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Abstract

It is widely accepted that pancreatic islet β-cell failure and the onset of type 2 diabetes 

(T2DM) constitute an intricate interplay between the genetic expression of the disease and a 

host of intracellular events including increased metabolic (oxidative, endoplasmic reticulum) stress 

under the duress of glucolipotoxicity. Emerging evidence implicates unique roles for Caspase 

Recruitment Domain containing protein 9 (CARD9) in the onset of metabolic diseases, including 

obesity and insulin resistance. Mechanistically, CARD9 has been implicated in the regulation of 

p38MAPK and NFkB signaling pathways culminating in cellular dysfunction. Several regulatory 

factors, including B-cell lymphoma/leukemia 10 (BCL10) have been identified as modulators 

of CARD9 function in multiple cell types. Despite this evidence on regulatory roles of CARD9-

BCL10 signalome in the onset of various pathological states, putative roles of this signaling 

module in islet β-cell dysfunction in metabolic stress remain less understood. This brief review is 

aimed at highlighting roles for CARD9 in islet β-cell function under acute (physiological insulin 

secretion) and long-term (cell dysfunction) exposure to glucose. Emerging roles of other signaling 

proteins, such as Rac1, BCL10 and MALT1 as contributors to CARD9 signaling in the islet 

β-cells are also reviewed. Potential avenues for future research toward the development of novel 

therapeutics for the prevention CARD9-BCL10-Rac1 (CBR) signalome-induced β-cell defects 

under metabolic stress are discussed.
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1. Diabetes is an epidemic.

The “Diabesity” (obesity and T2DM) is the biggest epidemic in human history [1–4]. 

According to the International Diabetes Federation (IDF), nearly 540 million people 

worldwide were afflicted with diabetes in 2021, as compared to 382 million in 2019 and 

317 million in 2012. Alarmingly, according to the IDF, this number might reach 643 million 

mark by 2030, and 783 million by 2045. Furthermore, greater than 540 million people 

were estimated to be glucose intolerant in 2021. The absolute global economic burden is 

expected to increase to $2.5 trillion in 2030, which represents a staggering increase in costs 

as a share of global GDP to 2.2% in 2030. These data warrant an urgent need for not only 

understanding the pathophysiological mechanisms underlying the metabolic dysregulation 

and demise of the islet β-cell, but also for increased efforts to develop novel therapeutics 

for halting β-cell defects and demise leading to the onset of diabetes and its associated 

complications .

In the chronology of events leading to the onset of T2DM, it is well established that, 

during the early stages of the disease, the islet β-cell works tirelessly to biosynthesize and 

release of excessive amounts of insulin as a compensatory response to insulin resistance in 

peripheral tissues. Consequential to this high insulin secretory demand, at no pre-determined 

time point, the islet β-cell undergoes “metabolic exhaustion” leading to relative lack of 

production and release of insulin culminating in hyperglycemia leading to β-cell failure 

and the onset of T2DM [5–8]. Existing experimental evidence further affirms that obesity, 

increasing age, ethnicity, and family history contribute to the onset of T2DM [9]. Despite 

a large number of previous and ongoing bench-to-bedside investigations in the field of 

pathophysiology of T2DM, putative molecular and cellular mechanisms underlying islet 

β-cell dysregulation and failure in T2DM remain only partially understood. Some of the 

known mechanisms and potential signaling mechanisms underlying the cellular events 

leading to β-cell failure under metabolic stress are briefly highlighted below.

2. Islet β-cell dysregulation under chronic metabolic stress

Chronic exposure of the islet β-cell to metabolic stress (e.g., elevated glucose, saturated fatty 

acids, such as palmitate either singly or in combination), and pro-inflammatory cytokines 

(e.g., IL-1β, TNFα and IFNγ) results in metabolic dysregulation and loss of functional 

β-cell mass. A host of signaling modules, including those involved in the induction 

of intracellular oxidative stress (e.g., NADPH-oxidase-derived reactive oxygen species; 

ROS) and endoplasmic reticulum (ER) stress have been examined and implicated in the 

dysfunction of the β-cell in T2DM. In this context, extant studies in human islets, rodent 

islets and a variety of clonal β-cells have demonstrated that a relatively poor antioxidant 

defense mechanism(s) renders the islet β-cell less resistant (i.e., more vulnerable) to damage 

under conditions of increased metabolic stress [10–13]. Earlier studies have revealed a 

significant increase in the intracellular ROS in β-cells exposed to metabolic stress, which, 

in turn, leads to activation of downstream signaling modules including stress kinase 

(e.g., p38MAPK, JNK1/2, p53) and mitochondrial dysregulation (defects in membrane 

permeability transition), and nuclear collapse (degradation of nuclear lamins) resulting in 

cell death [14–23]. These findings on potential roles of NADPH oxidase-derived ROS in 
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islet dysfunction were replicated in animal models of obesity and T2DM (e.g., Zucker 

Diabetic Fatty rat; [24]) and inflammation and T1DM (e.g., Non Obese Diabetic mouse; 

[25]). It may be germane to point out that, in addition to chronic hyperglycemic and 

hyperlipidemic conditions, biologically-active sphingolipids (e.g., ceramides) have been 

shown to induce ROS-mediated metabolic stress leading to islet β-cell mass failure [26].

