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Abstract: Glucose homeostasis is a complex process regulated by multiple organs and hormones, with
insulin playing a central role. Recent evidence underscores the role of small GTP-binding proteins,
particularly Rac1, in regulating insulin secretion and glucose uptake. However, the role of Rac1-
regulatory proteins in these processes remains largely unexplored. In this study, we investigated the
role of β2-chimaerin, a Rac1-specific GTPase-activating protein (GAP), in glucose homeostasis using
whole-body β2-chimaerin knockout mice. Our data revealed that β2-chimaerin deficiency results
in improved glucose tolerance and enhanced insulin sensitivity in mice. These metabolic effects
were associated with increased insulin-induced AKT phosphorylation in the liver and activation of
downstream pathways that regulate gluconeogenesis and glycogen synthesis. We show that insulin
activates Rac1 in the liver. However, β2-chimaerin deletion did not significantly alter Rac1 activation
in this organ, suggesting that β2-chimaerin regulates insulin signaling via a Rac1-independent
mechanism. These findings expand our understanding of Rac1 regulation in glucose metabolism, and
identify β2-chimaerin as a novel modulator of hepatic insulin signaling, with potential implications
for the development of insulin resistance and diabetes.

Keywords: β2-chimaerin; Rac1; GTPase activating protein (GAP); AKT; insulin signaling; glucose
metabolism; liver

1. Introduction

Glucose homeostasis is a tightly regulated metabolic process that maintains blood
glucose levels within a very narrow range in healthy individuals. This process involves
various physiological mechanisms and multiple tissues and organs, including the pancreas,
liver, muscle, and adipose tissue, and it is regulated by the actions of several hormones and
extracellular signals, with insulin playing a pivotal role [1].

Recently, the Rho GTPase family of small G-proteins has emerged as critical regulators
of glucose homeostasis. Among these proteins, Rac1 plays a prominent role in control-
ling glucose-stimulated insulin secretion and insulin-stimulated glucose uptake [2,3]. The
main cellular function of Rac1 is the control of actin cytoskeleton dynamics, a process
highly relevant for metabolic regulation. In pancreatic beta cells, the translocation of
insulin-containing vesicles to the plasma membrane is mediated through actin cytoskeleton
rearrangements that depend on Rac1 activation [4,5]. Similarly, in skeletal muscle and adi-
pose tissue, insulin-induced GLUT4 translocation is linked to cytoskeletal dynamics [6–8].
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Rac1 has a demonstrated role in this process in muscle cells, with in vitro and in vivo stud-
ies showing that Rac1 activation by insulin induces the reorganization of the cortical actin
cytoskeleton that leads to GLUT4 translocation and the concomitant insulin-stimulated
glucose uptake [9–11]. In adipose tissue, other Rho GTPases seem to have a more prominent
role in insulin-induced glucose uptake [11–13], although recent findings indicate that Rac1
also participates in GLUT4 translocation in insulin-stimulated adipocytes [14]. According
to this crucial role of Rac1 in maintaining glucose homeostasis, dysregulated Rac1 signaling
is associated with metabolic disorders. Hyperactivation of Rac1 is observed in islets from
patients and mouse models of type 2 diabetes [15,16], whereas in skeletal muscle, Rac1
signaling is diminished in insulin-resistant states in both mice and humans [9,17].

Despite the importance of proper Rac1 activation for maintaining whole-body metabolic
homeostasis, the molecular mechanisms governing Rac1 activity in metabolic contexts are
not yet fully elucidated. Rac1 functions as a molecular switch, cycling between an inactive
GDP-bound form and an active GTP-bound form [18]. This process is tightly regulated by
three types of proteins: Guanine nucleotide Exchange Factors (GEFs), GTPase-activating
proteins (GAPs), and Guanine Dissociation Inhibitors (GDIs). GEFs activate Rac1 while
GAPs and RhoGDIs inhibit Rac1 signaling [19,20]. Among the Rac1-GEFs, members of
the P-Rex family (P-Rex1 and 2), the Vav family (Vav2 and Vav3), Tiam1, β-PIX Plekhg4,
and Kalirin play roles in regulating glucose-stimulated insulin release in pancreatic β-cells
and/or insulin-stimulated glucose uptake in skeletal muscle or adipose tissue [21]. Notably,
these GEFs are expressed in the liver [21], but whether Rac1 has glucoregulatory roles
in this organ remains unexplored. Consequently, the exact function of GEFs in hepatic
metabolism is largely unknown.

