which were correlated with β cell function, were impaired under HG
conditions [32]. On the contrary, another downstream factor of Cdc42, CyclinD1, which contributes
to the proliferation of β cells, exhibits higher levels in islets of T2DM patients compared to healthy
people [33]. This mechanism may slow down the progression of diabetes.

2.2. Cdc42 and Insulin Granule Mobilization

Second-phase insulin secretion requires the continual mobilization of insulin granules from
synthetic parts to the plasma membrane, and this process mainly relies on filamentous actin (F-actin)
remodelling regulated by Cdc42 and its downstream factors [34]. Currently, many studies have
confirmed that Cdc42 activated PAK1 induces F-actin remodelling and insulin granules moving
to the cell membrane via rapidly accelerated fibrosarcoma-1 (Raf-1)/mitogen-activated protein
kinase (MEK)/extracellula regulated protein kinases (ERK) signalling pathway [35,36]. This may
explain how Cdc42 promotes insulin particles moving to the cell membrane. In β cells, the specific
interaction between vesicle-SNARE (v-SNAR) and syntaxin-1, subtypes of target-SNARE (t-SNARE)
and synaptosome-associated protein 25 (SNAP-25) make vesicle close to target cell membrane and
fuse [37]. At the same time, the downstream factors of Cdc42 could also regulate F-actin, such as
neuronal Wiskott-Aldrich syndrome protein (N-WASP) and Cofilin. N-WASP binds Cdc42 to actin
via the actin-related proteins 2/3 (Arp2/3) complex, and the interaction activated by Cdc42 between
N-WASP and Arp2/3 provides a necessary condition for GSIS [23].

2.3. Cdc42 and the Exocytosis and Endocytosis of Insulin Granules

GSIS relies on the exocytosis of β cells. The Rho family regulates cytoskeletal remodelling and
the fusion event in exocytosis in pancreatic β cells [12]. Cdc42 is localized with insulin secretory
granules [38], and glucose converts GDP-bound Cdc42 to its GTP-bound form, thus promotes insulin
secretion through modulation of the cortical actin network [39]. The exocytosis of insulin granules
requires the positioning and fusion between granules and a “release region” on cell membrane.
The bacterial glutathione-transferase-Cdc42 fusion protein was used in the co-immunoprecipitation
and transient transfection tests to confirm that Cdc42 is the upstream regulator of cytokines, such as
Syntaxin [40]. Positioning and fusion between granules and cell membrane are regulated by soluble
N-ethylmaleimide-sensitive protein receptor (SNARE) on cell membrane, and also by the filamentous
actin (F-actin) rearranged by Cdc42 [37]. In MIN6 β cells, glucose could activate Cdc42-PAK1-Rac1
signaling pathway, which was shown to play a regulatory role in the process of insulin exocytosis
and the second stage of GSIS [41]. It has been demonstrated that binding of active Cdc42 and Rac1
activates PAK1, and then this mechanism initiates GSIS. However, synapses of amphids defective
(SAD-A) kinase could directly phosphorylate PAK1 to induce insulin exocytosis in â cells without
Cdc42 or Rac1 [42].

Previous experiments indicated that secretory stimulators activate Cdc42 [43], which could
subsequently promote insulin granule exocytosis via rearrangement of F-actin [41]. Sato et al.
found that inhibition of Cdc42 had adverse effects on secretory granule (SG) recruitment at the
cell periphery [44], while inhibition of phosphoinositide-3 kinase promoted SG recruitment at the
cell periphery by Cdc42-dependent actin reorganization [45]. Contrary to previous observations [44],
Bretou et al. showed that inhibiting Cdc42 has little effect on SG recruitment at the cell periphery and
no significant impact on SG docking but severely impairs full fusion, suggesting that the main effects
of Cdc42 on exocytosis takes place at a post-docking stage. Their results indicated that knocking out
Cdc42 reduces the size of newborn holes, slows their expansion, and may facilitate their premature
closure which is called “kiss-and-run” [46].
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In pancreatic β cells, glucose stimulates exocytosis as well as endocytosis of secretory membrane,
maintains intracellular volume and sustains another round of exocytosis [47,48]. Researches on
pancreatic β cells showed that, Cdc42 regulated the interaction between IQ domain GTPase-activating
protein 1 (IQGAP1) and GDP-bound Rab27a [49]. IQGAP1 was involved in the regulation of vesicle
tethering in insulin secretion [50,51]. Besides, IQGAP1 was identified as a novel GDP-dependent
effector of Rab27a, and Cdc42-induced activation of IQGAP1 regulates the glucose-induced
redistribution of Rab27a and coronin 3. Involvement of Cdc42 in the formation of a complex
among IQGAP1, GDP-bound Rab27a, and coronin 3 was demonstrated. This complex is essential
for endocytosis of the insulin secretory membrane. Apart from insulin secretory membrane, many
significant membrane proteins, including the insulin-stimulated glucose transporter 4 (GLUT4), require
retrograde recycling [52,53]. The mammalian transducer of Cdc42 dependent actin assembly (TOCA)
was initially identified as an effector of Cdc42 [54]. TOCA facilitates Cdc42 linking to the WASP-family
verprolin homologous protein (WAVE) complex. Furthermore, a TOCA/Cdc42/PAR/WAVE functional
module is required for retrograde endocytic recycling [55].

Cdc42 is not only related to the proliferation of pancreatic β cells but also involved in both
pre-docking and post-docking stage by modulating the concentration of calcium, promoting the
transport of insulin granules via actin remodeling, and regulating the SG recruitment and membrane
tension to affect the exocytosis of insulin granules. All these roles of Cdc42 demonstrate the necessity
of Cdc42 in insulin secretion (Table 1). Although Cdc42 signalling is a known requirement for insulin
secretion to occur, how it initiates remains unknown. Endocytosis is irreplaceable progress of insulin
secretion as well, and Cdc42 plays a significant role in the endocytosis of secretory membranes and
some membrane proteins (e.g., GLUT4 and TOCA). Cdc42 advances the progress of endocytosis
through activating downstream factors or modulating downstream proteins structure (Table 1).
Only with fast and precise endocytosis can pancreatic β cells reach the demand of insulin secretion.

Table 1. Cdc42 and insulin secretion.

Processes Cell Lines/Tissues Signalling Pathways Promoter/Suppressor References

Pancreatic β cell
proliferation

MIN6 Yes/Cav-1/Cdc42/PAK-1 Promoter [35]
blood of GDM patients miR-330p/Cdc42 Promoter [31]
INS 832/13 Cdc42/PAK-1 Promoter [32]
male C57BL/6J mice Cdc42/cyclinD1 Promoter [33]

Granules mobilization
MIN6-K8 β cell Cdc42/N-WASP/Arp2/3 Promoter [23]
MIN6 Cdc42/PAK-1/MEK/ERK Promoter [36]

Secretory membrane
exocytosis

MIN6 Cdc42/PAK-1/Rac1 Promoter [41]
islets of db/db mice GGPPS/GGPP/GGTase1/Cdc42 Promoter [21]

Secretory membrane
endocytosis

MIN6 Cdc42/IQGAP1 Promoter [49]
C.elegans intestine TOCA/Cdc42/PAR/WAVE Promoter [55]

Abbreviations: PAK-1: p21-activated kinase 1; YES: protein of the Src family; GDM: gestational diabetes mellitus;
N-WASP: neuronal Wiskott-Aldrich syndrome protein; Arp2/3: actin-relatedprotein2/3; MEK: mitogen-activated
protein kinase; ERK: extracellular regulated protein kinases; GGPPS: geranylgeranyl pyrophosphate synthase; GGPP:
geranylgeranyl pyrophosphate; GGTases-1: geranylgeranyltransferase-1; IQGAP1: IQ domain GTPase-activating
protein 1; TOCA: transducer of Cdc42 dependent actin assembly; PAR: partitioning defective; WAVE: WASP-family
verprolin homologous protein.

3. Cdc42 and Diabetes-Associated Diseases

3.1. Cdc42 and Insulin Resistance

Insulin resistance refers to the decline in efficiency of insulin to promote glucose uptake and
use for various reasons, and then the compensatory hyperinsulinemia happens [56]. Moreover,
the hyperinsulinemia promotes the resistance of insulin in reverse [57]. It is widely convinced
that insulin resistance is the primary cause of T2DM [24]. Changes in insulin structure, insulin
receptors, obesity, and long-term hyperglycemia may all lead to insulin resistance and then increase
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the susceptibility of diabetes [58,59]. Above all, it is worth noting that obesity is the leading cause of
insulin resistance, especially central obesity [59].

3.1.1. Cdc42 and Declining Second-Phase of Insulin Secretion of T2DM Patients

Many studies have demonstrated that PAKs are effectors of small GTPases [60–64]. Research on
T2DM donors’ islets manifests that PAK-1 protein loss average to 80% compared with non-diabetics,
implicating the role of PAK-1 in islet insulin signalling functions [65]. Based on the analytical results of
PAK-1 activation from human and rat islets, Cdc42 abundance is essential for PAK-1 activation [65].
The second/sustained-phase of insulin secretion is impaired by PAK-1 depletion from clonal MIN6 β

cells, owing to the crucial role for PAK-1 as a Cdc42 effector in mediating cytoskeletal remodelling
to facilitate insulin granule mobilization to the plasma membrane for insulin release [41]. From the
aspect of decline of insulin secretion, the reduction of Cdc42 suppresses the activity of PAK-1 and may
promote insulin resistance.

3.1.2. Cdc42 and Peripheral Insulin Resistance

Regulation of Cdc42 on Insulin Signaling in Adipose Tissue

A high-fat diet (HFD) is a risk factor of systemic and muscular insulin resistance, hyperinsulinemia,
and fat accumulation in insulin target organs [66]. In particular, abdominal obesity and fat
accumulation in various organs may induce insulin resistance and peripheral blood sugar
intolerance [67,68]. This may be associated with increased activity of hormone-sensitive triglyceride
lipase (HSL) in patients with abdominal obesity. An in vivo study showed that HSL increased fat
decomposition, which in turn elevated level of circulating free fatty acids (FFA) that increased fat
accumulation and impaired insulin signaling, leading to insulin resistance in liver and peripheral
tissues [69]. In skeletal muscle and adipose tissue, glucose uptake is stimulated mainly by GLUT4 [70].
Most of the GLUT4 (>90%) is restored in the pool of GLUT4, so the glucose uptake stimulated by insulin
is mainly through the recruitment of GLUT4 to the plasma membrane [71]. Phosphoinositide 3-kinase
(PI3K)/protein kinase B (AKT) pathway and the casitas B-lineage lymphoma (Cbl)/Rho-related
GTP-binding protein (TC10) pathway are known to be involved in the insulin-stimulated GLUT4
translocation [72]. Insulin-stimulated translocation of GLUT4 is widely reduced in most animal
and cellular models [73]. Cdc42 interacting protein-4 (CIP4) is involved in regulating cytoskeleton,
membrane trafficking via interacting with the GTP-bound Cdc42 and positively related to insulin
signalling and GLUT4 translocation through interacting with TC10. The in vitro study using 3T3
adipocytes suggests that insulin-stimulated GLUT4 translocation requires CIP4 protein via its
interaction with TC10. The exposure of rats to HFD resulted in decreases of CIP4 and TC10 mRNA
expression levels in the adipose tissue of rats [74].

Similarly, a research in endothelin-1 (ET-1) has emphasized the use of ET-1 treatment resulted in
heterologous desensitization of insulin signalling, defined as chronic ET-1-induced cellular insulin
resistance. Insulin receptor and ET-1 can promote the phosphorylation of the G protein αq/11-subunit
(Gαq/11) via activating G protein-coupled receptor kinase 2 (GRK2) and subsequently inhibits Cdc42.
Besides, GRK2 has already been proved to function as a negative regulator of insulin action [75].
Besides, anti-GRK2 antibody rescued this inhibitory effect [76]. Decline of Cdc42 activity and activated
GRK2 resulted in decreased activity of Gαq/11 and down-regulation of GLUT4 translocation, ended
up in inhibited insulin-stimulated glucose transportation and insulin desensitization. Thus, Gαq/11
participates in a pathway of insulin signalling to glucose transport via Cdc42 and PI3K [77,78].

Regulation of Cdc42 on Insulin Sensitivity in Liver Tissue

It is known that the occurrence of insulin resistance in liver tissue relies on the complicated
feedback from excessive insulin [79]. C-Jun N-terminal kinase (JNK) activity and the occurrence of
insulin resistance can be increased by obesity via increasing ER stress in hepatocytes [80], only JNK1
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has been demonstrated to play a crucial role in regulating insulin resistance that related to obesity [81].
P85 regulatory subunits of phosphoinositide 3-kinase (PI3K) is involved in regulating JNK [82], and act
as an upstream factor of Cdc42 through mediating Cdc42- mitogen-activated protein kinase 4 (MKK4)
pathway [83]. To be specific, the combination of p85 with activated forms of Cdc42 relies on the
joint between functional SH2 domains in the C terminus of p85 subunits and an intact N terminus of
Cdc42 [82]. Decreased levels of p85 subunits suppress insulin resistance induced by HFD [84]. Taken
together, we can draw a conclusion that JNK may be a center of the pathobiology of insulin resistance
in liver, and may affect insulin signalling through Cdc42-MKK4 pathway.

Different Regulation of Rac1 and Cdc42 in Skeleton Muscle

Cdc42 and F-actin remodelling are known to be indispensable in insulin-stimulated GLUT4 vesicle
translocation in skeletal muscle cells as a mean to evoke clearance of excess blood glucose [78,85].
Differring from the precise role of Cdc42 in adipose tissue, there is no firm evidence for the participation
of Cdc42 in insulin action in skeletal muscle, and it is very likely that Rac1 signals to PAK1 in skeleton
muscles [86,87]. Nevertheless, constitutively activated Cdc42, activator of PAK1 as well, was not
able to stimulate GLUT4 translocation the activation of PAK1, therefore PAK1 may not be sufficient
to menifest the induction of glucose uptake [88]. Although Cdc42, PAK-1, and Rac1 are known to
participate in numerous F-actin remodelling and secretory events, their ordered use in these events
can vary substantially. However, some researchers concluded contrary results from researches in
brain neuron cells. Their results suggested Rac1 as a negative regulator of neuronal glucose uptake
through regulating PAK2 activity, in contrast to its role in skeletal muscle [89]. Tissue-specific isoform
abundance and functional contributions of small GTPases might be responsible for the different
results obtained.