3. CARD9-BCL10-Rac1-MALT1 (CBRM) signalosome:

A brief description of roles of each of the members of CBRM signalosome (focus of this 

review) in cellular function is provided below. Caspase Recruitment Domain Containing 

Protein 9

(CARD9) is a scaffolding protein, which is abundantly expressed in macrophages, dendritic 

cells, monocytes, and neutrophils [27]. Published evidence suggests key roles for CARD9 

in promoting innate immunity; its primary role is ascribed to be a signal transducer from 

the pattern recognition receptors localized on the cell membrane to various intracellular 

signaling pathways [28–31]. As will be highlighted below, CARD9 has been shown to 

contribute to the onset of metabolic diseases, including insulin resistance and obesity 

[32]. Recent evidence in animal models with CARD9 deletion demonstrated roles for 

CARD9 in diet-induced inflammation, obesity, and metabolic pathologies [32, 33]. B-cell 

lymphoma/ leukemia 10 (BCL10) is a key modulator of immune cell signaling. It has 

been shown to form filaments leading to aggregation into clusters for propagating signals 

culminating in the activation of Mucosa-associated lymphoid tissue lymphoma translocation 

protein 1 (MALT1) and downstream effectors, such as NFkB and JNK. Evidence is also 

emerging to suggest that BCL10 is functionally regulated via a variety of post-translational 

modifications, including phosphorylation, ubiquitination, and degradation [34]. Ras-related 

C3 botulinum toxin substrate 1 (Rac1) is a small G protein involved in a variety of 

cellular functions including cytoskeletal rearrangements, vesicular transport [35–37]. Several 

earlier studies in pancreatic β-cells have demonstrated key regulatory roles for Rac1 in 

physiological (glucose-stimulated) insulin secretion [36, 37]. Rac1 has been shown to 

be constitutively activated in human islets, rodent islets, and clonal β-cells following 

exposure to diabetogenic conditions [22, 36, 38, 39]. These findings were validated in islets 

derived from animal models of T2DM as well as diabetic humans [24]. Together, available 

evidence suggests both friendly (in physiological insulin secretion) and non-friendly (in 

cell dysfunction and demise) for Rac1 in islet β-cell function [40]. It is important to note 

that, Rac1 is a member of the cytosolic core of phagocyte-like NADPH oxidase (Nox2), 

activation of which leads to transient generation of ROS under conditions conducive for 

physiological insulin secretion. Furthermore, it has been shown that constitutive activation 

of Rac1 under metabolic stress conditions leads to sustained activation of Nox2 leading to 

increased oxidative stress in pancreatic β-cells culminating in loss in physiological insulin 

secretion, and subsequent dysfunction and demise of the effete β-cell [41, 42]. MALT1 is a 

paracaspase, which is a key component of the CBM complex. It has been implicated in the 

regulation of immune signaling, including tumor promotion. It has also been shown to exert 

dual regulatory roles in cells (e.g., lymphocytes), such as a scaffolding protein with specific 

roles in the functional activation of transcription factors (e.g., NFkB) as well as a regulator 

immune signaling and activation via proteolytic cleavage of specific substrates [43].
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The following sections of this review are aimed at highlighting data accrued in studies 

demonstrating roles of CARD9 in cell function in general followed by emerging evidence 

to indicate roles of CARD9 in the onset of islet β-cell function under the duress of chronic 

metabolic stress.

4. Overview of roles of CARD9, and its auxiliary signaling proteins, in cell 

function in health and disease.