The role of the negative regulators of Rac1 is limited to a recent report of RhoGDIα
as an important modulator of skeletal muscle insulin sensitivity [22]. The specific GAP
proteins involved in controlling Rac1 activity in these processes remain unidentified. A
potential candidate is β2-chimaerin, as genetic studies have linked this GAP protein with
diabetes. β2-chimaerin is one of the members of the chimaerin family which are highly
selective for Rac1 [23]. Haploinsufficiency of the gene encoding for β2-chimaerin (CHN2)
in combination with the insulin receptor gene (INSR) was detected in a family with insulin
resistance and early diabetes onset, being one of the few examples of the digenic cause
of disease in diabetic patients [24]. This result first implicated β2-chimaerin in insulin
signaling in vivo. Further supporting the role of β2-chimaerin in glucose metabolism, poly-
morphisms in the CHN2 gene have been associated with the development of diabetes and
its complications [25,26]. Although current data are limited, these findings underscore the
necessity for further research to delineate the contribution of β2-chimaerin to the regulation
of glucose homeostasis. In this study, we used whole-body β2-chimaerin knockout mice
to investigate this important issue and, for the first time, demonstrated that β2-chimaerin
influences insulin signaling in the liver.

2. Results
2.1. β2-Chimaerin Deficiency Leads to Improved Glucose Tolerance

To investigate the role of β2-chimaerin in regulating glucose homeostasis in vivo,
we studied the effect of downregulating this protein using whole-body β2-chimaerin
KO mice (hereafter β2-KO), that were generated by gene trapping [27]. Initially, we
assessed the parameters of glucose homeostasis in these mice (Figure 1). Blood glucose and
plasma insulin levels were comparable between β2-KO and wild-type (WT) littermates
in both fasted and postprandial states (Figure 1a,b). Body weights of mice from both
genotypes were also comparable in fasting and fed conditions and showed similar evolution
throughout 26 weeks (Figure 1c,d).
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Figure 1. Metabolic features of β2-chimaerin KO mice: (a) blood glucose levels; (b) plasma insulin 
levels; (c) body weight of WT and β2-chimaerin KO (β2-KO) male mice in fasting and postprandial 
(PP) conditions at 2–3 months of age. Results are expressed as mean ± SEM (n = 10 WT, 11 β2-KO); 
(d) body weight evolution of WT and β2-KO male mice (n = 5–7 mice per group). Body weight was 
measured weekly from age 4 to 26 weeks. 

We next performed an intraperitoneal glucose tolerance test (IPGTT) (Figure 2). 
Blood glucose levels in β2-KO mice, decreased more rapidly than in WT littermates fol-
lowing glucose injection (Figure 2a), with a statistically significant difference observed at 
30 min. The difference in glycemic levels during the IPGTT was confirmed by the areas 
under the curve (AUC), which were also significantly decreased in β2-KO mice (Figure 
2b). These results demonstrate that β2-KO mice exhibit improved glucose tolerance. 

To determine whether this effect was due to altered insulin secretion, we measured 
plasma insulin levels during the glucose tolerance test. The increase in plasma insulin lev-
els after glucose injection was similar in WT and β2-KO mice (Figure 2c), thus discarding 
an effect of β2-chimaerin ablation on insulin levels as the cause of the enhanced glucose 
tolerance observed in the β2-KO mice. 

To assess the whole-body insulin sensitivity of β2-KO mice, we performed an intra-
peritoneal insulin tolerance test (IPITT). Glucose levels of β2-KO mice were significantly 
lower at 15 and 30 min after insulin injection compared to WT littermates (Figure 2d), with 
differences in the AUC showing a trend towards significance (p-value = 0.08) (Figure 2e). 
Glucose decay during the first 30 min of the IPITT was significantly improved in the β2-
KO mice (Figure 2f). Altogether, these results are indicative of an improved glucose toler-
ance of β2-KO mice due to increased insulin sensitivity in peripheral tissues. Additionally, 
no sex-associated differences were observed in the parameters analyzed (Figure S1). 

Figure 1. Metabolic features of β2-chimaerin KO mice: (a) blood glucose levels; (b) plasma insulin
levels; (c) body weight of WT and β2-chimaerin KO (β2-KO) male mice in fasting and postprandial
(PP) conditions at 2–3 months of age. Results are expressed as mean ± SEM (n = 10 WT, 11 β2-KO);
(d) body weight evolution of WT and β2-KO male mice (n = 5–7 mice per group). Body weight was
measured weekly from age 4 to 26 weeks.