3.2. Cdc42 and Diabetic Nephropathy

DN is a complication associated with diabetes, and is characterized by persistent albuminuria,
progressive decline in glomerular filtration rate (GFR), hypertension and sclerosis. Pathological
changes including excessive deposition of extracellular matrix (ECM), thicken glomerular and
tubular basement membranes, and increased mesangial matrix lead to glomerular sclerosis and
tubulointerstitial fibrosis [90]. Inflammatory cytokines and tumor necrosis factor-alpha (TNF-α) are
related to the development and progression of DN [91]. In the case of DN, evidence below demonstrate
that Cdc42 controls diverse cellular functions including cell morphology, migration, endocytosis and
cell cycle progression. It is borne out that Cdc42 participates in the progress of DN, while we try to
discover whether Cdc42 play a role as a promoter or a suppressor under particular conditions and in
different parts of the kidney.

3.2.1. Cdc42 and Podocyte Injuries

Among the components of the glomerulus, podocytes are terminally differentiated and highly
specialized cells in the Bowman’s capsule in the kidney that wrap around the capillaries of the
glomerulus [92]. Podocytes play essential roles in the progression of DN and affect cytoskeletal actin
dynamics [93]. Structurally, podocytes form a cell body through primary and secondary foot processes.
The adjacent foot processes are connected by slit diaphragm proteins [94]. Injury to the function and
structure of podocytes can induce apoptosis of podocytes in vivo or in vitro exposing to HG conditions,
which can reduce the number of podocytes and damage normal cell morphology at the same time,
leading to glomerulosclerosis and eventually a large amount of proteinuria [95–97]. In recent decades,
many researchers consider Cdc42 as one of the factors which promote DN, especially takes part in
podocyte injuries via the disturbed function of Cdc42 in podocyte cytoskeleton.

A wide range of receptors and enzymes contribute to the formation of injuries in podocytes
through regulation of Cdc42. However, till now, part of the mechanism is still unexplored.
For example, transforming growth factor-β1 (TGF-β1) is closely related to Cdc42 in DN. Recently,
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studies showed that podocytes exposed to angiotensin II (Ang II) or TGF-β1 showed up a
substantial cytoskeletal rearrangement and significant loss of arch F-actin fibres in podocytes through
increasing the activity of Cdc42, and probably led to the instability of cytoskeleton in podocytes [98].
Some results manifested that Cdc42 is related to the destabilization of the actin cytoskeleton of
kidney podocyte, and probable pathways. Latest research showed that down-regulation of Slit-Robo
GTP activating protein 2a in podocytes would reduce the binding of Cdc42 with SLIT-ROBO
ρGTPase-activating protein 2a (SRGAP2a), suggesting that the role of SRGAP2a in stabilizing
podocyte cytoskeleton is likely through its interaction with Cdc42 [99]. Similarly, PI3K regulates
the activation of Cdc42 as well. Streptozotocin-induced proteinuric renal disease rats after treatment
with wortmannin, a specific inhibitor of PI3Ks, showing reno-protective effects of wortmannin and
restored Cdc42 in podocytes [100]. On the contrary, phosphatase and tensin homolog (PTEN) degrades
phosphatidylinositol (3,4,5)-triphosphate (PIP3) into phosphatidylinositol 4,5-bisphosphate (PIP2),
and this mechanism opposes the actions of PI3K [101]. Down-regulation of PTEN increases fibroblast
motility also through stimulation of Rac1 and Cdc42 activity [102]. In podocytes, there is evidence that
PIP3 induces actin polymerization by acting on signalling complexes mediated by PI3K [103].

Apart from actin cytoskeleton instability and rearrangement, some scientists suggest that Cdc42
affects the morphology and quantity of filopodia, also on cell migration. Ser71 phosphorylation of
Rac1/Cdc42 increases filopodial structures, cell motility, and migration [104]. Ichii et al. observed an
increase in phosphorylated Rac1/Cdc42 after indoxyl sulfate exposure in mouse podocytes results
in increased cytoskeletal dynamics and decreased adhesion of podocytes [105]. On the contrary,
Shen et al. found increases in the number and length of filopodia in podocytes, and demonstrated
that activated N-methyl-D-aspartate receptors (NMDARs) played a vital role in DN by reducing
Cdc42-GTP activation [106]. The elevated activation of Cdc42 results in a larger surface area and a
reduced migration in NR1-sh podocytes [106]. According to Ichii and Shen’s studies, they respectively
drew contrary conclusions on the role of Cdc42 in podocytes migration. This result may be due to
the different technique of experiments and experimental design. Besides, other researches manifested
that under the condition of hyperglycemia, remarkable oxidative stress response occurred in patients
with diabetes. HG stimulation can induce the formation of radical oxygen species (ROS) in podocytes,
leading to the apoptosis of podocyte [107]. In rat adipose-derived mesenchymal stem cells, the Cdc42
inhibitor decreased the levels of ROS, F-actin, but the activity of the ERK1/2 and JNK signalling
pathways that were all elevated in these cells. However, the connection between Cdc42 and ROS in
kidney podocytes is still elusive, with further experiments required.

Cdc42 in these cases acts as an anchor to maintain the shape and stability of the cell edge to
enhance adhesion. Thus, it is plausible for us to speculate that up-regulation of expression or activation
of Cdc42 may result in the decreased stabilization and rearrangement of the cytoskeleton, even decline
adhesion of podocyte foot processes in vivo. These pathologic changes above may, in turn, promote
the rise in proteinuria [108].

3.2.2. Cdc42 and Mesangial Cell Hypertension and Disrupted Directionality of Migration

Apart from podocyte, the glomerular mesangial cell also plays an essential role in DN as well. DN
is also characterized by glomerular mesangial cell hypertrophy. gene 33 (also called mitogen-inducible
gene-6, mig-6) is an immediate early gene that is rapidly induced by a heterologous array of mitogenic
and stressful stimuli [109]. Transcription of gene 33 is known to occur in response to insulin, growth
factors, and some other stresses [110]. Expression of active high-sensitivity Cdc42 (Cdc42 Hs) promotes
hypertrophy via activating the stress-activated protein kinase (SAPK) and p38 pathways, while the
functional significance of the Gene 33/Cdc42 interaction and recruiting of SAPKs by Cdc42Hs remains
unclear, therefore it is plausible to speculate that hypertrophy may occur due to sustained Gene
33-dependent SAPK pathway activation [109].

Other than hypertrophy, similar to podocytes, cytoskeleton of the glomerular mesangial cell may
be disturbed as well. Cdc42 has been shown to play a role in cell motility and migration [111]. Cdc42
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is active towards the front end of migrating cells; inhibition or global activation of Cdc42 results in
disrupted directionality of migration [112]. In human mesangial cells with co-treatment of TGF-β and
connective tissue growth factor (CCN2/CTGF), showed an increase in Cdc42 activation and Cdc42
effector kinases Pak1/2, but a decrease in migration, which increased in treatment with a single factor
on the contrary [113,114].

3.2.3. Cdc42 and Glomerulosclerosis

Recent studies have indicated that in vivo podocyte-specific deletion of Cdc42 leads to congenital
nephrotic syndrome and glomerulosclerosis [115]. MicroRNAs are dysregulated in diabetic
nephropathy as well, but the identification of specific microRNAs involved remains insufficient [116].
Some Ras signalling-related genes (e.g., Cdc42 and Rap1a/b) decreased significantly in miR-25
antagomir-treated mice. It is also further demonstrated that the overexpression of miR-25 in diabetic
mice could even reverse these gene alterations [117].

3.2.4. Cdc42 and Tubulointerstitial Fibrosis

The presence of progressive tubulointerstitial fibrosis implied an unalterable fate, linking to the
final stage of renal failure. Epithelial-to-mesenchymal transition (EMT) plays a significant role in
chronic kidney fibrosis as well as cancer progression [118]. During progressive tubulointerstitial
fibrosis, renal tubular epithelial cells transform into α-smooth muscle actin (SMA)-expressing
myofibroblasts via EMT. In LLC-PK1 cells, TGF-β1 regulates the SMA expression. Cdc42 activates SMA
promoters. Kidneys of diabetic rats are depicted significant increase of SMA, suggesting that Cdc42
regulates EMT and renal fibrosis via SMA [119]. Similarly, Yu et al. studied the positive effect of TGF-β1
on CIP4 via PI3K/AKT pathway in renal tubular EMT. CIP4 was also increased in an experiment of
renal interstitial fibrosis [120]. CIP4 can directly promote the phosphorylation of multiple signalling
molecules, owing to its tyrosine protein kinase activity [121]. In return, CIP4 may further participate in
TGF-β1 induced EMT [122]. Therefore, it is plausible to speculate that the microenvironment changes,
mediated by higher expression of signalling molecule TGF-β1, result in renal tubular EMT and more
severe tubular interstitial fibrosis [123,124].

Cdc42 plays an indispensable role in pathological changes of DN. The most noteworthy part is in
podocyte injuries. On account of the ability to control cytoskeleton, dysregulation of Cdc42 is related
to the morphology of podocyte filopodia and process. In podocytes, receptors and enzymes involved
(e.g., TGF-β, SRGAP2a, and PTEN) are the primary influence factors of Cdc42. Apart from that, Cdc42
participates in the regulation of hypertrophy and migratory capacity of glomerular mesangial cells.
Furthermore, Cdc42 might take part in the glomerulosclerosis tubular interstitial fibrosis. Some of the
upstream factors and the level of Cdc42 activation may be used as a specific marker for DN progress,
providing new methods for clinical treatments. However, some of the mechanisms remain unclear and
require further experimental exploration.

3.3. Cdc42 and Cancer Under Hyperglycemia

Results from earlier studies demonstrate a strong and consistent association between diabetes
and an increasing risk of various types of cancer and the mortality rate of cancer patients [125,126].
The relationship of diabetes and cancers has attracted more attention in recent decades due to the
sharp rise in the number of people with diabetes worldwide and current findings, suggesting that
some anti-diabetes treatments appear to reduce cancer risk [126,127]. As demonstrated above, Cdc42
involves in the pathomechanism of diabetes, here we try to figure out whether Cdc42 relates to cancers
under hyperglycemic condition.

3.3.1. Cdc42 and Cancer Cell Growth and Survival under Hyperglycemia

HG conditions significantly increases the proliferation of breast cancer cells (e.g., MDA-MB-231,
SKBR3 and MCF-7 cells) compared to low glucose condition [126]. The promotion of cancer cell
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proliferation may be due to activating the mitogenic signalling by modulating epidermal growth
factor receptor (EGFR) activation through Cbl and GTPases Cdc42 [128]. In detail, Cbl proteins
catalyze the degradation of EGFR [129]. Cdc42 blocks this course and influences EGFR activation
through or independent of Cool/βPix proteins, which are GEFs for Rho family GTPase [128,130].
Increased glucose metabolism is one of the characteristics of proliferative cancer cells. In human
acute myeloid leukemia (AML), transformation by mutant CBL depends on functional expression
of Cdc42 and increased glucose metabolism. Phosphorylation on CBL increases the recruitment
of nucleotide exchange factors [131], including a guanine nucleotide exchange factor for Rac and
Cdc42 [132]. Upregulated Vav1 increases Cdc42 activation and cell growth. Because small GTPases are
target proteins of these nucleotide exchange factors and have been implicated in contributing to cell
growth [133].

Apart from hyperglycemia, hyperinsulinemia can also be found in diabetes patients. Insulin
shows pleiotropic effect. It not only regulates the metabolic processes of many cells but can also regulate
cell growth and differentiation [134]. Human insulin increases the level of miR-29a in ER-positive
breast cancer cells (e.g., MCF-7 cell and T47D cell) [135], and the expression of miR-29a was elevated
under hyperglycemic condition, altogether triggering ERK phosphorylation (mainly contributing
to the proliferation), Cdc42 downregulation and MAPK pathway inactivation [135]. The effect of
activating ERK outstrips the impact of suppressing MAPK pathway and ultimately promotes breast
cancer cell proliferation. This mechanism may explain the proliferative behaviour caused by high
insulin in MCF-7 cells and T47D cells.

Cdc42 not only participates in cancer cell growth but also survival under particular circumstances.
Recently, involvement of Cdc42 in Burkitt lymphoma cells resistance to ascorbate-induced cytotoxicity
was discovered. Evidence showed that Cdc42 promoted survival of Burkitt lymphoma cells through
regulating major histocompatibility complex (MHC) and myosin light chain (MLC) [136].

3.3.2. Cdc42 and Cancer Cell Invasion under Hyperglycemia

Despite the abundant study of Cdc42 in cancer cell proliferation, surprisingly little is known about
the relationship between Cdc42 and cancer cell invasion under HG condition. According to Warburg’s
effect, cancer cells need high glucose levels for their metabolism. In these cells ATP is produced during
glycolysis, therefore higher amounts of glucose are necessary. On this basis, some key factors, such as
glucose transport carriers, glycolytic and glutamine pathways are suggested playing a significant role in
this change [137]. It is demonstrated that hyperglycemia promotes invasion and cancer stem cell (CSC)
activity through miR-424-Cdc42-prdm14 signalling axis in MDA-MB-231 cells [138]. In hyperglycemia,
impaired inhibitory regulation of miR-424 on Cdc42 leads to the activation of prdm14 (PR-domain
containing 14) which maintains pluripotency and represses differentiation [138,139].

3.3.3. Cdc42 and Cancer Cell Migration and Metastasis under Hyperglycemia

Diabetes can be generally characterized by hyperglycemia. However, in long-term treatment
of diabetes, hyperglycemia is a relatively common reaction and one of the emergencies especially in
the use of insulin, which acts as hypoglycemic factor [140]. There are relatively few studies in the
area of cancer under hypoglycemia. For example, a recent study found that, in human colon cancers,
MYC-nick promotes migration and survival of DLD1 and HCT116 in response to withdrawal of glucose.
At great length, MYC-nick promoted a sustained activation of Cdc42 and increased fascin expression
to induce filopodia formation and to drive migration and metastasis in DLD1 and HCT116 [141].

Taking as a whole, evidence indicates that activation of Cdc42 participates in the progression of
cancer cell proliferation, survival, invasion, and migration under hyperglycemic condition (Table 2).
However, the role of Cdc42 in cancer-related to diabetes or high glucose condition is still partly unclear
and remains to be discovered with further study.
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Table 2. Cdc42 and diabetes-associated disease.