CARD9, a member of caspase recruitment domain family, has been implicated in many 

physiological and pathological processes including innate immune response [28–30], 

inflammation [27, 31], and carcinogenesis [44–46]. Emerging evidence also suggests novel 

roles for CARD9 in the pathology of cardiovascular [47, 48] and metabolic diseases 

[32]. In the context of regulatory roles of CARD9 in the onset of metabolic diseases, 

investigations by Cao and associates demonstrated that depletion of CARD9 ameliorates 

myocardial dysfunction associated with diet-induced obesity (DIO), via suppression of 

macrophage infiltration, inhibition of p38 MAPK phosphorylation and activation, and 

associated preservation of autophagy in the heart [33]. Data from the studies of Zeng and 

coworkers implicated significant contributory roles for CARD9 in DIO through the CARD9-

MAPK pathway leading to the postulation that CARD9 knockdown might be a potential 

tool to improving DIO and metabolic disorders [49]. Briefly, using a CARD9 knockout 

animal model, these researchers have reported significantly higher insulin resistance and 

impaired glucose tolerance in WT animals following high fat feeding compared to those 

in which CARD9 is deleted [49]. Interestingly, high fat-feeding mediated increase in the 

expression of p38MAPK, JNK and ERK were significantly lower in the liver from CARD9 

depleted animals. Based on these findings, these researchers have concluded that absence 

of CARD9 affords protection against DIO and related pathologies via down-regulating the 

CARD9-p38MAPK signaling module [49].

Recent experimental evidence identified several regulatory factors that might be involved 

in CARD9-mediated functions, including B-cell lymphoma/leukemia 10 (BCL10). For 

example, using the DIO animal model, Wang and coworkers provided compelling evidence 

for key regulatory roles of BCL10-CARD9-p38MAPK signaling module in obesity-related 

cardiac hypertrophy (ORCH) [50]. By employing a variety of complementary experimental 

approaches, these investigators have reported an increase in the expression of BCL10, 

CARD9 and p38MAPK activation in the heart in high fat-fed animals. Pharmacological 

inhibition of p38MAPK elicited no significant effects on the increased expression of 

BCL10 and CARD9. Based on these findings, these authors concluded that CARD9-

BCL10 module might be upstream to p38MAPK activation. siRNA-mediated depletion 

of BCL10 expression in cultured cardiomyocytes inhibited saturated fatty acid (palmitate)-

induced p38MAPK activation, providing further support that BCL10 regulates p38MAPK 

activation. It is noteworthy that supplementation of zinc rescued ORCH in these animals by 

suppressing the activation of BCL10-CARD9-p38MAPK signaling module, suggesting that 

zinc deficiency contributes to the above signaling and metabolic defects [50].

Kowluru Page 4

Biochem Pharmacol. Author manuscript; available in PMC 2024 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Follow-up investigations along these lines by Wang et al provided fresh insights into 

potential roles of zinc deficiency in ORCH. Using the DIO model fed on zinc-deficient, 

normal zinc and zinc supplemented diets, these investigators have reported that zinc 

supplementation alleviates cardiac hypertrophy in DIO mice via suppressing the p38 

MAPK-dependent cardiac inflammatory and hypertrophic pathways [50]. Based on data 

from complementary studies, these researchers concluded that DIO and zinc deficiency 

synergistically induce ORCH by increasing oxidative stress-mediated activation of BCL10-

CARD9-p38 MAPK signaling module [50]. A recent review by Tian and coworkers further 

highlighted novel roles for CARD9 in the pathology of obesity, insulin resistance and 

atherosclerosis [32].

In addition to BCL10, emerging evidence suggests that CARD9 can interact with mucosa-

associated lymphoid tissue lymphoma translocation protein 1 (MALT1) to form interactive 

protein complexes in the cells, triggering the expressions of inflammatory mediators 

[29, 34]. MALT1 gene encodes a caspase-like protease that plays a significant role in 

BCL10-induced activation of NFkB. Mechanistically, MALT1 has been shown to exert 

critical regulatory roles on the activation of NFkB via multiple mechanism, including 

tyrosine kinase receptors, G protein coupled receptors and immune receptors [51]. 

Experimental evidence is also suggestive that MALT1 is constitutively-activated in a variety 

of hematological malignancies and solid tumors culminating in NFκB target gene expression 

[52]. A recent review by Ruland and Hartjes highlighted regulatory regulation and signaling 

of CARD-BCL-MALT1 (CBM) signaling module, and their physiological roles and their 

pathophysiological functions in human immunodeficiency diseases, inflammatory disorders 

and cancers of the immune system [53]. In summary, published evidence affirms the 

working model that the CBM signalome regulates numerous signaling pathways (e.g., 

p38MAPK and NFkB) leading to the onset of multiple pathological states.

5. Modulatory roles of CARD9 in islet β-cell function in health and 

metabolic stress remains understudied.

Despite the aforestated advances in the field of contributory roles of CARD9 in the 

pathogenesis of metabolic diseases, including obesity, diabetes and insulin resistance, 

regulatory roles of CARD9 in islet β-cell function under acute (insulin secretion) and long-

term exposure (dysfunction) to glucose remains an understudied area. Recent observations 

from the author’s laboratory are suggestive of novel roles for CARD9 signaling module 

in islet β-cell function in normal health and metabolic stress. Key findings are briefly 

highlighted below.