We next performed an intraperitoneal glucose tolerance test (IPGTT) (Figure 2). Blood
glucose levels in β2-KO mice, decreased more rapidly than in WT littermates following
glucose injection (Figure 2a), with a statistically significant difference observed at 30 min.
The difference in glycemic levels during the IPGTT was confirmed by the areas under the
curve (AUC), which were also significantly decreased in β2-KO mice (Figure 2b). These
results demonstrate that β2-KO mice exhibit improved glucose tolerance.

To determine whether this effect was due to altered insulin secretion, we measured
plasma insulin levels during the glucose tolerance test. The increase in plasma insulin levels
after glucose injection was similar in WT and β2-KO mice (Figure 2c), thus discarding
an effect of β2-chimaerin ablation on insulin levels as the cause of the enhanced glucose
tolerance observed in the β2-KO mice.

To assess the whole-body insulin sensitivity of β2-KO mice, we performed an in-
traperitoneal insulin tolerance test (IPITT). Glucose levels of β2-KO mice were significantly
lower at 15 and 30 min after insulin injection compared to WT littermates (Figure 2d), with
differences in the AUC showing a trend towards significance (p-value = 0.08) (Figure 2e).
Glucose decay during the first 30 min of the IPITT was significantly improved in the β2-KO
mice (Figure 2f). Altogether, these results are indicative of an improved glucose tolerance
of β2-KO mice due to increased insulin sensitivity in peripheral tissues. Additionally, no
sex-associated differences were observed in the parameters analyzed (Figure S1).



Molecules 2024, 29, 5301 4 of 14Molecules 2024, 29, x FOR PEER REVIEW 4 of 14 
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10 WT, 11 β2-KO); (b) Area under the curve (AUC) of the IPGTT; (c) Plasma insulin levels during 
an IPGTT (n = 4–5 per group); (d) Intraperitoneal Insulin tolerance test (IPITT) of male mice at 2–3 
months of age (n = 10 per group); (e) Area under the curve (AUC) of the IPITT; (f) Glucose decay 
after first 30 min of insulin injection during the IPITT. Results are shown as mean ± SEM. Statistical 
significance was assessed by two-tailed, unpaired Student’s t-test (* p ≤ 0.05, ** p ≤ 0.01). 

2.2. β2-Chimaerin Modulates Insulin Signaling in the Liver 
To evaluate the contribution of β2-chimaerin to insulin-mediated responses that ex-

plained the metabolic phenotype of β2-KO mice, we first analyzed its expression in the 
main insulin-responsive peripheral tissues (Figure 3a). Quantitative RT-PCR analysis re-
vealed that β2-chimaerin transcript is predominantly expressed in the liver, with only re-
sidual expression in muscle and adipose tissue. Furthermore, β2-chimaerin was barely 
expressed in the pancreas, consistent with the observation that β2-chimaerin ablation does 
not affect insulin secretion. We also confirmed the lack of expression of β2-chimaerin in 
the β2-KO mice tissues (Figure 3b). 

To rule out compensatory expression of other chimaerin isoforms in β2-KO livers, we 
examined mRNA levels of the other three main isoforms (β1-, α1-chimaerin and α2-chi-
maerin) by quantitative RT-PCR. Neither α1- nor β1-chimaerin was detected in the liver 
of either WT or β2-KO mice, while α2-chimaerin was expressed at comparable levels in 
the mouse livers of both genotypes (2−ΔCt values vs. housekeeping of 0.79 × 10−4 and 0.74 × 
10−4 in WT and β2-KO, respectively) (Figure 3c). We also corroborated that liver weight 
and histology were similar in WT and β2-KO mice, indicating that β2-chimaerin deletion 
has no obvious adverse effects on the liver (Figure 3d,e). 

Figure 2. β2-chimaerin KO mice have resulted in improved glucose tolerance and increased insulin
sensitivity: (a) Intraperitoneal glucose tolerance test (IPGTT) of male mice at 2–4 months of age
(n = 10 WT, 11 β2-KO); (b) Area under the curve (AUC) of the IPGTT; (c) Plasma insulin levels
during an IPGTT (n = 4–5 per group); (d) Intraperitoneal Insulin tolerance test (IPITT) of male mice at
2–3 months of age (n = 10 per group); (e) Area under the curve (AUC) of the IPITT; (f) Glucose decay
after first 30 min of insulin injection during the IPITT. Results are shown as mean ± SEM. Statistical
significance was assessed by two-tailed, unpaired Student’s t-test (* p ≤ 0.05, ** p ≤ 0.01).