Diabetes-Associated Diseases Cell Lines/Tissues Signalling Pathways Promoter/Suppressor References

IR

Insulin secretion MIN6, human islets Cdc42/PAK-1 Suppressor [41,65]

Adipose tissue male Sprague-Dawley rats CAP/Cbl/TC10/CIP4 Suppressor [74]

Liver
3T3-L1 adipocytes ET-1/Cdc42/Gαq/11s Suppressor [76]

CV1, HeLa PI3K/Cdc42/MKK4/JNK Promotor [83]

DN

Podocytes injury

immortalized mouse
podocytes Ang II or TGF-β1/Cdc42 Promotor [98]

podocytes of DN patients
specimens

Binding of Cdc42 with
SRGAP2a Promotor [99]

SD rats Wortmannin/PI3K/Cdc42 Suppressor [100]

male Sprague-Dawley rats Nephrin/PTEN/PIP3/Cdc42 Promotor [103]

Podocytes migration C57BL/6, FVB/N mice phosphorylated Rac1/Cdc42 Promotor [105]

C57BL/6J, db/db mice,
db/dm mice NMDARs/Cdc42 Suppressor [106]

Mesangial cell injury

human embryonic kidney
293 cells, A549, rat renal
mesangial cells

Gene 33/Cdc42/SAPK/p38 Promotor [109]

HMCs TGF-β, CCN2/Cdc42/PAK Suppressor [113,114]

Glomerulosclerosis
Tubular fibrosis

db/db mice miR-25/Cdc42 Suppressor [115,117]

LLC-PK1 Cdc42/SMA promoters Promotor [119]

SD rats TGF-β/PI3K/AKT/CIP4 Promotor [122]

Cancer

Cancer cell growth
and survival

MDA-MB-231, SKBR3,
MCF-7 HG/Cdc42/Cbl/EGFR Promotor [128]

Baf3 CBL/Vav1/Cdc42 Promotor [131]

MCF-7, T47D miR-29a/Cdc42 Suppressor [135]

JLPs/JLPR Burkitt
lymphoma cells Cdc42/MHC, MLC Promotor [136]

Cancer cell invasion MDA-MB-231 miR-424-Cdc42-prdm14 Promotor [138]

Cancer cell metastasis DLD1 and HCT116 MYC-nick/Cdc42 Promotor [141]

Abbreviations: CAP: Cbl-associated protein; Cbl: casitas b-lineage lymphoma; Tc10: Rho-related GTP-binding
protein; CIP4: Cdc42 interacting protein-4; ET-1: endothelin-1; Gαq/11: G protein αq/11-subunit; JNK: c-Jun
N-terminal kinase; PI3K: phosphoinositide 3-kinase; MKK4: mitogen-activated protein kinase kinase 4; TGF-β1:
transforming growth factor-β1; CCN2/CTGF: connective tissue growth factor; Ang II: angiotensin II; SRGAP2a:
SLIT-ROBO ρGTPase-activating protein 2a; PTEN: phosphatase and tensin homolog; PIP3: phosphatidylinositol
(3,4,5)-triphosphate; NMDARs: N-methyl-D-aspartate receptors; SAPK: stress-activated protein kinase; HMC:
human mesangial cells; SMA: smooth muscle actin; HG: high glucose; EGFR: epidermal growth factor receptor;
CBL: casitas B-lineage lymphoma; MHC: major histocompatibility complex; MLC: myosin light chain; prdm14:
PR-domain containing 14.

4. Conclusions and Future Perspectives

Diabetes is a global public health concern. Diabetes is characterized by multiple mutagenic events
that affect the secretion and sensitivity of insulin. Moreover, diabetes is known to be associated with
various diseases in different tissues and organs, including kidney, skeleton muscle, eyes, lung, heart,
liver, and even brain [142–148]. The protein Cdc42 is a member of the Rho family of small GTPases.
Cdc42 controls signal-transduction pathways that lead to rearrangement of the cell cytoskeleton, cell
differentiation and cell proliferation by binding to downstream effector proteins [149–151]. These
functions of Cdc42 are associated with diabetes (Table 1). In this review, we suggest that Cdc42 also
regulates diabetes-associated diseases such as IR, DN and different types of cancers (Table 2, Figure 2).
IR is one of the well-studied features of metabolic syndrome that may be influenced by many risk
factors [152]. The chronic inflammation in the adipose tissue or liver, mainly during obesity, has
been linked to insulin sensitivity [153]. Furthermore, adipose tissue insulin resistance is one of the
pathophysiological components of type 2 diabetes [154]. On the contrary, correlation of Cdc42 and IR in
some tissues (such as skeleton muscles and neuron cells) remains unclear and shows significant variety
in our review [86,87]. DN is one of the common compilations of diabetes. Studies have demonstrated
the relationship between diabetes and kidney disease secondary to it [155,156]. Inflammatory cytokines
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and tumour necrosis factor-alpha is related to the development and progression of DN [91]. In this
review, we show an intimate association between Cdc42 and renal damages (Table 2). Cdc42 is
implicated in multiple human cancers and epithelial to mesenchymal transition, via regulating various
signalling pathways [157–159]. There is now a sufficient level of evidence for the association between
diabetes and cancers as well [160,161]. Besides, T2DM may act as a predictor of survival among breast
cancer patients [162]. Despite the fact that Cdc42 is highly discussed in diabetes as well as in cancers,
researches aiming at Cdc42 and cancers under HG condition were limited. Therefore, we try to figure
out whether there is a connection between diabetes and cancer by Cdc42 through summarizing the
evidence we collected. However, a large portion of the mechanisms remains unclear and may require
further experimental exploration.
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Figure 2. Cdc42 and diabetes associated diseases. This figure depicts the signaling pathways that Cdc42
may impact diabetes associated diseases including insulin resistance, diabetic nephropathy and diabetic
cancer. Arrows in purple point to downstream factors, and arrows in red refer to regulation of them.
The up (down) arrow in red indicates that the corresponding factor is up-regulated (down-regulated).

In the current review, we summarized new evidence of the role of Cdc42 in diabetes, IR,
DN, and cancer, in the hope of providing the basis for clinical diagnosis and therapy of DM and
other diabetes-associated diseases. We demonstrate the interaction among Cdc42, diabetes and
diabetes-associated disease (Tables 1 and 2).
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Cdc42 can affect insulin secretion via (a) promoting the proliferation of β cells by regulating
PAK-1 and CyclinD1; (b) controlling the insulin granule mobilization and the exocytosis of insulin
granules through signaling pathway such as: Raf-1/MEK/ERK, TOCA/Cdc42/PAR/WAVE and
Cdc42-PAK-1-Rac, and proteins such as N-WASP and Arp2/3; (c) separation and binding of the
t-SNARE all related to activated Cdc42; (d) SG recruitment.
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Cdc42 impairs the insulin secretion and promotes IR via suppressing the activity of PAK-1. Cdc42
can affect IR in adipose tissue by (a) interaction of CIP4 with TC10; (b) Gαq/11 participating in
Cdc42 and PI3K to mediate insulin signalling to glucose transport. Cdc42 can affect IR in the liver
by being activated by PI3K and regulating insulin sensitivity through MKK4. Cdc42 suppresses
IR in skeleton muscles by regulating F-actin and cytoskeleton to transport GLUT4.
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Cdc42 regulates the pathogenesis of DN by (a) promoting podocyte injury through interacting
with some receptors and enzymes (such as TGF-β, SRGAP2a, PI3K, PTEN, and NMDARs);
(b) protecting podocyte via restoring in SD rats; (c) regulating hypertrophy and migratory capacity
of glomerular mesangial cell; (d) participating in glomerulosclerosis tubular interstitial fibrosis.
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researches aiming at Cdc42 and cancers under HG condition were limited. Therefore, we try to 

figure out whether there is a connection between diabetes and cancer by Cdc42 through 

summarizing the evidence we collected. However, a large portion of the mechanisms remains 

unclear and may require further experimental exploration. 

 

Figure 2. Cdc42 and diabetes associated diseases. This figure depicts the signaling pathways that 

Cdc42 may impact diabetes associated diseases including insulin resistance, diabetic nephropathy 

and diabetic cancer. Arrows in purple point to downstream factors, and arrows in red refer to 

regulation of them. The up (down) arrow in red indicates that the corresponding factor is 

up-regulated (down-regulated). 

In the current review, we summarized new evidence of the role of Cdc42 in diabetes, IR, DN, 

and cancer, in the hope of providing the basis for clinical diagnosis and therapy of DM and other 

diabetes-associated diseases. We demonstrate the interaction among Cdc42, diabetes and 

diabetes-associated disease (Tables 1 and 2). 

 Cdc42 can affect insulin secretion via (a) promoting the proliferation of β cells by regulating 

PAK-1 and CyclinD1; (b) controlling the insulin granule mobilization and the exocytosis of 

insulin granules through signaling pathway such as: Raf-1/MEK/ERK, 

TOCA/Cdc42/PAR/WAVE and Cdc42-PAK-1-Rac, and proteins such as N-WASP and Arp2/3; 

(c) separation and binding of the t-SNARE all related to activated Cdc42; (d) SG recruitment. 

 Cdc42 impairs the insulin secretion and promotes IR via suppressing the activity of PAK-1. 

Cdc42 can affect IR in adipose tissue by (a) interaction of CIP4 with TC10; (b) Gαq/11 

participating in Cdc42 and PI3K to mediate insulin signalling to glucose transport. Cdc42 can 

affect IR in the liver by being activated by PI3K and regulating insulin sensitivity through 

MKK4. Cdc42 suppresses IR in skeleton muscles by regulating F-actin and cytoskeleton to 

transport GLUT4. 

Cdc42 regulates cancer cell proliferation under HG condition by (a) activating Cbl and EGFR
in MDA-MB-231, SKBR3, MCF-7; (b) interacting with Vav1 in Baf3 or with miR-29a in MCF-7.
Cdc42 regulates cancer cell invasion in hyperglycemia by promoting CSC activity through
miR-424-Cdc42-prdm14 signalling axis in MDA-MB-231. Cdc42 regulates cancer cell metastasis
by increasing fascin expression to induce filopodia formation in DLD1 and HCT116.

Overall, large and growing body of literature has investigated a causal relationship between
activated Cdc42 and the physiological function of the pancreatic β cells. It has been conclusively
shown that Cdc42 acts as a promoter in the secretion of insulin. Apart from that, probably due to the
tissue specificity, Cdc42 plays different or even opposite roles in some diabetes-associated diseases.
Thus, substantial opportunity exists for further studies to define how Cdc42 participates in progress
associated with diabetes (such as IR in skeleton muscle, the damage of epithelia of renal tubules in
kidney, or the metastasis and autophagy of cancer cells under HG condition). Other than diseases we
discussed above, Cdc42 is linked to diabetic cardiomyopathy as well, and acts as a critical downstream
factor of miR-30c [163]. Furthermore, we suggest detecting the expression level and activation of Cdc42
in β cell and other tissues will be of significant diagnostic and potential therapeutic value, for Cdc42 is
considered linked to the pathogenesis, progression, and complications of diabetes.

For the moment, a systematic understanding of how Cdc42 contributes to therapies of diabetes
is still lacking. It is, therefore, essential to further characterize the mechanisms of regulated Cdc42
function in diabetes pathogenesis and identify targeted approaches that synergize or supplement
traditional therapies. Insulin has been widely used to treat diabetes in the past many years, but insulin
increases the risk of overall, pancreatic, and colorectal cancer [164]. Up to now, there is a notable
paucity of high-quality research focusing specifically on drugs treating diabetes. TNBC is manifested
as ER-negative, progesterone receptor (PR)-negative, and HER2-negative, and lacks specific clinical
therapeutic guidelines [165]. Luckily, the antidiabetic drug metformin, which has been reported to
inhibit breast cancer cell proliferation and migration by significantly downregulating Cdc42 expression,
acts as a potential anti-cancer therapy to treat TNBC [166,167]. When treated with metformin,
an increased level of AMP activates AMP-activated protein kinase (AMPK), which inhibits the
mammalian target of rapamycin (mTOR) expression to suppress tumor progression, metformin exhibits
anti-cancer activity via this AMPK signaling pathway [168]. However, metformin-mediated Cdc42
downregulation does not require this typical AMPK signaling pathway. Conversely, AMPK signaling
pathway upregulates Cdc42 expression [169]. Downregulation of Cdc42, induced by metformin, is
partially due to transcription factors such as deoxynucleotidyltransferase terminal-interacting protein
2 (DNTTIP2), transcription elongation factor B polypeptide 2 (TCEB2), and 14-3-3 protein beta/alpha
(YWHAB). [169]. In recent years, many researchers concentrate on Chines medical therapy. Lately,
a study on the effect of Chinese herb on T2DM demonstrated that Yi-Qi-Yang-Yin-Hua-Tan-Qu-Yu
(YQYYHTQY) recipe showed therapy effect on T2DM. Cdc42 and RhoA proteins were the therapy
targets of YQYYHTQY recipe [170]. The growing field of Cdc42 thus seems poised to provide new
insights into both pathological basis and drug designing. Strategies target on Cdc42 and its downstream
factors activities during the progression of diabetes, and diabetes-associated diseases could have
therapeutic potential. As such, further analysis of the relationship between Cdc42 and diabetes
diagnosis, targeted treatment, prognosis, and therapeutic response may uncover important new roles
of Cdc42, with possible clinical value. Through this review, we hope to provide a theoretical basis
for Cdc42 to be designed as drug-target, and treatment targeting Cdc42 may be one of the effective
treatments for patients with diabetes and associated diseases.
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Abbreviations