5.1 Regulatory functions of CARD9 in insulin secretion

Gamage and coworkers have recently reported that CARD9 is expressed in human islets, 

rat islets, mouse islets and INS-1 832/13 β-cells. siRNA-mediated knockdown of CARD9 

significantly attenuated glucose-induced insulin secretion (GSIS) in insulin-secreting INS-1 

832/13 cells, suggesting critical roles for this scaffolding protein in physiological insulin 

secretion [54]. Earlier investigations from multiple laboratories have implicated critical roles 

for small G proteins (e.g., Rac1) in the cascade of events leading to GSIS [36, 37, 40, 55]. 
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Interestingly, the signaling steps involved in CARD9-mediated regulation of GSIS appear to 

be independent of activation of Rac1, since depletion of CARD4 exerted minimal effects on 

glucose-induced Rac1 activation in these cells [54]. Furthermore, insulin secretion-induced 

via membrane depolarization (i.e., secretion induced by KCl) or by mastoparan, a global 

activator of G proteins, were resistant to CARD9 knockdown in these cells. Together, 

these findings suggested specific roles for CARD9 in glucose-induced, Rac1-independent 

signaling steps leading to GSIS. Subsequent search for those signaling steps revealed 

key roles for CARD9 in glucose-induced p38MAPK, not ERK1/2 phosphorylation (and 

activation) in pancreatic β-cells leading to insulin secretion. Based on these data, it was 

concluded that CARD9 promotes physiological insulin secretion via a Rac1-independent 

and p38-dependent signaling module [54].

5.2. Regulatory functions of CARD9-BCL10-Rac1 in the induction of metabolic stress in 
pancreatic β-cells under diabetogenic conditions

Given the aforementioned regulatory roles of CARD9 in the pathogenesis of a variety 

of metabolic diseases [32], Gamage et al have recently investigated modulatory roles of 

CARD9 in the cascade of events leading to metabolic dysfunction of the islet β-cell under 

the duress of chronic hyperglycemic conditions. They noted a significant increase in the 

expression of CARD9 in INS-1 832/13 cells and mouse islets following exposure to gluco- 

and glucolipitoxic conditions. Interestingly, however, in contrast to what was observed under 

acute regulatory conditions [54], siRNA-mediated knockdown of CARD9 significantly 

attenuated sustained activation of Rac1 in pancreatic β-cells exposed to hyperglycemic 

conditions, implicating specific roles for CARD9 in the activation of Rac1 under these 

conditions. Furthermore, siRNA-mediated depletion of CARD9 markedly suppressed high 

glucose induced p38 MAPK, but not JNK1/2 and ERK1/2 activation [56]. Lastly, high 

glucose-induced Ser-536 phosphorylation of RelA, the p65 subunit of NFκB, was inhibited 

in CARD9-depleted pancreatic β-cells [57]. These findings have led to the postulation 

that CARD9 promotes p38MAPK-NFκB signaling module in the cascade of events 

leading to β-cell dysregulation under metabolic stress [56, 57]. Subsequent investigations 

(co-immunoprecipitation approaches) to further understand the mechanisms underlying 

CARD9-mediated metabolic dysfunction of the islet β-cell under hyperglycemic conditions, 

revealed a significant increase in the interaction between CARD and LyGDI, a known GDP-

dissociation inhibitor for Rac1, in β-cells exposed to hyperglycemic conditions. A weakened 

interaction between LyGDI and Rac1 was also noted under these conditions. Based on these 

observations, it was concluded that hyperglycemic conditions promote association between 

CARD9 and LyGDI leading to dissociation of LyGDI-Rac1 complex leading to release of 

“free” Rac1 for activation of downstream signaling steps including p38MAPK and NFkB 

under these conditions [56]. Data accrued in extant investigations further validates the above 

findings of Gamage and coworkers [56]. For example, Jia and coworkers have demonstrated 

that Dectin-1 induces phosphorylation of Ras-GRF1, a known guanine nucleotide exchange 

factor (GEF) for Ras activation, leading to increased association of phosphorylated Ras-

GRF1 with CARD9 (Ras-GRF1-CARD9 complex) to promote ERK-NFκB signaling 

pathway resulting in increased production of pro-inflammatory cytokines (IL-6, IL-12, 

IL-1β, and TNFα) [58]. Along these lines, studies by Wu et al. demonstrated increased 

interaction between CARD9 and GDIs (e.g., RhoGDIβ; LyGDI) in the cascade of events 
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leading to G protein (e.g., Rac1) activation and NADPH oxidase-mediated ROS generation 