2.2. β2-Chimaerin Modulates Insulin Signaling in the Liver

To evaluate the contribution of β2-chimaerin to insulin-mediated responses that ex-
plained the metabolic phenotype of β2-KO mice, we first analyzed its expression in the
main insulin-responsive peripheral tissues (Figure 3a). Quantitative RT-PCR analysis re-
vealed that β2-chimaerin transcript is predominantly expressed in the liver, with only
residual expression in muscle and adipose tissue. Furthermore, β2-chimaerin was barely
expressed in the pancreas, consistent with the observation that β2-chimaerin ablation does
not affect insulin secretion. We also confirmed the lack of expression of β2-chimaerin in the
β2-KO mice tissues (Figure 3b).

To rule out compensatory expression of other chimaerin isoforms in β2-KO livers,
we examined mRNA levels of the other three main isoforms (β1-, α1-chimaerin and α2-
chimaerin) by quantitative RT-PCR. Neither α1- nor β1-chimaerin was detected in the liver
of either WT or β2-KO mice, while α2-chimaerin was expressed at comparable levels in
the mouse livers of both genotypes (2−∆Ct values vs. housekeeping of 0.79 × 10−4 and
0.74 × 10−4 in WT and β2-KO, respectively) (Figure 3c). We also corroborated that liver
weight and histology were similar in WT and β2-KO mice, indicating that β2-chimaerin
deletion has no obvious adverse effects on the liver (Figure 3d,e).

Since β2-chimaerin was detected exclusively in the liver, we next evaluated the impact
of β2-chimaerin ablation on insulin signaling in this tissue. To this end, we administrated
insulin (0.75 mU/g) or saline solution by intraperitoneal injection to fasted β2-KO and
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control male mice. Ten minutes post-injection, mice were euthanized, and their livers were
collected for analysis.
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Insulin signaling is initiated by its binding to the insulin receptor (IR) that triggers a 
cascade of phosphorylation events that orchestrates insulin’s actions. A key response in 
the metabolic effects of insulin is the activation of AKT, which is phosphorylated at Thr308 
by PDK1 and at Ser473 by mTORC2 [28]. In the livers of β2-KO mice, AKT phosphoryla-
tion at both residues was enhanced, with Thr308 phosphorylation reaching statistical sig-
nificance (Figure 4a,b). Additionally, an increase in the basal phosphorylation of AKT was 
observed in β2-KO livers. To confirm a liver-specific action of β2-chimaerin, we analyzed 
AKT phosphorylation in muscle and adipose tissues and found no differences in either 
basal or insulin-stimulated P-AKT (S473) levels (Figure S2). 

Insulin can also activate mitogenic responses through the activation of the 
MAPK/ERK pathway [1]. Given that downregulation of β2-chimaerin leads to the activa-
tion of ERK downstream of tyrosine kinase receptors [29], we analyzed the phosphoryla-
tion status of this kinase. ERK was barely phosphorylated in the livers, with an incon-
sistent response to insulin at physiological concentrations, as reported [1], and overall 

Figure 3. Analysis of β2-chimaerin expression in insulin-sensitive tissues: (a) Quantitative-RT-PCR
analysis of β2-chimaerin expression in peripheral insulin-responsive tissues and pancreas from WT
mice (n = 3). The expression of the housekeeping gene p36b4 was used for normalization. Results
are expressed as mean ± SEM; (b) Electrophoretic analysis of the quantitative RT-PCR products
in WT and β2-KO mice. Expression in cerebellum was included as a positive control. M: ΦX174
DNA/HaeIII marker; (c) Electrophoretic analysis of the quantitative RT-PCR products of β2-, β1-,
α2- and α1-chimaerin expression in liver from WT and β2-KO mice. M: ΦX174 DNA/HaeIII marker;
(d) Liver weight and liver/body weight of WT and β2-KO mice (n = 6 per group). Results are
expressed as mean ± SEM; (e) Representative H&E staining (20×) of liver from each group.