AKT Protein kinase B
AML Human acute myeloid leukemia
Ang II Angiotensin II
Arf ADP-ribosylation
CAP Cbl-associated protein
Cav-1 Caveolin-1
CBL Casitas B-lineage lymphoma
CCN2/CTGF Connective tissue growth factor
Cdc42 Cell division cycle 42
Cdc42 Hs High-sensitivity Cdc42
CIP4 Cdc42 interacting protein-4
CSC Cancer stem cell
CysLT1R Cysteinyl-leukotrienes receptor 1
DM Diabetes mellitus
DN Diabetic nephropathy
ECM Extracellular matrix
EGFR Epidermal growth factor receptor
ERK Extracellula regulated protein kinases
GDI GDP-dissociation inhibitor
GDM Gestational diabetes mellitus
GEF Guanine nucleotide exchange factor
GFR Glomerular filtration rate
GGPP Geranylgeranyl pyrophosphate
GGPPS Geranylgeranyl pyrophosphate synthase
GGTases-1 Geranylgeranyltransferase-1
GLUT Glucose transporter
GRK2 G protein-coupled receptor kinase 2
GSIS Glucose-stimulated induced insulin secretion
Gαq/11 G protein αq/11-subunit
HFD High-fat diet
IQGAP1 IQ domain GTPase-activating protein 1
IR Insulin resistance
JNK C-Jun N-terminal kinase
MEK Mitogen-activated protein kinase
MHC Major histocompatibility complex
MKK4 Cdc42- mitogen-activated protein kinase 4
MLC Myosin light chain
NMDARs N-methyl-D-aspartate receptors
NOX4 NADPH oxidase 4
N-WASP Neuronal Wiskott-Aldrich syndrome protein
PAK-1 p21-activated kinase 1
PI3K Phosphoinositide 3-kinase
PIP2 Phosphatidylinositol 4,5-bisphosphate
PIP3 Phosphatidylinositol (3,4,5)-triphosphate
prdm14 PR-domain containing 14
PTEN Phosphatase and tensin homolog
Raf-1 Rapidly accelerated fibrosarcoma-1
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ROS Radical oxygen species
SAD-A Synapses of amphids defective
SAPK Stress-activated protein kinase
SG Secretory granule
SMA α-smooth muscle actin
SNAR Soluble N-ethylmaleimide-sensitive protein receptor
SRGAP2a SLIT-ROBO ρGTPase-activating protein 2a
T1DM Type 1 diabetes mellitus
T2DM Type 2 diabetes mellitus
TC10 Rho-related GTP-binding protein
TGF-β1 Transforming growth factor-β1
TOCA The transducer of Cdc42 dependent actin assembly
WAVE WASP-family verprolin homologous protein

References

1. Kaveeshwar, S.A.; Cornwall, J. The current state of diabetes mellitus in India. Australas. Med. J. 2014, 7,
45–48. [CrossRef] [PubMed]

2. Bailey, C.J.; Marx, N. Cardiovascular protection in type 2 diabetes: Insights from recent outcome trials.
Diabetes Obes. Metab. 2018, 21, 3–14. [CrossRef] [PubMed]

3. Sonne, D.P.; Hemmingsen, B. Comment on American Diabetes Association. Standards of Medical Care
in Diabetes-2017. Diabetes Care 2017; 40(Suppl. 1): S1–S135. Diabetes Care 2017, 40, e92–e93. [CrossRef]
[PubMed]

4. Ogurtsova, K.; da Rocha Fernandes, J.D.; Huang, Y.; Linnenkamp, U.; Guariguata, L.; Cho, N.H.; Cavan, D.;
Shaw, J.E.; Makaroff, L.E. IDF Diabetes Atlas: Global estimates for the prevalence of diabetes for 2015 and
2040. Diabetes Res. Clin. Pract. 2017, 128, 40–50. [CrossRef] [PubMed]

5. Hu, C.; Jia, W. Diabetes in China: Epidemiology and genetic risk factors and their clinical utility in
personalized medication. Diabetes 2018, 67, 3–11. [CrossRef] [PubMed]

6. Raghunathan, K. History of diabetes from remote to recent times. Bull. Indian Inst. Hist. Med. Hyderabad
1976, 6, 167–182.

7. Atkinson, M.A.; Eisenbarth, G.S.; Michels, A.W. Type 1 diabetes. Lancet 2014, 383, 69–82. [CrossRef]
8. Cerf, M.E. Beta cell dysfunction and insulin resistance. Front. Endocrinol. (Lausanne) 2013, 4, 37. [CrossRef]
9. Stevers, M.; Rabban, J.T.; Garg, K.; Van Ziffle, J.; Onodera, C.; Grenert, J.P.; Yeh, I.; Bastian, B.C.; Zaloudek, C.;

Solomon, D.A. Well-differentiated papillary mesothelioma of the peritoneum is genetically defined by
mutually exclusive mutations in TRAF7 and CDC42. Mod. Pathol. 2018. [CrossRef]

10. Melendez, J.; Grogg, M.; Zheng, Y. Signaling role of Cdc42 in regulating mammalian physiology. J. Biol. Chem.
2011, 286, 2375–2381. [CrossRef]

11. Peurois, F.; Veyron, S.; Ferrandez, Y.; Ladid, I.; Benabdi, S.; Zeghouf, M.; Peyroche, G.; Cherfils, J.
Characterization of the activation of small GTPases by their GEFs on membranes using artificial membrane
tethering. Biochem. J. 2017, 474, 1259–1272. [CrossRef] [PubMed]

12. Kowluru, A. Small G proteins in islet beta-cell function. Endocr. Rev. 2010, 31, 52–78. [CrossRef] [PubMed]
13. Kowluru, A. Role of G-proteins in islet function in health and diabetes. Diabetes Obes. Metab. 2017, 19

(Suppl. 1), 63–75. [CrossRef] [PubMed]
14. Kesavan, G.; Lieven, O.; Mamidi, A.; Ohlin, Z.L.; Johansson, J.K.; Li, W.C.; Lommel, S.; Greiner, T.U.; Semb, H.

Cdc42/N-WASP signaling links actin dynamics to pancreatic beta cell delamination and differentiation.
Development 2014, 141, 685–696. [CrossRef] [PubMed]

15. Cook, D.L.; Hales, C.N. Intracellular ATP directly blocks K+ channels in pancreatic B-cells. Nature 1984, 311,
271–273. [CrossRef] [PubMed]

16. Ashcroft, F.M.; Rorsman, P.; Trube, G. Single calcium channel activity in mouse pancreatic beta-cells.
Ann. N. Y. Acad. Sci. 1989, 560, 410–412. [CrossRef]

17. Rorsman, P.; Braun, M. Regulation of insulin secretion in human pancreatic islets. Annu. Rev. Physiol. 2013,
75, 155–179. [CrossRef]

http://dx.doi.org/10.4066/AMJ.2014.1979
http://www.ncbi.nlm.nih.gov/pubmed/24567766
http://dx.doi.org/10.1111/dom.13492
http://www.ncbi.nlm.nih.gov/pubmed/30091169
http://dx.doi.org/10.2337/dc17-0299
http://www.ncbi.nlm.nih.gov/pubmed/28637892
http://dx.doi.org/10.1016/j.diabres.2017.03.024
http://www.ncbi.nlm.nih.gov/pubmed/28437734
http://dx.doi.org/10.2337/dbi17-0013
http://www.ncbi.nlm.nih.gov/pubmed/29263166
http://dx.doi.org/10.1016/S0140-6736(13)60591-7
http://dx.doi.org/10.3389/fendo.2013.00037
http://dx.doi.org/10.1038/s41379-018-0127-2
http://dx.doi.org/10.1074/jbc.R110.200329
http://dx.doi.org/10.1042/BCJ20170015
http://www.ncbi.nlm.nih.gov/pubmed/28196833
http://dx.doi.org/10.1210/er.2009-0022
http://www.ncbi.nlm.nih.gov/pubmed/19890090
http://dx.doi.org/10.1111/dom.13011
http://www.ncbi.nlm.nih.gov/pubmed/28880478
http://dx.doi.org/10.1242/dev.100297
http://www.ncbi.nlm.nih.gov/pubmed/24449844
http://dx.doi.org/10.1038/311271a0
http://www.ncbi.nlm.nih.gov/pubmed/6090930
http://dx.doi.org/10.1111/j.1749-6632.1989.tb24123.x
http://dx.doi.org/10.1146/annurev-physiol-030212-183754


Int. J. Mol. Sci. 2019, 20, 179 16 of 23

18. Li, Y.; Wang, Z.; Li, Y.; Jing, R. MicroRNA-29a functions as a potential tumor suppressor through directly
targeting CDC42 in non-small cell lung cancer. Oncol. Lett. 2017, 13, 3896–3904. [CrossRef]

19. Veluthakal, R.; Kaetzel, D.; Kowluru, A. Nm23-H1 regulates glucose-stimulated insulin secretion in pancreatic
beta-cells via Arf6-Rac1 signaling axis. Cell. Physiol. Biochem. 2013, 32, 533–541. [CrossRef]

20. Kepner, E.M.; Yoder, S.M.; Oh, E.; Kalwat, M.A.; Wang, Z.; Quilliam, L.A.; Thurmond, D.C. Cool-1/betaPIX
functions as a guanine nucleotide exchange factor in the cycling of Cdc42 to regulate insulin secretion. Am. J.
Physiol. Endocrinol. Metab. 2011, 301, E1072–E1080. [CrossRef]

21. Jiang, S.; Shen, D.; Jia, W.J.; Han, X.; Shen, N.; Tao, W.; Gao, X.; Xue, B.; Li, C.J. GGPPS-mediated Rab27A
geranylgeranylation regulates beta cell dysfunction during type 2 diabetes development by affecting insulin
granule docked pool formation. J. Pathol. 2016, 238, 109–119. [CrossRef] [PubMed]

22. Bendezu, F.O.; Vincenzetti, V.; Vavylonis, D.; Wyss, R.; Vogel, H.; Martin, S.G. Spontaneous Cdc42
polarization independent of GDI-mediated extraction and actin-based trafficking. PLoS Biol. 2015, 13,
e1002097. [CrossRef] [PubMed]

23. Uenishi, E.; Shibasaki, T.; Takahashi, H.; Seki, C.; Hamaguchi, H.; Yasuda, T.; Tatebe, M.; Oiso, Y.;
Takenawa, T.; Seino, S. Actin dynamics regulated by the balance of neuronal Wiskott-Aldrich syndrome
protein (N-WASP) and cofilin activities determines the biphasic response of glucose-induced insulin secretion.
J. Biol. Chem. 2013, 288, 25851–25864. [CrossRef] [PubMed]

24. Patel, T.P.; Rawal, K.; Bagchi, A.K.; Akolkar, G.; Bernardes, N.; Dias Dda, S.; Gupta, S.; Singal, P.K. Insulin
resistance: An additional risk factor in the pathogenesis of cardiovascular disease in type 2 diabetes.
Heart Fail. Rev. 2016, 21, 11–23. [CrossRef] [PubMed]

25. Mabhida, S.E.; Dludla, P.V.; Johnson, R.; Ndlovu, M.; Louw, J.; Opoku, A.R.; Mosa, R.A. Protective effect
of triterpenes against diabetes-induced beta-cell damage: An overview of in vitro and in vivo studies.
Pharmacol. Res. 2018, 137, 179–192. [CrossRef] [PubMed]

26. Kim, H.; Dusabimana, T.; Kim, S.R.; Je, J.; Jeong, K.; Kang, M.C.; Cho, K.M.; Kim, H.J.; Park, S.W.
Supplementation of abelmoschus manihot ameliorates diabetic nephropathy and hepatic steatosis by
activating autophagy in mice. Nutrients 2018, 10, 1703. [CrossRef]

27. Iarrobino, N.A.; Gill, B.S.; Bernard, M.; Klement, R.J.; Werner-Wasik, M.; Champ, C.E. The impact of serum
glucose, anti-diabetic agents, and statin usage in non-small cell lung cancer patients treated with definitive
chemoradiation. Front. Oncol. 2018, 8, 281. [CrossRef]

28. Li, M.; Cao, J.; He, Y.; Zhou, Z.; He, X.; Zhang, Q.Q.; Wang, L.J.; Qi, C.L. Generation and biological
characteristics of a mouse model of breast cancer that copresents with diabetes mellitus. Anat. Rec. (Hoboken)
2018. [CrossRef]

29. Liao, Y.F.; Yin, S.; Chen, Z.Q.; Li, F.; Zhao, B. High glucose promotes tumor cell proliferation and migration
in lung adenocarcinoma via the RAGENOXs pathway. Mol. Med. Rep. 2018, 17, 8536–8541. [CrossRef]

30. Fichna, M.; Fichna, P. Glucocorticoids and beta-cell function. Endokrynol. Pol. 2017, 68, 568–573. [CrossRef]
31. Sebastiani, G.; Guarino, E.; Grieco, G.E.; Formichi, C.; Delli Poggi, C.; Ceccarelli, E.; Dotta, F. Circulating

microRNA (miRNA) expression profiling in plasma of patients with gestational diabetes mellitus reveals
upregulation of miRNA miR-330-3p. Front. Endocrinol. (Lausanne) 2017, 8, 345. [CrossRef] [PubMed]

32. Ahn, M.; Yoder, S.M.; Wang, Z.; Oh, E.; Ramalingam, L.; Tunduguru, R.; Thurmond, D.C. The p21-activated
kinase (PAK1) is involved in diet-induced beta cell mass expansion and survival in mice and human islets.
Diabetologia 2016, 59, 2145–2155. [CrossRef] [PubMed]

33. Lee, S.H.; Demeterco, C.; Geron, I.; Abrahamsson, A.; Levine, F.; Itkin-Ansari, P. Islet specific Wnt activation
in human type II diabetes. Exp. Diabetes Res. 2008, 2008, 728763. [CrossRef]

34. Tokarz, V.L.; MacDonald, P.E.; Klip, A. The cell biology of systemic insulin function. J. Cell Biol. 2018, 217,
2273–2289. [CrossRef]

35. Yoder, S.M.; Dineen, S.L.; Wang, Z.; Thurmond, D.C. YES, a Src family kinase, is a proximal glucose-specific
activator of cell division cycle control protein 42 (Cdc42) in pancreatic islet beta cells. J. Biol. Chem. 2014, 289,
11476–11487. [CrossRef] [PubMed]

36. Kalwat, M.A.; Yoder, S.M.; Wang, Z.; Thurmond, D.C. A p21-activated kinase (PAK1) signaling cascade
coordinately regulates F-actin remodeling and insulin granule exocytosis in pancreatic beta cells. Biochem.
Pharmacol. 2013, 85, 808–816. [CrossRef] [PubMed]