[59]. Together, findings from above investigations are suggestive of key modulatory roles of 

small G proteins (e.g., Rac1 and Ras) and their regulatory proteins/factors (e.g., LyGDI and 

GRF-1) in CARD9-mediated effects on cellular function. Interestingly, however, whether 

CARD9 exerts direct effects on putative GEFs for Rac1 leading to its activation under 

metabolic stress conditions remains unclear currently. Along these lines, Roth and coworkers 

have implicated roles for Vav, a known GEF for Rac1, in the CARD9 signaling steps 

leading to C-type lectin receptor-mediated antifungal host defense [60]. In the context of 

the islet β-cell, earlier investigations from the author’s laboratory have demonstrated critical 

regulatory roles for Vav2 and Tiam1, known GEFs for Rac1, in metabolic stress-induced 

p38MAPK activation in pancreatic β-cell under the duress of chronic hyperglycemia. 

Additional investigations are needed to further assess the roles of these GEFs in CARD9-

Rac1 signaling in the islet β-cell. Lastly, Gamage and coworkers have also demonstrated 

that metabolic stress conditions significantly increased expression of BCL10 in pancreatic 

β-cells, and that siRNA-mediated knockdown of CARD9, markedly attenuated high 

glucose-induced expression of BCL10 [56]. Altogether, these findings are suggestive of 

a significant crosstalk between CARD9-BCL10-Rac1 signalome in high glucose-mediated 

effects on islet β-cell dysregulation. Based on available evidence in other cell types, 

and data accrued in pancreatic β-cells, we propose key roles for CARD9-BCL10-Rac1 

signaling module in the cascade of events leading to β-cell dysfunction under the duress of 

chronic hyperglycemic conditions (Figure 1). It is proposed that metabolic stress conditions 

promote the expression and association of CARD9 in pancreatic β-cells with LyGDI. This, 

in turn, results in dissociation LyGDI-Rac1 complex under these conditions leading to 

sustained activation of Rac1 culminating in the induction of intracellular oxidative stress (via 
activation of phagocyte-like NADPH oxidase) and ER stress (via the CHOP pathway [56]. 

Increased metabolic stress accelerates p38MAPK and NFκB signaling pathways leading 

to mitochondrial dysregulation and β-cell dysfunction. Our findings also suggest increased 

expression of BCL10, which has been implicated in CARD9-mediated p38MAPK activation 

in other cell types (see above). Putative involvement of BCL10 in islet β-cell dysregulation 

under diabetogenic conditions needs further investigation. Lastly, potential consequences of 

accelerated CARD9-BCL10 signaling in promoting alterations in the subcellular distribution 

of Rac1 (e.g., nuclear targeting) [61] leading to β-cell dysfunction under metabolic stress 

remains to verified experimentally.

6. Does MALT1 contribute to CARD9-BCL10-Rac1 mediated islet β-cell 

dysregulation under metabolic stress?

As stated above, we recently reported evidence suggesting expression of CARD9 in rodent 

islets, human islets and clonal INS-1 832/13 cells [56] and BCL10 in INS-1 832/13 

cells [56]. Composite Western blot data depicted in Figure 2 demonstrate expression of 

CARD9, BCL10 and MALT1 in INS-1 832/13 cells, rodent islets and human islets. To our 

knowledge, this is the first evidence for expression of MALT1 in insulin-secreting cells. It 

should be emphasized that while our earlier findings highlighted above provide evidence key 

regulatory roles for CARD9-BCL10-Rac1 (CBR) signaling axis in islet β-cell dysregulation 

under metabolic stress conditions [56], putative roles of MALT1, more specifically the 
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CBMR signalome, in islet dysregulation remain to be investigated further. Based on the 

available evidence in the islet β-cell and other cell types, we propose a working model for 

CBMR signalome in islet dysregulation under metabolic stress conditions (Figure 3).

Long-term exposure of pancreatic β-cells to metabolic stress conditions (e.g., 

hyperglycemia, hyperlipidemia or both) leads to functional activation of protein kinase δ 
(PKCδ), which, in turn, has been shown to phosphorylate CARD9 at Thr-231 culminating 

in functional activation of CARD9 [62]. As depicted in Figure 1, activation of CARD9 

leads to dissociation of LyGDI-Rac1 complex, and increased interaction (complexation) 

between CARD9 and LyGDI. Dissociation of Rac1 from LyGDI promotes its activation 

directly through the intermediacy of a variety of guanine nucleotide exchange factors (e.g., 