Insulin signaling is initiated by its binding to the insulin receptor (IR) that triggers a
cascade of phosphorylation events that orchestrates insulin’s actions. A key response in the
metabolic effects of insulin is the activation of AKT, which is phosphorylated at Thr308 by
PDK1 and at Ser473 by mTORC2 [28]. In the livers of β2-KO mice, AKT phosphorylation at
both residues was enhanced, with Thr308 phosphorylation reaching statistical significance
(Figure 4a,b). Additionally, an increase in the basal phosphorylation of AKT was observed
in β2-KO livers. To confirm a liver-specific action of β2-chimaerin, we analyzed AKT
phosphorylation in muscle and adipose tissues and found no differences in either basal or
insulin-stimulated P-AKT (S473) levels (Figure S2).
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Figure 4. Effect of β2-chimaerin deletion on insulin signaling in the liver: (a) Representative im-
munoblot images of basal and insulin-stimulated phosphorylation of AKT, ERK and IR in liver
extracts of WT and β2-KO mice. (b) Densitometric analysis of the phosphorylation of AKT (S473
and T308), ERK and IR. (c) Representative immunoblot images of basal and insulin-stimulated phos-
phorylation of GSK3β, FOXO, and total levels of GLUT2 in liver extracts of WT and β2-KO mice.
(d) Densitometric analysis of p-GSK3β(S9), p-FOXO (S256), and GLUT2 levels. Results in (b) and
(d) are shown as mean ± SEM (n = 3 per condition) and were repeated 2–3 times. (e) Intraperitoneal
pyruvate tolerance test (IPPTT) of male mice at 2–4 months of age (n = 7–8 per group) and area under
the curve (AUC) of the IPPTT. Results are shown as mean ± SEM. Statistical significance was assessed
by unpaired, Student’s t-test (* p ≤ 0.05). A.U., arbitrary units.

Insulin can also activate mitogenic responses through the activation of the MAPK/ERK
pathway [1]. Given that downregulation of β2-chimaerin leads to the activation of ERK
downstream of tyrosine kinase receptors [29], we analyzed the phosphorylation status of
this kinase. ERK was barely phosphorylated in the livers, with an inconsistent response to
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insulin at physiological concentrations, as reported [1], and overall phosphorylation levels
were comparable between WT and β2-KO mice (Figure 4a,b). To determine whether the
increased activation of AKT resulted from enhanced insulin IR activation, we assessed the
insulin-mediated tyrosine phosphorylation of this receptor. β2-chimaerin deletion did not
affect IR phosphorylation at Y1150/1151 following insulin stimulation, although a slight
increase in basal phosphorylation was observed (Figure 4a,b).

AKT phosphorylates multiple downstream targets. Among those relevant to the
control of circulating glucose levels that may explain the β2-KO phenotype are glycogen
synthase kinase 3 beta (GSK3β) and the forkhead box O1 (FOXO1) transcription factor.
Phosphorylation of GSK3β inhibits its activity, leading to activation of glycogen synthase
(GS) and, consequently, increased glycogen synthesis [30]. Conversely, phosphorylation of
FOXO1 triggers its nuclear exclusion, thereby inhibiting its role in promoting gluconeogen-
esis [31]. We examined AKT-mediated phosphorylation of these proteins and found that
β2-KO livers exhibited enhanced phosphorylation of both GSK3β and FOXO1 compared
to WTs (Figure 4c,d), although differences did not reach statistical significance (p- values of
0.33 and 0.41, respectively). Additionally, we evaluated the levels of the hepatic GLUT2,
the major glucose transporter of hepatocytes, and found no differences between WT and
β2-KO livers (Figure 4c,d).

To explore the functional impact of the altered signaling observed in β2-KO livers,
we performed a pyruvate tolerance test. In line with the increased phosphorylation of
FOXO1, β2-KO mice exhibited reduced gluconeogenesis, as indicated by lower glucose
levels following intraperitoneal administration of pyruvate (Figure 4e).

Taken together, these data suggest that the improved glucose tolerance observed in
β2-KO mice results from increased AKT phosphorylation in the liver in the absence of
β2-chimaerin, which enhances downstream signaling that regulates gluconeogenesis and
glycogen synthesis.

2.3. Insulin Activates Rac1 in the Liver Independently of β2-Chimaerin Downregulation

The biological functions of β2-chimaerin described thus far are associated with its
ability to inactivate Rac1 [27,32,33]. Given the lack of reports on insulin’s effect on hepatic
Rac1 activity, we first investigated this issue by performing a Rac1 pull-down assay on
control and insulin-stimulated mouse liver samples (Figure 5a). Remarkably, endogenous
Rac1-GTP levels increased by ~59% following insulin stimulation, demonstrating for
the first time that insulin activates Rac1 in the liver, although this difference was not
statistically significant (p = 0.29). To corroborate this finding, we performed the same assay
in HepG2 cells and observed a statistically significant activation of Rac1 in response to
insulin stimulation, consistent with the results obtained from liver extracts (Figure 5b).