37. Takahashi, N.; Hatakeyama, H.; Okado, H.; Noguchi, J.; Ohno, M.; Kasai, H. SNARE conformational changes
that prepare vesicles for exocytosis. Cell Metab. 2010, 12, 19–29. [CrossRef]

http://dx.doi.org/10.3892/ol.2017.5888
http://dx.doi.org/10.1159/000354457
http://dx.doi.org/10.1152/ajpendo.00312.2011
http://dx.doi.org/10.1002/path.4652
http://www.ncbi.nlm.nih.gov/pubmed/26434932
http://dx.doi.org/10.1371/journal.pbio.1002097
http://www.ncbi.nlm.nih.gov/pubmed/25837586
http://dx.doi.org/10.1074/jbc.M113.464420
http://www.ncbi.nlm.nih.gov/pubmed/23867458
http://dx.doi.org/10.1007/s10741-015-9515-6
http://www.ncbi.nlm.nih.gov/pubmed/26542377
http://dx.doi.org/10.1016/j.phrs.2018.10.004
http://www.ncbi.nlm.nih.gov/pubmed/30315968
http://dx.doi.org/10.3390/nu10111703
http://dx.doi.org/10.3389/fonc.2018.00281
http://dx.doi.org/10.1002/ar.23945
http://dx.doi.org/10.3892/mmr.2018.8914
http://dx.doi.org/10.5603/EP.2017.0060
http://dx.doi.org/10.3389/fendo.2017.00345
http://www.ncbi.nlm.nih.gov/pubmed/29312141
http://dx.doi.org/10.1007/s00125-016-4042-0
http://www.ncbi.nlm.nih.gov/pubmed/27394663
http://dx.doi.org/10.1155/2008/728763
http://dx.doi.org/10.1083/jcb.201802095
http://dx.doi.org/10.1074/jbc.M114.559328
http://www.ncbi.nlm.nih.gov/pubmed/24610809
http://dx.doi.org/10.1016/j.bcp.2012.12.003
http://www.ncbi.nlm.nih.gov/pubmed/23246867
http://dx.doi.org/10.1016/j.cmet.2010.05.013


Int. J. Mol. Sci. 2019, 20, 179 17 of 23

38. Kowluru, A.; Seavey, S.E.; Li, G.; Sorenson, R.L.; Weinhaus, A.J.; Nesher, R.; Rabaglia, M.E.; Vadakekalam, J.;
Metz, S.A. Glucose- and GTP-dependent stimulation of the carboxyl methylation of CDC42 in rodent and
human pancreatic islets and pure beta cells. Evidence for an essential role of GTP-binding proteins in
nutrient-induced insulin secretion. J. Clin. Investig. 1996, 98, 540–555. [CrossRef]

39. Nevins, A.K.; Thurmond, D.C. Glucose regulates the cortical actin network through modulation of Cdc42
cycling to stimulate insulin secretion. Am. J. Physiol. Cell Physiol. 2003, 285, C698–C710. [CrossRef]

40. Osman, M.A.; Sarkar, F.H.; Rodriguez-Boulan, E. A molecular rheostat at the interface of cancer and diabetes.
Biochim. Biophys. Acta 2013, 1836, 166–176. [CrossRef]

41. Wang, Z.; Oh, E.; Thurmond, D.C. Glucose-stimulated Cdc42 signaling is essential for the second phase of
insulin secretion. J. Biol. Chem. 2007, 282, 9536–9546. [CrossRef] [PubMed]

42. Nie, J.; Sun, C.; Faruque, O.; Ye, G.; Li, J.; Liang, Q.; Chang, Z.; Yang, W.; Han, X.; Shi, Y. Synapses of amphids
defective (SAD-A) kinase promotes glucose-stimulated insulin secretion through activation of p21-activated
kinase (PAK1) in pancreatic beta-Cells. J. Biol. Chem. 2012, 287, 26435–26444. [CrossRef] [PubMed]

43. Malacombe, M.; Ceridono, M.; Calco, V.; Chasserot-Golaz, S.; McPherson, P.S.; Bader, M.F.; Gasman, S.
Intersectin-1L nucleotide exchange factor regulates secretory granule exocytosis by activating Cdc42. EMBO J.
2006, 25, 3494–3503. [CrossRef] [PubMed]

44. Sato, M.; Kitaguchi, T.; Numano, R.; Ikematsu, K.; Kakeyama, M.; Murata, M.; Sato, K.; Tsuboi, T. The small
GTPase Cdc42 modulates the number of exocytosis-competent dense-core vesicles in PC12 cells. Biochem.
Biophys. Res. Commun. 2012, 420, 417–421. [CrossRef] [PubMed]

45. Wen, P.J.; Osborne, S.L.; Zanin, M.; Low, P.C.; Wang, H.T.; Schoenwaelder, S.M.; Jackson, S.P.;
Wedlich-Soldner, R.; Vanhaesebroeck, B.; Keating, D.J.; et al. Phosphatidylinositol(4,5)bisphosphate
coordinates actin-mediated mobilization and translocation of secretory vesicles to the plasma membrane of
chromaffin cells. Nat. Commun. 2011, 2, 491. [CrossRef]

46. Bretou, M.; Jouannot, O.; Fanget, I.; Pierobon, P.; Larochette, N.; Gestraud, P.; Guillon, M.; Emiliani, V.;
Gasman, S.; Desnos, C.; et al. Cdc42 controls the dilation of the exocytotic fusion pore by regulating
membrane tension. Mol. Biol. Cell 2014, 25, 3195–3209. [CrossRef]

47. Kimura, T.; Niki, I. Rab27a in pancreatic beta-cells, a busy protein in membrane trafficking. Prog. Biophys.
Mol. Biol. 2011, 107, 219–223. [CrossRef]

48. Kimura, T.; Niki, I. Rab27a, actin and beta-cell endocytosis. Endocr. J. 2011, 58, 1–6. [CrossRef]
49. Kimura, T.; Yamaoka, M.; Taniguchi, S.; Okamoto, M.; Takei, M.; Ando, T.; Iwamatsu, A.; Watanabe, T.;

Kaibuchi, K.; Ishizaki, T.; et al. Activated Cdc42-bound IQGAP1 determines the cellular endocytic site.
Mol. Cell. Biol. 2013, 33, 4834–4843. [CrossRef]

50. Rittmeyer, E.N.; Daniel, S.; Hsu, S.C.; Osman, M.A. A dual role for IQGAP1 in regulating exocytosis.
J. Cell Sci. 2008, 121, 391–403. [CrossRef]

51. Nauert, J.B.; Rigas, J.D.; Lester, L.B. Identification of an IQGAP1/AKAP79 complex in beta-cells. J. Cell.
Biochem. 2003, 90, 97–108. [CrossRef] [PubMed]

52. Burd, C.G. Physiology and pathology of endosome-to-Golgi retrograde sorting. Traffic 2011, 12, 948–955.
[CrossRef] [PubMed]

53. Seaman, M.N. The retromer complex—Endosomal protein recycling and beyond. J. Cell Sci. 2012, 125,
4693–4702. [CrossRef] [PubMed]

54. Ho, H.Y.; Rohatgi, R.; Lebensohn, A.M.; Le, M.; Li, J.; Gygi, S.P.; Kirschner, M.W. Toca-1 mediates
Cdc42-dependent actin nucleation by activating the N-WASP-WIP complex. Cell 2004, 118, 203–216.
[CrossRef] [PubMed]

55. Bai, Z.; Grant, B.D. A TOCA/CDC-42/PAR/WAVE functional module required for retrograde endocytic
recycling. Proc. Natl. Acad. Sci. USA 2015, 112, E1443–E1452. [CrossRef] [PubMed]

56. Chen, C.; Hosokawa, H.; Bumbalo, L.M.; Leahy, J.L. Mechanism of compensatory hyperinsulinemia in
normoglycemic insulin-resistant spontaneously hypertensive rats. Augmented enzymatic activity of
glucokinase in beta-cells. J. Clin. Investig. 1994, 94, 399–404. [CrossRef] [PubMed]

57. Kurauti, M.A.; Ferreira, S.M.; Soares, G.M.; Vettorazzi, J.F.; Carneiro, E.M.; Boschero, A.C.; Costa-Junior, J.M.
Hyperinsulinemia is associated with increasing insulin secretion but not with decreasing insulin clearance in
an age-related metabolic dysfunction mice model. J. Cell. Physiol. 2018. [CrossRef]

58. Ye, J. Mechanisms of insulin resistance in obesity. Front. Med. 2013, 7, 14–24. [CrossRef]

http://dx.doi.org/10.1172/JCI118822
http://dx.doi.org/10.1152/ajpcell.00093.2003
http://dx.doi.org/10.1016/j.bbcan.2013.04.005
http://dx.doi.org/10.1074/jbc.M610553200
http://www.ncbi.nlm.nih.gov/pubmed/17289663
http://dx.doi.org/10.1074/jbc.M112.378372
http://www.ncbi.nlm.nih.gov/pubmed/22669945
http://dx.doi.org/10.1038/sj.emboj.7601247
http://www.ncbi.nlm.nih.gov/pubmed/16874303
http://dx.doi.org/10.1016/j.bbrc.2012.03.010
http://www.ncbi.nlm.nih.gov/pubmed/22426478
http://dx.doi.org/10.1038/ncomms1500
http://dx.doi.org/10.1091/mbc.e14-07-1229
http://dx.doi.org/10.1016/j.pbiomolbio.2011.06.016
http://dx.doi.org/10.1507/endocrj.K10E-391
http://dx.doi.org/10.1128/MCB.00895-13
http://dx.doi.org/10.1242/jcs.016881
http://dx.doi.org/10.1002/jcb.10604
http://www.ncbi.nlm.nih.gov/pubmed/12938160
http://dx.doi.org/10.1111/j.1600-0854.2011.01188.x
http://www.ncbi.nlm.nih.gov/pubmed/21382144
http://dx.doi.org/10.1242/jcs.103440
http://www.ncbi.nlm.nih.gov/pubmed/23148298
http://dx.doi.org/10.1016/j.cell.2004.06.027
http://www.ncbi.nlm.nih.gov/pubmed/15260990
http://dx.doi.org/10.1073/pnas.1418651112
http://www.ncbi.nlm.nih.gov/pubmed/25775511
http://dx.doi.org/10.1172/JCI117335
http://www.ncbi.nlm.nih.gov/pubmed/8040280
http://dx.doi.org/10.1002/jcp.27667
http://dx.doi.org/10.1007/s11684-013-0262-6


Int. J. Mol. Sci. 2019, 20, 179 18 of 23

59. Templeman, N.M.; Skovso, S.; Page, M.M.; Lim, G.E.; Johnson, J.D. A causal role for hyperinsulinemia in
obesity. J. Endocrinol. 2017, 232, R173–R183. [CrossRef]

60. Ye, D.Z.; Field, J. PAK signaling in cancer. Cell. Logist. 2012, 2, 105–116. [CrossRef]
61. Taglieri, D.M.; Ushio-Fukai, M.; Monasky, M.M. P21-activated kinase in inflammatory and cardiovascular

disease. Cell. Signal. 2014, 26, 2060–2069. [CrossRef] [PubMed]
62. Dammann, K.; Khare, V.; Gasche, C. Tracing PAKs from GI inflammation to cancer. Gut 2014, 63, 1173–1184.

[CrossRef] [PubMed]
63. Radu, M.; Semenova, G.; Kosoff, R.; Chernoff, J. PAK signalling during the development and progression of

cancer. Nat. Rev. Cancer 2014, 14, 13–25. [CrossRef]
64. Rane, C.K.; Minden, A. P21 activated kinases: Structure, regulation, and functions. Small GTPases 2014, 5.

[CrossRef] [PubMed]
65. Wang, Z.; Oh, E.; Clapp, D.W.; Chernoff, J.; Thurmond, D.C. Inhibition or ablation of p21-activated kinase

(PAK1) disrupts glucose homeostatic mechanisms in vivo. J. Biol. Chem. 2011, 286, 41359–41367. [CrossRef]
[PubMed]

66. Kim, J.Y.; Nolte, L.A.; Hansen, P.A.; Han, D.H.; Ferguson, K.; Thompson, P.A.; Holloszy, J.O. High-fat
diet-induced muscle insulin resistance: Relationship to visceral fat mass. Am. J. Physiol. Regul. Integr. Comp.
Physiol. 2000, 279, R2057–R2065. [CrossRef]

67. Korach-Andre, M.; Gao, J.; Gounarides, J.S.; Deacon, R.; Islam, A.; Laurent, D. Relationship between visceral
adiposity and intramyocellular lipid content in two rat models of insulin resistance. Am. J. Physiol. Endocrinol.
Metab. 2005, 288, E106–116. [CrossRef]

68. Laviola, L.; Perrini, S.; Cignarelli, A.; Natalicchio, A.; Leonardini, A.; De Stefano, F.; Cuscito, M.; De Fazio, M.;
Memeo, V.; Neri, V.; et al. Insulin signaling in human visceral and subcutaneous adipose tissue in vivo.
Diabetes 2006, 55, 952–961. [CrossRef]

69. Pereira, S.; Park, E.; Mori, Y.; Haber, C.A.; Han, P.; Uchida, T.; Stavar, L.; Oprescu, A.I.; Koulajian, K.;
Ivovic, A.; et al. FFA-induced hepatic insulin resistance in vivo is mediated by PKCdelta, NADPH oxidase,
and oxidative stress. Am. J. Physiol. Endocrinol. Metab. 2014, 307, E34–E46. [CrossRef]

70. Thirone, A.C.; Huang, C.; Klip, A. Tissue-specific roles of IRS proteins in insulin signaling and glucose
transport. Trends Endocrinol. Metab. 2006, 17, 72–78. [CrossRef]

71. Pessin, J.E.; Thurmond, D.C.; Elmendorf, J.S.; Coker, K.J.; Okada, S. Molecular basis of insulin-stimulated
GLUT4 vesicle trafficking. Location! Location! Location! J. Biol. Chem. 1999, 274, 2593–2596. [CrossRef]
[PubMed]

72. Chang, L.; Chiang, S.H.; Saltiel, A.R. Insulin signaling and the regulation of glucose transport. Mol. Med.
2004, 10, 65–71. [CrossRef] [PubMed]

73. McCarthy, A.M.; Spisak, K.O.; Brozinick, J.T.; Elmendorf, J.S. Loss of cortical actin filaments in
insulin-resistant skeletal muscle cells impairs GLUT4 vesicle trafficking and glucose transport. Am. J. Physiol.
Cell Physiol. 2006, 291, C860–C868. [CrossRef] [PubMed]

74. Jun, H.S.; Hwang, K.; Kim, Y.; Park, T. High-fat diet alters PP2A, TC10, and CIP4 expression in visceral
adipose tissue of rats. Obesity 2008, 16, 1226–1231. [CrossRef] [PubMed]

75. Usui, I.; Imamura, T.; Satoh, H.; Huang, J.; Babendure, J.L.; Hupfeld, C.J.; Olefsky, J.M. GRK2 is an
endogenous protein inhibitor of the insulin signaling pathway for glucose transport stimulation. EMBO J.
2004, 23, 2821–2829. [CrossRef] [PubMed]