Tiam1 and Vav2) or through yet an unidentified mechanism(s). Sustained activation of Rac1 

under these conditions leads to activation of several metabolic axes including activation 

of stress kinases (e.g., p38 MAPK) and NADPH oxidases (e.g., Nox2) culminating in 

mitochondrial dysfunction and nuclear collapse and demise of the effete β-cell. Published 

evidence in pancreatic β-cells on CARD9-Rac1-mediated phosphorylation of RelA (at 

Ser-536) under the duress of hyperglycemic conditions further affirm key roles for this 

signaling cascade in β-cell demise [57]. In the context of pancreatic β-cell, it is likely that 

MALT1 (Figure 2) might work in tandem with CARD9-BCL10 in promoting downstream 

signaling events, including p38MAPK and NFkB activation. Lastly, the postulation that 

PKCδ mediates activation of Nox2 via phosphorylation and activation of CARD9 under 

specific experimental conditions remains to be verified in the islet β-cell. Together, we 

propose that CARD9-BCL10-MALT1-Rac1 signaling events might contribute to islet β-cell 

dysregulation under metabolic stress conditions (Figure 3). Future studies will further 

validate this model.

7. Translational impact of CARD9 signaling on the pathogenesis of islet 

β-cell defects under metabolic stress

Even though the filed is in its infancy, the author envisions a significant translational 

impact of these early observations on the involvement of CARD9 and the CBMR signalome 

islet β-cell function in health and metabolic stress. Albeit limited, recent experimental 

evidence affirms support to our postulation. First, using a dual systems genetic approach, 

Kaur and coworkers have recently reported CARD9 as one of the nine genes identified 

in the “T1D-T2D islet expression quantitative trait locus interaction network” in human 

islets. Furthermore, extended network analyses of these nine genes have identified several 

signaling modules that CARD9 might potentially be involved, including CLR, CLEC7A 

(Dectin-1), NLR, immune system and NOD1/2 signaling pathways. It should be noted that 

Dectin 1 and Dectin 2 have been shown to be upstream to CARD signaling pathway [27], 

and investigations aiming to understand regulatory roles of Dectin-CARD9 signaling in the 

onset of islet β-cell dysregulation will shed much needed insights in this field. Indeed, 

earlier studies have suggested roles for toll like receptors (e.g., TLR2) and Dectin-1 in the 

induction of immune response and prevention of type 1 diabetes [63–65]. Studies of Castoldi 

and coworkers have shown critical regulatory roles Dectin-1 in adipose tissue inflammation 

in obesity and insulin resistance [66]. Compatible with these conclusions, studies of Al 
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Madhoun and coworkers have proposed Dectin-1 as a biomarker of metabolic inflammation 

in obesity [67]. Lastly, Ren and coworkers have demonstrated prolongation of murine islet 

allograft survival following inhibition of Dectin-1 on dendritic cells [68]. The reader is 

referred to a recent review by Kalia et al highlighting potential contributory roles of Dectin-1 

in pathology of various diseases [69]. Second, given the regulatory roles of CARD9 in 

the regulation of sustained activation of Rac1 via dissociation of LyGDI-Rac1 complex 

to promote functional activation of “free” Rac1 under metabolic stress conditions makes 

CARD9-Rac1 signaling pathway more critical for the pathogenesis of islet dysfunction 

under metabolic stress conditions. We envision that this might be at the level of promoting 

activation of Nox2 and associated generation of ROS leading to modulation of downstream 

signaling steps, including activation of stress kinases culminating in mitochondrial and 

nuclear dysregulation leading to β-cell failure.

It is noteworthy that, in the context of regulatory roles Rac1-induced, NADPH oxidase 

mediated production of ROS and oxidative stress contributing to the pathogenesis of T2DM, 

Azarova et al examined whether single-nucleotide polymorphisms (SNP) at the RAC1 gene, 

a member of NADPH oxidase holoenzyme, are associated with the risk of T2DM, glucose 

metabolism and redox homeostasis [70]. These researchers genotyped DNA samples from 

1579 T2DM patients and 1627 controls were for six common SNPs and reported that 

the SNP rs7784465 was associated with an increased risk of T2DM. Interestingly, these 

investigations revealed associations of Rac1 polymorphisms with T2D were modified by 

environmental factors (e.g., sedentary lifestyle, psychological stresses etc.). Based on these 

observations, the authors concluded that polymorphisms in the Rac1 gene represent novel 

genetic markers of T2DM, and their link with glucose homeostasis and the pathogenesis of 

T2DM, potentially associated with the changes in redox homeostasis [70].

8. Conclusions and future directions to further affirm roles of CBMR 

signalome in islet β-cell. dysregulation under metabolic stress

A growing body of evidence affirms novel roles for the CBM signaling module in the 

pathogenesis of immune and cardiac disorders. Mechanistic evidence implicates activation 

of p38MAPK and NFkB might represent the downstream signaling steps, leading to cellular 

dysfunction and the onset of pathology. Studies in CARD9 knockout animal models 

have yielded a wealth of information on critical roles of this scaffolding protein in the 

pathogenesis of metabolic disorders, including obesity and insulin resistance. Emerging 

evidence for the roles of CARD9 in islet β-cell function in health and metabolic stress 

is encouraging. Additional studies are needed, however, to further validate models that 

we highlighted in this review (Figures 1 and 2). Potential areas for future research in 

conclusively demonstrate regulation of β-cell (dys)function by the CBRM signalome. They 

are briefly highlighted below.

First, it will be interesting to further validate the roles of CARD9 in animal models in which 

CARD9 is conditionally deleted in the pancreatic β-cell. These investigations are critical 

since CARD9 has been implicated in a variety of metabolic disorders, including obesity and 

insulin resistance [32]. Second, it would be worthwhile to design small molecule inhibitors 
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for each of these signaling proteins in the CBM complex to further assess their regulatory 

roles in cell dysfunction, including the islet β-cell. Original investigations by Leshchiner 

et al. have identified BRD5529 as a selective inhibitor of CARD9 activation. These 

researchers have shown that BRD5529 binds to CARD9, thereby preventing interaction 

between CARD9 and TRIM62, a known E3 ubiquitin ligase for CARD9, resulting in 

functional inactivation of CARD9 [71]. Recent investigations from the author’s laboratory 

have demonstrated no significant effects of BRD5529 on GSIS [54], or on high glucose-

induced p38MAPK activation in pancreatic β-cells [56]. Based on these data, we concluded 

that CARD9-TRIM62 signaling pathway may not be involved in CARD9 mediated effects 

on β-cells under acute or chronic exposure to high glucose conditions. However, additional 

investigations may be necessary not only to validate these observations, but also develop 

specific inhibitors for the CBM signaling module to further assess its roles in islet β-cell 

function in health and metabolic stress. Martin et al have described the results of a series 

of toxicology studies in rat and dog species using MLT-943, a novel potent and selective 

MALT1 protease inhibitor [72]. Testing of small molecule compounds, such as MLT-943 

might prove useful to further evaluate roles of MALT1 protease in the pathogenesis of 

islet dysregulation under metabolic stress. Third, as highlighted above, evidence in other 

cell types suggest critical roles for this signaling protein in the functional regulation of 

p38MAPK and NFkB. Future investigations might reveal regulatory roles of MALT1 in 

promoting specific signaling steps that might be involved in islet β-cell dysregulation in 

models of impaired insulin secretion and diabetes. Fourth, published evidence suggests 

critical regulatory roles for phosphorylation of CARD9 represents a key signaling step 

in its functional regulation. For example, it has been shown that Dectins (Dectin-1 and 

Dectin-2) elicit direct regulatory effects via Syk-phospholipase Cγ-mediated effects on 

PKCδ, which, in turn, phosphorylates CARD9 at Thr-234 leading to its functional activation 

[62, 73] Despite this evidence, potential involvement of PKCδ in the regulation of CARD9 

signaling module in the pancreatic islet β-cell remains to be verified. It may be germane 

to point out that, extant data from multiple laboratories implicates PKCδ in the onset 

of dysregulation of the islet β-cell under a variety of metabolic stress conditions (e.g., 

exposure to saturated fatty acids and proinflammatory cytokines). Interestingly, however, 

data from studies of Welters and Morgan have suggested that activation of PKCδ is not 

required for palmitate-induced cytotoxicity in insulin-secreting in [74]. In addition to the 

aforestated in vitro observations, earlier investigations in in vivo model systems have also 

highlighted contributory roles of PKCδ in pancreatic islet β-cell dysregulation. For example, 

studies by Hennige and coworkers have demonstrated that overexpression of kinase-negative 

PKCδ in pancreatic β-cells protects mice from diet-induced glucose intolerance and β-cell 

dysfunction [75]. Cantley and Biden reported that deletion of PKCδ in mice modulates 

stability of inflammatory genes and protects against cytokine-stimulated β-cell death in vitro 
and in vivo [76]. Taken together, data from these investigations lend support for contributory 

roles for PKCδ in islet β-cell dysregulation. While phosphorylation of CARD9 at Thr-234 

leads to its activation, phosphorylation at T531/T533 has been shown to attenuate CARD9 

function [27]. Taken together, potential roles of CARD9 phosphorylation (and its associated 

signaling proteins) functions in the islet β-cell under metabolic stress remains a fertile area 