76. Usui, I.; Imamura, T.; Babendure, J.L.; Satoh, H.; Lu, J.C.; Hupfeld, C.J.; Olefsky, J.M. G protein-coupled
receptor kinase 2 mediates endothelin-1-induced insulin resistance via the inhibition of both Galphaq/11 and
insulin receptor substrate-1 pathways in 3T3-L1 adipocytes. Mol. Endocrinol. 2005, 19, 2760–2768. [CrossRef]
[PubMed]

77. Imamura, T.; Vollenweider, P.; Egawa, K.; Clodi, M.; Ishibashi, K.; Nakashima, N.; Ugi, S.; Adams, J.W.;
Brown, J.H.; Olefsky, J.M. G alpha-q/11 protein plays a key role in insulin-induced glucose transport in
3T3-L1 adipocytes. Mol. Cell. Biol. 1999, 19, 6765–6774. [CrossRef]

78. Usui, I.; Imamura, T.; Huang, J.; Satoh, H.; Olefsky, J.M. Cdc42 is a Rho GTPase family member that can
mediate insulin signaling to glucose transport in 3T3-L1 adipocytes. J. Biol. Chem. 2003, 278, 13765–13774.
[CrossRef]

http://dx.doi.org/10.1530/JOE-16-0449
http://dx.doi.org/10.4161/cl.21882
http://dx.doi.org/10.1016/j.cellsig.2014.04.020
http://www.ncbi.nlm.nih.gov/pubmed/24794532
http://dx.doi.org/10.1136/gutjnl-2014-306768
http://www.ncbi.nlm.nih.gov/pubmed/24811999
http://dx.doi.org/10.1038/nrc3645
http://dx.doi.org/10.4161/sgtp.28003
http://www.ncbi.nlm.nih.gov/pubmed/24658305
http://dx.doi.org/10.1074/jbc.M111.291500
http://www.ncbi.nlm.nih.gov/pubmed/21969371
http://dx.doi.org/10.1152/ajpregu.2000.279.6.R2057
http://dx.doi.org/10.1152/ajpendo.00089.2004
http://dx.doi.org/10.2337/diabetes.55.04.06.db05-1414
http://dx.doi.org/10.1152/ajpendo.00436.2013
http://dx.doi.org/10.1016/j.tem.2006.01.005
http://dx.doi.org/10.1074/jbc.274.5.2593
http://www.ncbi.nlm.nih.gov/pubmed/9915783
http://dx.doi.org/10.2119/2005-00029.Saltiel
http://www.ncbi.nlm.nih.gov/pubmed/16307172
http://dx.doi.org/10.1152/ajpcell.00107.2006
http://www.ncbi.nlm.nih.gov/pubmed/16774991
http://dx.doi.org/10.1038/oby.2008.220
http://www.ncbi.nlm.nih.gov/pubmed/18388891
http://dx.doi.org/10.1038/sj.emboj.7600297
http://www.ncbi.nlm.nih.gov/pubmed/15241473
http://dx.doi.org/10.1210/me.2004-0429
http://www.ncbi.nlm.nih.gov/pubmed/15994203
http://dx.doi.org/10.1128/MCB.19.10.6765
http://dx.doi.org/10.1074/jbc.M208904200


Int. J. Mol. Sci. 2019, 20, 179 19 of 23

79. Hirashima, Y.; Tsuruzoe, K.; Kodama, S.; Igata, M.; Toyonaga, T.; Ueki, K.; Kahn, C.R.; Araki, E. Insulin
down-regulates insulin receptor substrate-2 expression through the phosphatidylinositol 3-kinase/Akt
pathway. J. Endocrinol. 2003, 179, 253–266. [CrossRef]

80. Ozcan, U.; Cao, Q.; Yilmaz, E.; Lee, A.H.; Iwakoshi, N.N.; Ozdelen, E.; Tuncman, G.; Gorgun, C.;
Glimcher, L.H.; Hotamisligil, G.S. Endoplasmic reticulum stress links obesity, insulin action, and type
2 diabetes. Science 2004, 306, 457–461. [CrossRef]

81. Hirosumi, J.; Tuncman, G.; Chang, L.; Gorgun, C.Z.; Uysal, K.T.; Maeda, K.; Karin, M.; Hotamisligil, G.S. A
central role for JNK in obesity and insulin resistance. Nature 2002, 420, 333–336. [CrossRef] [PubMed]

82. Taniguchi, C.M.; Aleman, J.O.; Ueki, K.; Luo, J.; Asano, T.; Kaneto, H.; Stephanopoulos, G.; Cantley, L.C.;
Kahn, C.R. The p85alpha regulatory subunit of phosphoinositide 3-kinase potentiates c-Jun N-terminal
kinase-mediated insulin resistance. Mol. Cell. Biol. 2007, 27, 2830–2840. [CrossRef] [PubMed]

83. Minden, A.; Lin, A.; Claret, F.X.; Abo, A.; Karin, M. Selective activation of the JNK signaling cascade and
c-Jun transcriptional activity by the small GTPases Rac and Cdc42Hs. Cell 1995, 81, 1147–1157. [CrossRef]

84. Terauchi, Y.; Matsui, J.; Kamon, J.; Yamauchi, T.; Kubota, N.; Komeda, K.; Aizawa, S.; Akanuma, Y.; Tomita, M.;
Kadowaki, T. Increased serum leptin protects from adiposity despite the increased glucose uptake in white
adipose tissue in mice lacking p85alpha phosphoinositide 3-kinase. Diabetes 2004, 53, 2261–2270. [CrossRef]
[PubMed]

85. Kanzaki, M.; Pessin, J.E. Insulin-stimulated GLUT4 translocation in adipocytes is dependent upon cortical
actin remodeling. J. Biol. Chem. 2001, 276, 42436–42444. [CrossRef] [PubMed]

86. Ueda, S.; Kitazawa, S.; Ishida, K.; Nishikawa, Y.; Matsui, M.; Matsumoto, H.; Aoki, T.; Nozaki, S.; Takeda, T.;
Tamori, Y.; et al. Crucial role of the small GTPase Rac1 in insulin-stimulated translocation of glucose
transporter 4 to the mouse skeletal muscle sarcolemma. FASEB J. 2010, 24, 2254–2261. [CrossRef] [PubMed]

87. JeBailey, L.; Wanono, O.; Niu, W.; Roessler, J.; Rudich, A.; Klip, A. Ceramide- and oxidant-induced insulin
resistance involve loss of insulin-dependent Rac-activation and actin remodeling in muscle cells. Diabetes
2007, 56, 394–403. [CrossRef]

88. Ueda, S.; Kataoka, T.; Satoh, T. Activation of the small GTPase Rac1 by a specific guanine-nucleotide-exchange
factor suffices to induce glucose uptake into skeletal-muscle cells. Biol. Cell 2008, 100, 645–657. [CrossRef]

89. Satoh, T. Rho GTPases in insulin-stimulated glucose uptake. Small GTPases 2014, 5, e28102. [CrossRef]
90. Zhao, T.T.; Zhang, H.J.; Lu, X.G.; Huang, X.R.; Zhang, W.K.; Wang, H.; Lan, H.Y.; Li, P. Chaihuang-Yishen

granule inhibits diabetic kidney disease in rats through blocking TGF-beta/Smad3 signaling. PLoS ONE
2014, 9, e90807. [CrossRef]

91. Zavrsnik, M.; Letonja, J.; Makuc, J.; Seruga, M.; Cilensek, I.; Petrovic, D. Interleukin-4 (IL4) -590C/T
(rs2243250) gene polymorphism is not associated with diabetic nephropathy (DN) in Caucasians with type 2
diabetes mellitus (T2DM). Bosn. J. Basic Med. Sci. 2018, 18, 347–351. [CrossRef] [PubMed]

92. Pavenstadt, H.; Kriz, W.; Kretzler, M. Cell biology of the glomerular podocyte. Physiol. Rev. 2003, 83, 253–307.
[CrossRef] [PubMed]

93. Smoyer, W.E.; Mundel, P. Regulation of podocyte structure during the development of nephrotic syndrome.
J. Mol. Med. 1998, 76, 172–183. [CrossRef] [PubMed]

94. Greka, A.; Mundel, P. Cell biology and pathology of podocytes. Annu. Rev. Physiol. 2012, 74, 299–323.
[CrossRef] [PubMed]

95. Rask-Madsen, C.; King, G.L. Diabetes: Podocytes lose their footing. Nature 2010, 468, 42–44. [CrossRef]
[PubMed]

96. Reidy, K.; Kang, H.M.; Hostetter, T.; Susztak, K. Molecular mechanisms of diabetic kidney disease. J. Clin.
Investig. 2014, 124, 2333–2340. [CrossRef] [PubMed]

97. Loeffler, I.; Wolf, G. Epithelial-to-mesenchymal transition in diabetic nephropathy: Fact or fiction? Cells 2015,
4, 631–652. [CrossRef] [PubMed]

98. Lin, J.; Shi, Y.; Peng, H.; Shen, X.; Thomas, S.; Wang, Y.; Truong, L.D.; Dryer, S.E.; Hu, Z.; Xu, J. Loss of PTEN
promotes podocyte cytoskeletal rearrangement, aggravating diabetic nephropathy. J. Pathol. 2015, 236, 30–40.
[CrossRef] [PubMed]

99. Pan, Y.; Jiang, S.; Hou, Q.; Qiu, D.; Shi, J.; Wang, L.; Chen, Z.; Zhang, M.; Duan, A.; Qin, W.; et al. Dissection
of glomerular transcriptional profile in patients with diabetic nephropathy: SRGAP2a protects podocyte
structure and function. Diabetes 2018, 67, 717–730. [CrossRef] [PubMed]

http://dx.doi.org/10.1677/joe.0.1790253
http://dx.doi.org/10.1126/science.1103160
http://dx.doi.org/10.1038/nature01137
http://www.ncbi.nlm.nih.gov/pubmed/12447443
http://dx.doi.org/10.1128/MCB.00079-07
http://www.ncbi.nlm.nih.gov/pubmed/17283057
http://dx.doi.org/10.1016/S0092-8674(05)80019-4
http://dx.doi.org/10.2337/diabetes.53.9.2261
http://www.ncbi.nlm.nih.gov/pubmed/15331535
http://dx.doi.org/10.1074/jbc.M108297200
http://www.ncbi.nlm.nih.gov/pubmed/11546823
http://dx.doi.org/10.1096/fj.09-137380
http://www.ncbi.nlm.nih.gov/pubmed/20203090
http://dx.doi.org/10.2337/db06-0823
http://dx.doi.org/10.1042/BC20070160
http://dx.doi.org/10.4161/sgtp.28102
http://dx.doi.org/10.1371/journal.pone.0090807
http://dx.doi.org/10.17305/bjbms.2018.2688
http://www.ncbi.nlm.nih.gov/pubmed/29514038
http://dx.doi.org/10.1152/physrev.00020.2002
http://www.ncbi.nlm.nih.gov/pubmed/12506131
http://dx.doi.org/10.1007/s001090050206
http://www.ncbi.nlm.nih.gov/pubmed/9535550
http://dx.doi.org/10.1146/annurev-physiol-020911-153238
http://www.ncbi.nlm.nih.gov/pubmed/22054238
http://dx.doi.org/10.1038/468042a
http://www.ncbi.nlm.nih.gov/pubmed/21048754
http://dx.doi.org/10.1172/JCI72271
http://www.ncbi.nlm.nih.gov/pubmed/24892707
http://dx.doi.org/10.3390/cells4040631
http://www.ncbi.nlm.nih.gov/pubmed/26473930
http://dx.doi.org/10.1002/path.4508
http://www.ncbi.nlm.nih.gov/pubmed/25641678
http://dx.doi.org/10.2337/db17-0755
http://www.ncbi.nlm.nih.gov/pubmed/29242313


Int. J. Mol. Sci. 2019, 20, 179 20 of 23

100. Kim, S.H.; Jang, Y.W.; Hwang, P.; Kim, H.J.; Han, G.Y.; Kim, C.W. The reno-protective effect of a
phosphoinositide 3-kinase inhibitor wortmannin on streptozotocin-induced proteinuric renal disease rats.
Exp. Mol. Med. 2012, 44, 45–51. [CrossRef] [PubMed]

101. Maehama, T.; Dixon, J.E. The tumor suppressor, PTEN/MMAC1, dephosphorylates the lipid second
messenger, phosphatidylinositol 3,4,5-trisphosphate. J. Biol. Chem. 1998, 273, 13375–13378. [CrossRef]
[PubMed]

102. Liliental, J.; Moon, S.Y.; Lesche, R.; Mamillapalli, R.; Li, D.; Zheng, Y.; Sun, H.; Wu, H. Genetic deletion of the
Pten tumor suppressor gene promotes cell motility by activation of Rac1 and Cdc42 GTPases. Curr. Biol.
2000, 10, 401–404. [CrossRef]

103. Zhu, J.; Sun, N.; Aoudjit, L.; Li, H.; Kawachi, H.; Lemay, S.; Takano, T. Nephrin mediates actin reorganization
via phosphoinositide 3-kinase in podocytes. Kidney Int. 2008, 73, 556–566. [CrossRef] [PubMed]

104. Schoentaube, J.; Olling, A.; Tatge, H.; Just, I.; Gerhard, R. Serine-71 phosphorylation of Rac1/Cdc42
diminishes the pathogenic effect of Clostridium difficile toxin A. Cell. Microbiol. 2009, 11, 1816–1826.
[CrossRef] [PubMed]

105. Ichii, O.; Otsuka-Kanazawa, S.; Nakamura, T.; Ueno, M.; Kon, Y.; Chen, W.; Rosenberg, A.Z.; Kopp, J.B.
Podocyte injury caused by indoxyl sulfate, a uremic toxin and aryl-hydrocarbon receptor ligand. PLoS ONE
2014, 9, e108448. [CrossRef]

106. Shen, J.; Wang, R.; He, Z.; Huang, H.; He, X.; Zhou, J.; Yan, Y.; Shen, S.; Shao, X.; Shen, X.; et al. NMDA
receptors participate in the progression of diabetic kidney disease by decreasing Cdc42-GTP activation in
podocytes. J. Pathol. 2016, 240, 149–160. [CrossRef]