of investigation. Lastly, it will be interesting to investigate signaling mechanisms/ pathways 

involved in increased expression of CARD9 and BCL10 in pancreatic β-cells chronically 
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exposed to gluco- and glucolipotoxic conditions. Potential regulatory roles of these 

conditions on transcriptional and/or epigenetic pathways leading to increased expression 

of these proteins need further examination. Along these lines, recent investigations have 

demonstrated transcriptional regulation of Rac1 by high glucose in retinal endothelial 

cells [77, 78]. Therefore, it will be interesting to undertake methodical investigations on 

transcriptional/epigenetic regulation of CARD9 expression in pancreatic β-cell exposed to 

diabetogenic conditions.
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Figure 1: Proposed model for CARD9-mediated metabolic dysregulation of the islet β-cell under 
the duress of hyperglycemic stress.
Continuous exposure of β-cells to hyperglycemic conditions promotes association between 

CARD9 and LyGDI and subsequent dissociation of RhoGDIβ-Rac1 complex. This, in 

turn, leads to the sustained activation of Rac1 and downstream signaling steps including 

activation of oxidative (Nox2-mediated) stress, and activation of stress kinases (p38MAPK). 

Data from our recent studies also demonstrated that Rac1 activation step is necessary for 

S536 phosphorylation of p65 (RelA), and potential translocation of p65-STAT3 complex 

to the nuclear fraction under these experimental conditions [57]. Collectively, increased 

metabolic stress, stress kinase activation and accelerated NFκB (pro-apoptotic) signaling 

pathway culminates in metabolic dysfunction and failure of the islet β-cell under chronic 

HG exposure conditions. This figure is taken, with permission from the publisher, from a 

recent publication from the author’s laboratory [57].
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Figure 2: Immunological evidence for the expression of CARD9, BCL-10 and MALT-1 in INS-1 
832/13 cells, rat islets and human islets:
Western blot data depicting expression of CARD9, BCL-10 and MALT-1 in INS-1 832/13 

cells, rat islets and human islets is shown here. Methods: INS-1 832/13 cells were 

propagated in RPMI-1640 medium consisting of 10% FBS supplemented with 100 IU/ ml 

penicillin and 100 IU/ml streptomycin, 1 mM sodium pyruvate, 50μM 2-mercaptoethanol, 

and 10 mM HEPES. Prior to a given study, cells were treated overnight with low serum/ low 

glucose media [79, 80]. Rat (Sprague- Dawley) islets were isolated using the collagenase 

digestion method as we described in [22, 81]. Human islets (from a 54-year-old Caucasian 

male, 75”, 172 lbs., with a BMI of 21.6, non-diabetic donor pancreas) were obtained 

from Prodo Labs (Aliso Viejo, CA, USA). Protocols involving use of rat and human 

islets received approvals from the appropriate committees at Wayne State University and 

the JDD VA Medical Center, Detroit. Antibody directed against MALT1 (TA807326S; 

1:1,000 dilution) was from OriGene Technologies, Inc. (Rockville, MD, USA). Antibodies 

against CARD9 (sc-374569; 1:1,000 dilution) and BCL-10 (sc-5273 (1:500 dilution) were 

from Santa Cruz Biotechnology (Dallas, TX, USA). β-actin antibody (A1978) was from 

Sigma Aldrich (St. Louis, MO, USA) and used at 1:5,000 dilution. Anti-mouse IgG HRP-

conjugated secondary antibody was from Cell Signaling Technology, Inc. (Danvers, MA, 

USA) used at 1:1,500 dilution. Collectively, these findings suggest expression of CARD9, 

BCL10 and MALT1 in a variety of insulin secreting cells, including human islets.
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Figure 3: A proposed model for potential roles of CBMR signalome in the cascade of events 
leading to β-cell dysfunction under diabetogenic conditions.
Metabolic stress (e.g., hyperglycemia, hyperlipidemia or both ) promotes functional 

activation of PKCδ, which, in turn, has been shown to phosphorylate CARD9 (Thr 

231) culminating in functional activation of CARD9 [62]. Activation of CARD9 leads to 

sustained activation of several metabolic axes (NADPH oxidase, p38MAPK) culminating 

in the demise of the effete β-cell. More recent studies from our laboratory have also 

demonstrated increased S536 phosphorylation of RelA mediated via the CARD9-Rac1 

signaling module in pancreatic β-cells exposed to hyperglycemic milieu; a signaling step 

implicated in cellular apoptosis [57]. Potential upstream regulatory roles of BCL10 and 

MALT1 in functional activation of NADPH oxidase, p38MAPK and NFkB in β-cells 

exposed to diabetogenic conditions remains to be determined.
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