107. Susztak, K.; Raff, A.C.; Schiffer, M.; Bottinger, E.P. Glucose-induced reactive oxygen species cause apoptosis
of podocytes and podocyte depletion at the onset of diabetic nephropathy. Diabetes 2006, 55, 225–233.
[CrossRef]

108. Umbayev, B.; Masoud, A.R.; Tsoy, A.; Alimbetov, D.; Olzhayev, F.; Shramko, A.; Kaiyrlykyzy, A.; Safarova, Y.;
Davis, T.; Askarova, S. Elevated levels of the small GTPase Cdc42 induces senescence in male rat
mesenchymal stem cells. Biogerontology 2018, 19, 287–301. [CrossRef]

109. Makkinje, A.; Quinn, D.A.; Chen, A.; Cadilla, C.L.; Force, T.; Bonventre, J.V.; Kyriakis, J.M. Gene 33/Mig-6,
a transcriptionally inducible adapter protein that binds GTP-Cdc42 and activates SAPK/JNK. A potential
marker transcript for chronic pathologic conditions, such as diabetic nephropathy. Possible role in the
response to persistent stress. J. Biol. Chem. 2000, 275, 17838–17847. [CrossRef]

110. Keeton, A.B.; Xu, J.; Franklin, J.L.; Messina, J.L. Regulation of Gene33 expression by insulin requires
MEK-ERK activation. Biochim. Biophys. Acta 2004, 1679, 248–255. [CrossRef]

111. Etienne-Manneville, S.; Hall, A. Rho GTPases in cell biology. Nature 2002, 420, 629–635. [CrossRef] [PubMed]
112. Itoh, R.E.; Kurokawa, K.; Ohba, Y.; Yoshizaki, H.; Mochizuki, N.; Matsuda, M. Activation of rac and cdc42

video imaged by fluorescent resonance energy transfer-based single-molecule probes in the membrane of
living cells. Mol. Cell. Biol. 2002, 22, 6582–6591. [CrossRef] [PubMed]

113. Crean, J.K.; Furlong, F.; Finlay, D.; Mitchell, D.; Murphy, M.; Conway, B.; Brady, H.R.; Godson, C.; Martin, F.
Connective tissue growth factor [CTGF]/CCN2 stimulates mesangial cell migration through integrated
dissolution of focal adhesion complexes and activation of cell polarization. FASEB J. 2004, 18, 1541–1543.
[CrossRef] [PubMed]

114. Faherty, N.; O’Donovan, H.; Kavanagh, D.; Madden, S.; McKay, G.J.; Maxwell, A.P.; Martin, F.; Godson, C.;
Crean, J. TGFbeta and CCN2/CTGF mediate actin related gene expression by differential E2F1/CREB
activation. BMC Genom. 2013, 14, 525. [CrossRef] [PubMed]

115. Huang, Z.; Zhang, L.; Chen, Y.; Zhang, H.; Zhang, Q.; Li, R.; Ma, J.; Li, Z.; Yu, C.; Lai, Y.; et al. Cdc42
deficiency induces podocyte apoptosis by inhibiting the Nwasp/stress fibers/YAP pathway. Cell Death Dis.
2016, 7, e2142. [CrossRef] [PubMed]

116. Hagiwara, S.; McClelland, A.; Kantharidis, P. MicroRNA in diabetic nephropathy: Renin angiotensin,
aGE/RAGE, and oxidative stress pathway. J. Diabetes Res. 2013, 2013, 173783. [CrossRef] [PubMed]

117. Liu, Y.; Li, H.; Liu, J.; Han, P.; Li, X.; Bai, H.; Zhang, C.; Sun, X.; Teng, Y.; Zhang, Y.; et al. Variations in
MicroRNA-25 Expression Influence the Severity of Diabetic Kidney Disease. J. Am. Soc. Nephrol. 2017, 28,
3627–3638. [CrossRef]

118. Zeisberg, M.; Neilson, E.G. Mechanisms of tubulointerstitial fibrosis. J. Am. Soc. Nephrol. 2010, 21, 1819–1834.
[CrossRef]

http://dx.doi.org/10.3858/emm.2012.44.1.004
http://www.ncbi.nlm.nih.gov/pubmed/22056625
http://dx.doi.org/10.1074/jbc.273.22.13375
http://www.ncbi.nlm.nih.gov/pubmed/9593664
http://dx.doi.org/10.1016/S0960-9822(00)00417-6
http://dx.doi.org/10.1038/sj.ki.5002691
http://www.ncbi.nlm.nih.gov/pubmed/18033240
http://dx.doi.org/10.1111/j.1462-5822.2009.01373.x
http://www.ncbi.nlm.nih.gov/pubmed/19709124
http://dx.doi.org/10.1371/journal.pone.0108448
http://dx.doi.org/10.1002/path.4764
http://dx.doi.org/10.2337/diabetes.55.01.06.db05-0894
http://dx.doi.org/10.1007/s10522-018-9757-5
http://dx.doi.org/10.1074/jbc.M909735199
http://dx.doi.org/10.1016/j.bbaexp.2004.07.002
http://dx.doi.org/10.1038/nature01148
http://www.ncbi.nlm.nih.gov/pubmed/12478284
http://dx.doi.org/10.1128/MCB.22.18.6582-6591.2002
http://www.ncbi.nlm.nih.gov/pubmed/12192056
http://dx.doi.org/10.1096/fj.04-1546fje
http://www.ncbi.nlm.nih.gov/pubmed/15319369
http://dx.doi.org/10.1186/1471-2164-14-525
http://www.ncbi.nlm.nih.gov/pubmed/23902294
http://dx.doi.org/10.1038/cddis.2016.51
http://www.ncbi.nlm.nih.gov/pubmed/26986510
http://dx.doi.org/10.1155/2013/173783
http://www.ncbi.nlm.nih.gov/pubmed/24575418
http://dx.doi.org/10.1681/ASN.2015091017
http://dx.doi.org/10.1681/ASN.2010080793


Int. J. Mol. Sci. 2019, 20, 179 21 of 23

119. Fintha, A.; Gasparics, A.; Fang, L.; Erdei, Z.; Hamar, P.; Mozes, M.M.; Kokeny, G.; Rosivall, L.; Sebe, A.
Characterization and role of SCAI during renal fibrosis and epithelial-to-mesenchymal transition. Am. J.
Pathol. 2013, 182, 388–400. [CrossRef]

120. Yu, R.; Mao, J.; Yang, Y.; Zhang, Y.; Tian, Y.; Zhu, J. Protective effects of calcitriol on diabetic nephropathy are
mediated by down regulation of TGF-beta1 and CIP4 in diabetic nephropathy rat. Int. J. Clin. Exp. Pathol.
2015, 8, 3503–3512.

121. Fricke, R.; Gohl, C.; Dharmalingam, E.; Grevelhorster, A.; Zahedi, B.; Harden, N.; Kessels, M.; Qualmann, B.;
Bogdan, S. Drosophila Cip4/Toca-1 integrates membrane trafficking and actin dynamics through WASP and
SCAR/WAVE. Curr. Biol. 2009, 19, 1429–1437. [CrossRef] [PubMed]

122. Bai, S.; Zeng, R.; Zhou, Q.; Liao, W.; Zhang, Y.; Xu, C.; Han, M.; Pei, G.; Liu, L.; Liu, X.;
et al. Cdc42-interacting protein-4 promotes TGF-Beta1-induced epithelial-mesenchymal transition and
extracellular matrix deposition in renal proximal tubular epithelial cells. Int. J. Biol. Sci. 2012, 8, 859–869.
[CrossRef] [PubMed]

123. Rastaldi, M.P. Epithelial-mesenchymal transition and its implications for the development of renal
tubulointerstitial fibrosis. J. Nephrol. 2006, 19, 407–412. [PubMed]

124. Xu, Y.; Yang, S.; Huang, J.; Ruan, S.; Zheng, Z.; Lin, J. Tgf-beta1 induces autophagy and promotes apoptosis
in renal tubular epithelial cells. Int. J. Mol. Med. 2012, 29, 781–790. [CrossRef] [PubMed]

125. Peairs, K.S.; Barone, B.B.; Snyder, C.F.; Yeh, H.C.; Stein, K.B.; Derr, R.L.; Brancati, F.L.; Wolff, A.C. Diabetes
mellitus and breast cancer outcomes: A systematic review and meta-analysis. J. Clin. Oncol. 2011, 29, 40–46.
[CrossRef] [PubMed]

126. Pandey, A.; Forte, V.; Abdallah, M.; Alickaj, A.; Mahmud, S.; Asad, S.; McFarlane, S.I. Diabetes mellitus and
the risk of cancer. Minerva Endocrinol. 2011, 36, 187–209.

127. Zhuang, Y.; Chan, D.K.; Haugrud, A.B.; Miskimins, W.K. Mechanisms by which low glucose enhances the
cytotoxicity of metformin to cancer cells both in vitro and in vivo. PLoS ONE 2014, 9, e108444. [CrossRef]

128. Hou, Y.; Zhou, M.; Xie, J.; Chao, P.; Feng, Q.; Wu, J. High glucose levels promote the proliferation of breast
cancer cells through GTPases. Breast Cancer 2017, 9, 429–436. [CrossRef]

129. Feng, Q.; Baird, D.; Peng, X.; Wang, J.; Ly, T.; Guan, J.L.; Cerione, R.A. Cool-1 functions as an essential
regulatory node for EGF receptor- and Src-mediated cell growth. Nat. Cell Biol. 2006, 8, 945–956. [CrossRef]

130. Stevens, B.M.; Folts, C.J.; Cui, W.; Bardin, A.L.; Walter, K.; Carson-Walter, E.; Vescovi, A.; Noble, M.
Cool-1-mediated inhibition of c-Cbl modulates multiple critical properties of glioblastomas, including
the ability to generate tumors in vivo. Stem Cells 2014, 32, 1124–1135. [CrossRef]

131. Fernandes, M.S.; Reddy, M.M.; Croteau, N.J.; Walz, C.; Weisbach, H.; Podar, K.; Band, H.; Carroll, M.;
Reiter, A.; Larson, R.A.; et al. Novel oncogenic mutations of CBL in human acute myeloid leukemia
that activate growth and survival pathways depend on increased metabolism. J. Biol. Chem. 2010, 285,
32596–32605. [CrossRef] [PubMed]

132. Bustelo, X.R. Vav family exchange factors: An integrated regulatory and functional view. Small GTPases 2014,
5, 9. [CrossRef] [PubMed]

133. Heasman, S.J.; Ridley, A.J. Mammalian Rho GTPases: New insights into their functions from in vivo studies.
Nat. Rev. Mol. Cell Biol. 2008, 9, 690–701. [CrossRef] [PubMed]

134. Girbau, M.; Gomez, J.A.; Lesniak, M.A.; de Pablo, F. Insulin and insulin-like growth factor I both stimulate
metabolism, growth, and differentiation in the postneurula chick embryo. Endocrinology 1987, 121, 1477–1482.
[CrossRef] [PubMed]

135. Li, Z.H.; Xiong, Q.Y.; Xu, L.; Duan, P.; Yang, Q.O.; Zhou, P.; Tu, J.H. miR-29a regulated ER-positive breast
cancer cell growth and invasion and is involved in the insulin signaling pathway. Oncotarget 2017, 8,
32566–32575. [CrossRef] [PubMed]

136. Pei, Z.; Zhang, X.; Ji, C.; Liu, S.M.; Wang, J. Transcriptomic and functional pathways analysis of
ascorbate-induced cytotoxicity and resistance of Burkitt lymphoma. Oncotarget 2016, 7, 63950–63959.
[CrossRef] [PubMed]

137. Li, C.; Zhang, G.; Zhao, L.; Ma, Z.; Chen, H. Metabolic reprogramming in cancer cells: Glycolysis,
glutaminolysis, and Bcl-2 proteins as novel therapeutic targets for cancer. World J. Surg. Oncol. 2016,
14, 15. [CrossRef]

http://dx.doi.org/10.1016/j.ajpath.2012.10.009
http://dx.doi.org/10.1016/j.cub.2009.07.058
http://www.ncbi.nlm.nih.gov/pubmed/19716703
http://dx.doi.org/10.7150/ijbs.3490
http://www.ncbi.nlm.nih.gov/pubmed/22745576
http://www.ncbi.nlm.nih.gov/pubmed/17048197
http://dx.doi.org/10.3892/ijmm.2012.911
http://www.ncbi.nlm.nih.gov/pubmed/22322529
http://dx.doi.org/10.1200/JCO.2009.27.3011
http://www.ncbi.nlm.nih.gov/pubmed/21115865
http://dx.doi.org/10.1371/journal.pone.0108444
http://dx.doi.org/10.2147/BCTT.S135665
http://dx.doi.org/10.1038/ncb1453
http://dx.doi.org/10.1002/stem.1644
http://dx.doi.org/10.1074/jbc.M110.106161
http://www.ncbi.nlm.nih.gov/pubmed/20622007
http://dx.doi.org/10.4161/21541248.2014.973757
http://www.ncbi.nlm.nih.gov/pubmed/25483299
http://dx.doi.org/10.1038/nrm2476
http://www.ncbi.nlm.nih.gov/pubmed/18719708
http://dx.doi.org/10.1210/endo-121-4-1477
http://www.ncbi.nlm.nih.gov/pubmed/3308439
http://dx.doi.org/10.18632/oncotarget.15928
http://www.ncbi.nlm.nih.gov/pubmed/28427228
http://dx.doi.org/10.18632/oncotarget.11740
http://www.ncbi.nlm.nih.gov/pubmed/27590508
http://dx.doi.org/10.1186/s12957-016-0769-9


Int. J. Mol. Sci. 2019, 20, 179 22 of 23

138. Nandy, S.B.; Orozco, A.; Lopez-Valdez, R.; Roberts, R.; Subramani, R.; Arumugam, A.; Dwivedi, A.K.;
Stewart, V.; Prabhakar, G.; Jones, S.; et al. Glucose insult elicits hyperactivation of cancer stem cells through
miR-424-cdc42-prdm14 signalling axis. Br. J. Cancer 2017, 117, 1665–1675. [CrossRef]

139. Yamaji, M.; Ueda, J.; Hayashi, K.; Ohta, H.; Yabuta, Y.; Kurimoto, K.; Nakato, R.; Yamada, Y.; Shirahige, K.;
Saitou, M. PRDM14 ensures naive pluripotency through dual regulation of signaling and epigenetic pathways
in mouse embryonic stem cells. Cell Stem Cell 2013, 12, 368–382. [CrossRef]

140. The Diabetes Control and Complications Trial Research Group. Hypoglycemia in the diabetes control and
complications trial. Diabetes 1997, 46, 271–286. [CrossRef]

141. Anderson, S.; Poudel, K.R.; Roh-Johnson, M.; Brabletz, T.; Yu, M.; Borenstein-Auerbach, N.; Grady, W.N.;
Bai, J.; Moens, C.B.; Eisenman, R.N.; et al. MYC-nick promotes cell migration by inducing fascin expression
and Cdc42 activation. Proc. Natl. Acad. Sci. USA 2016, 113, E5481–E5490. [CrossRef] [PubMed]

142. Rosenberg, J.; Lechea, N.; Pentang, G.N.; Shah, N.J. What magnetic resonance imaging reveals—A systematic
review of the relationship between type II diabetes and associated brain distortions of structure and cognitive
functioning. Front. Neuroendocrinol. 2018. [CrossRef] [PubMed]

143. Morrison, A.E.; Zaccardi, F.; Khunti, K.; Davies, M.J. Causality between non-alcoholic fatty liver disease
and risk of cardiovascular disease and type 2 diabetes: A meta-analysis with bias analysis. Liver Int. 2018.
[CrossRef] [PubMed]

144. Kawanabe, S.; Nagai, Y.; Nakamura, Y.; Nishine, A.; Nakagawa, T.; Tanaka, Y. Association of the muscle/fat
mass ratio with insulin resistance in gestational diabetes mellitus. Endocr. J. 2018. [CrossRef] [PubMed]

145. Jiang, G.; Luk, A.O.Y.; Tam, C.H.T.; Xie, F.; Carstensen, B.; Lau, E.S.H.; Lim, C.K.P.; Lee, H.M.; Ng, A.C.W.;
Ng, M.C.Y.; et al. Progression of diabetic kidney disease and trajectory of kidney function decline in Chinese
patients with Type 2 diabetes. Kidney Int. 2018. [CrossRef] [PubMed]

146. Duh, E.J.; Sun, J.K.; Stitt, A.W. Diabetic retinopathy: Current understanding, mechanisms, and treatment
strategies. JCI Insight 2017, 2. [CrossRef] [PubMed]

147. Boyle, A.J.; Madotto, F.; Laffey, J.G.; Bellani, G.; Pham, T.; Pesenti, A.; Thompson, B.T.; O’Kane, C.M.;
Deane, A.M.; McAuley, D.F.; et al. Identifying associations between diabetes and acute respiratory distress
syndrome in patients with acute hypoxemic respiratory failure: An analysis of the LUNG SAFE database.
Crit. Care 2018, 22, 268. [CrossRef]

148. Oikonomou, E.; Mourouzis, K.; Fountoulakis, P.; Papamikroulis, G.A.; Siasos, G.; Antonopoulos, A.;
Vogiatzi, G.; Tsalamadris, S.; Vavuranakis, M.; Tousoulis, D. Interrelationship between diabetes mellitus
and heart failure: The role of peroxisome proliferator-activated receptors in left ventricle performance.
Heart Fail. Rev. 2018, 23, 389–408. [CrossRef]

149. Reddy, P.N.; Radu, M.; Xu, K.; Wood, J.; Harris, C.E.; Chernoff, J.; Williams, D.A. p21-activated kinase 2
regulates HSPC cytoskeleton, migration, and homing via CDC42 activation and interaction with beta-Pix.
Blood 2016, 127, 1967–1975. [CrossRef]

150. Yang, J.Q.; Kalim, K.W.; Li, Y.; Duan, X.; Nguyen, P.; Khurana Hershey, G.K.; Kroner, J.; Ruff, B.; Zhang, L.;
Salomonis, N.; et al. Rational targeting Cdc42 restrains Th2 cell differentiation and prevents allergic airway
inflammation. Clin. Exp. Allergy 2018. [CrossRef]

151. Zhang, J.; Wang, J.; Zhou, Y.F.; Ren, X.Y.; Lin, M.M.; Zhang, Q.Q.; Wang, Y.H.; Li, X. Rich1 negatively regulates
the epithelial cell cycle, proliferation and adhesion by CDC42/RAC1-PAK1-Erk1/2 pathway. Cell. Signal.
2015, 27, 1703–1712. [CrossRef] [PubMed]

152. Daily, J.W.; Liu, M.; Park, S. High genetic risk scores of SLIT3, PLEKHA5 and PPP2R2C variants increased
insulin resistance and interacted with coffee and caffeine consumption in middle-aged adults. Nutr. Metab.
Cardiovasc. Dis. 2018. [CrossRef] [PubMed]

153. Tateya, S.; Kim, F.; Tamori, Y. Recent advances in obesity-induced inflammation and insulin resistance.
Front. Endocrinol. 2013, 4, 93. [CrossRef] [PubMed]

154. Kim, J.Y.; Bacha, F.; Tfayli, H.; Michaliszyn, S.F.; Yousuf, S.; Arslanian, S. Adipose tissue insulin resistance in
youth on the spectrum from normal weight to obese and from normal glucose tolerance to impaired glucose
tolerance to type 2 diabetes. Diabetes Care 2018. [CrossRef] [PubMed]

155. Man, R.E.K.; Gan, A.T.L.; Fenwick, E.K.; Gupta, P.; Wong, M.Y.Z.; Wong, T.Y.; Tan, G.S.W.; Teo, B.W.;
Sabanayagam, C.; Lamoureux, E.L. The relationship between generalized and abdominal obesity with
diabetic kidney disease in type 2 diabetes: A multiethnic asian study and meta-analysis. Nutrients 2018, 10,
1685. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/bjc.2017.335
http://dx.doi.org/10.1016/j.stem.2012.12.012
http://dx.doi.org/10.2337/diab.46.2.271
http://dx.doi.org/10.1073/pnas.1610994113
http://www.ncbi.nlm.nih.gov/pubmed/27566402
http://dx.doi.org/10.1016/j.yfrne.2018.10.001
http://www.ncbi.nlm.nih.gov/pubmed/30392901
http://dx.doi.org/10.1111/liv.13994
http://www.ncbi.nlm.nih.gov/pubmed/30358050
http://dx.doi.org/10.1507/endocrj.EJ18-0252
http://www.ncbi.nlm.nih.gov/pubmed/30393250
http://dx.doi.org/10.1016/j.kint.2018.08.026
http://www.ncbi.nlm.nih.gov/pubmed/30415941
http://dx.doi.org/10.1172/jci.insight.93751
http://www.ncbi.nlm.nih.gov/pubmed/28724805
http://dx.doi.org/10.1186/s13054-018-2158-y
http://dx.doi.org/10.1007/s10741-018-9682-3
http://dx.doi.org/10.1182/blood-2016-01-693572
http://dx.doi.org/10.1111/cea.13293
http://dx.doi.org/10.1016/j.cellsig.2015.05.009
http://www.ncbi.nlm.nih.gov/pubmed/26004135
http://dx.doi.org/10.1016/j.numecd.2018.09.009
http://www.ncbi.nlm.nih.gov/pubmed/30454882
http://dx.doi.org/10.3389/fendo.2013.00093
http://www.ncbi.nlm.nih.gov/pubmed/23964268
http://dx.doi.org/10.2337/dc18-1178
http://www.ncbi.nlm.nih.gov/pubmed/30455334
http://dx.doi.org/10.3390/nu10111685
http://www.ncbi.nlm.nih.gov/pubmed/30400648


Int. J. Mol. Sci. 2019, 20, 179 23 of 23

156. Kadowaki, T.; Nangaku, M.; Hantel, S.; Okamura, T.; von Eynatten, M.; Wanner, C.; Koitka-Weber, A.
Empagliflozin and kidney outcomes in Asian patients with type 2 diabetes and established cardiovascular
disease: Results from the EMPA-REG OUTCOME((R)) trial. J. Diabetes Investig. 2018. [CrossRef]

157. Li, X.; Jiang, M.; Chen, D.; Xu, B.; Wang, R.; Chu, Y.; Wang, W.; Zhou, L.; Lei, Z.; Nie, Y.; et al. miR-148b-3p
inhibits gastric cancer metastasis by inhibiting the Dock6/Rac1/Cdc42 axis. J. Exp. Clin. Cancer Res. 2018, 37,
71. [CrossRef]

158. Kiso, M.; Tanaka, S.; Saji, S.; Toi, M.; Sato, F. Long isoform of VEGF stimulates cell migration of breast cancer
by filopodia formation via NRP1/ARHGAP17/Cdc42 regulatory network. Int. J. Cancer 2018, 143, 2905–2918.
[CrossRef]

159. Maldonado, M.D.M.; Dharmawardhane, S. Targeting Rac and Cdc42 GTPases in cancer. Cancer Res. 2018, 78,
3101–3111. [CrossRef]

160. Ma, Y.; Yang, W.; Song, M.; Smith-Warner, S.A.; Yang, J.; Li, Y.; Ma, W.; Hu, Y.; Ogino, S.; Hu, F.B.; et al. Type
2 diabetes and risk of colorectal cancer in two large U.S. prospective cohorts. Br. J. Cancer 2018. [CrossRef]

161. Suarez, A.L. Burden of cancer attributable to obesity, type 2 diabetes and associated risk factors. Metabolism
2018. [CrossRef]

162. Maskarinec, G.; Shvetsov, Y.B.; Conroy, S.M.; Haiman, C.A.; Setiawan, V.W.; Le Marchand, L. Type 2 diabetes
as a predictor of survival among breast cancer patients: The multiethnic cohort. Breast Cancer Res. Treat. 2018.
[CrossRef] [PubMed]

163. Raut, S.K.; Kumar, A.; Singh, G.B.; Nahar, U.; Sharma, V.; Mittal, A.; Sharma, R.; Khullar, M. MiR-30c
mediates upregulation of Cdc42 and Pak1 in diabetic cardiomyopathy. Cardiovasc. Ther. 2015, 33, 89–97.
[CrossRef] [PubMed]

164. Janghorbani, M.; Dehghani, M.; Salehi-Marzijarani, M. Systematic review and meta-analysis of insulin
therapy and risk of cancer. Horm. Cancer 2012, 3, 137–146. [CrossRef]

165. Litzenburger, B.C.; Brown, P.H. Advances in preventive therapy for estrogen-receptor-negative breast cancer.
Curr. Breast Cancer Rep. 2014, 6, 96–109. [CrossRef] [PubMed]

166. Hadad, S.M.; Coates, P.; Jordan, L.B.; Dowling, R.J.; Chang, M.C.; Done, S.J.; Purdie, C.A.; Goodwin, P.J.;
Stambolic, V.; Moulder-Thompson, S.; et al. Evidence for biological effects of metformin in operable breast
cancer: Biomarker analysis in a pre-operative window of opportunity randomized trial. Breast Cancer
Res. Treat. 2015, 150, 149–155. [CrossRef]

167. Athreya, A.P.; Gaglio, A.J.; Cairns, J.; Kalari, K.R.; Weinshilboum, R.M.; Wang, L.; Kalbarczyk, Z.T.;
Iyer, R.K. Machine learning helps identify new drug mechanisms in triple-negative breast cancer. IEEE Trans.
Nanobiosci. 2018, 17, 251–259. [CrossRef]

168. Zakikhani, M.; Dowling, R.; Fantus, I.G.; Sonenberg, N.; Pollak, M. Metformin is an AMP kinase-dependent
growth inhibitor for breast cancer cells. Cancer Res. 2006, 66, 10269–10273. [CrossRef]

169. Athreya, A.P.; Kalari, K.R.; Cairns, J.; Gaglio, A.J.; Wills, Q.F.; Niu, N.; Weinshilboum, R.; Iyer, R.K.;
Wang, L. Model-based unsupervised learning informs metformin-induced cell-migration inhibition through
an AMPK-independent mechanism in breast cancer. Oncotarget 2017, 8, 27199–27215. [CrossRef]

170. Zhao, J.; Cai, C.K.; Xie, M.; Liu, J.N.; Wang, B.Z. Investigation of the therapy targets of
Yi-Qi-Yang-Yin-Hua-Tan-Qu-Yu recipe on type 2 diabetes by serum proteome labeled with iTRAQ.
J. Ethnopharmacol. 2018, 224, 1–14. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1111/jdi.12971
http://dx.doi.org/10.1186/s13046-018-0729-z
http://dx.doi.org/10.1002/ijc.31645
http://dx.doi.org/10.1158/0008-5472.CAN-18-0619
http://dx.doi.org/10.1038/s41416-018-0314-4
http://dx.doi.org/10.1016/j.metabol.2018.10.013
http://dx.doi.org/10.1007/s10549-018-5025-2
http://www.ncbi.nlm.nih.gov/pubmed/30367331
http://dx.doi.org/10.1111/1755-5922.12113
http://www.ncbi.nlm.nih.gov/pubmed/25781190
http://dx.doi.org/10.1007/s12672-012-0112-z
http://dx.doi.org/10.1007/s12609-014-0144-1
http://www.ncbi.nlm.nih.gov/pubmed/24829621
http://dx.doi.org/10.1007/s10549-015-3307-5
http://dx.doi.org/10.1109/TNB.2018.2851997
http://dx.doi.org/10.1158/0008-5472.CAN-06-1500
http://dx.doi.org/10.18632/oncotarget.16109
http://dx.doi.org/10.1016/j.jep.2018.03.027
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Cdc42 and Insulin Secretion 
	Cdc42 and  Cell Proliferation 
	Cdc42 and Insulin Granule Mobilization 
	Cdc42 and the Exocytosis and Endocytosis of Insulin Granules 

	Cdc42 and Diabetes-Associated Diseases 
	Cdc42 and Insulin Resistance 
	Cdc42 and Declining Second-Phase of Insulin Secretion of T2DM Patients 
	Cdc42 and Peripheral Insulin Resistance 

	Cdc42 and Diabetic Nephropathy 
	Cdc42 and Podocyte Injuries 
	Cdc42 and Mesangial Cell Hypertension and Disrupted Directionality of Migration 
	Cdc42 and Glomerulosclerosis 
	Cdc42 and Tubulointerstitial Fibrosis 

	Cdc42 and Cancer Under Hyperglycemia 
	Cdc42 and Cancer Cell Growth and Survival under Hyperglycemia 
	Cdc42 and Cancer Cell Invasion under Hyperglycemia 
	Cdc42 and Cancer Cell Migration and Metastasis under Hyperglycemia 


	Conclusions and Future Perspectives 
	References