Next, we investigated the specific role of β2-chimaerin in this activation. As a first
approach, we ectopically expressed an EGFP-tagged β2-chimaerin in HepG2 and compared
Rac1 activation to that of cells expressing EGFP as control (Figure 5c). Overexpression of
β2-chimaerin partially inhibited insulin-mediated Rac1 activation, consistent with previous
reports of β2-chimaerin’s inhibitory effect on Rac1 activation by EGF or heregulin [27,34,35].
We then studied the effect of β2-chimaerin downregulation on Rac1 activity in the liver.
Unexpectedly, Rac1-GTP levels were similar in insulin-stimulated WT and β2-KO liver
extracts, although a slight increase in basal Rac1 activation was observed in β2-KO livers.
This result suggests that ablation of β2-chimaerin is not sufficient to induce altered Rac1 ac-
tivation after insulin stimulation, which points to a Rac1-independent function of this GAP
in the regulation of insulin signaling and/or the existence of compensatory mechanisms
that maintain proper Rac1 activation.
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Figure 5. Effect of β2-chimaerin on insulin-mediated Rac1 activation in the liver: (a) Rac1-GTP
levels in liver extracts of WT mice in fasted condition (−) or after intraperitoneal injection of insulin
(0.75 mU/g) (+). (b) Rac1-GTP levels in HepG2 cells in serum-starved condition (−) or stimulated
with insulin (100 nM) for 10 min (+). (c) Rac1-GTP levels in HepG2 cells transfected with EGFP or
β2-chimaerin expression vectors and stimulated as in (b). (d) Rac1-GTP levels in liver extracts of WT
and β2-KO mice in fasted condition (−) or after intraperitoneal injection of insulin (0.75 mU/g) (+).
A representative Rac1 pull-down assay is shown in each figure. Histograms show the quantification
of Rac1-GTP levels normalized to the total Rac1. Results are shown as mean ± SEM (n = 3–4). Rac1
pull-down assay in (d) was repeated 3 times. Statistical significance was assessed by two-tailed,
unpaired Student’s t-test (* p ≤ 0.05). A.U., arbitrary units.

3. Discussion

Rac1 is an important regulator of glucose homeostasis. Despite the liver playing a
significant role in this process, whether Rac1 and/or its regulatory proteins have glucoreg-
ulatory roles in this organ is largely unknown. In this study, we show for the first time
that insulin activates Rac1 in the liver and identify β2-chimaerin as a GAP protein that
modulates insulin signaling in this organ.

Using a whole-body β2-chimaerin KO mice, we demonstrate that deletion of this
protein results in improved glucose tolerance and enhanced insulin sensitivity. Initially,
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we hypothesized that this effect might stem from increased glucose transport by skeletal
muscle and/or adipose tissue due to enhanced Rac1 activation, given the established role
of Rac1 in glucose uptake within these tissues [9,10,14]. However, the expression pattern
of β2-chimaerin in peripheral insulin-sensitive tissues revealed exclusive expression of
this GAP in the liver, thereby excluding the skeletal muscle as the site of action for this
protein. We therefore focused on the effect of β2-chimaerin deletion on insulin signaling
in the liver and found increased activation of AKT and enhanced phosphorylation, and
consequent inactivation, of its downstream targets GSK3β and FOXO1 in the β2-KO mice.
The absence of significant effects on AKT phosphorylation in muscle and adipose tissue
further supports a liver-specific role for β2-chimaerin.

Enhanced activation of glycogen synthesis via inhibition of GSK3β and reduced
gluconeogenesis through inhibition of FOXO1-mediated gluconeogenic gene expression in
β2-KO livers can explain the increased glucose-lowering action of insulin observed in these
mice. This result aligns with the established role of β2-chimaerin in various cell contexts,
where it restrains signaling initiated by the activation of cell surface receptors. For example,
β2-chimaerin modulates signaling from semaphorins receptors in neuronal cells [32], the
EGF receptor in epithelial cells [34] and the T cell receptor in lymphocytes [33]. Our data
support a similar role for β2-chimaerin in hepatocytes, acting as a negative regulator of
IR signaling.

We investigated the molecular mechanisms mediating β2-chimaerin’s effect, focusing
on Rac1 activation since all previously described actions of β2-chimaerin are mediated
through the inhibition of this GTPase [27,29,34]. We first demonstrate that insulin activates
endogenous Rac1 in the liver and in the HepG2 hepatic cell line, similarly to the insulin
action in skeletal muscle [11]. β2-chimaerin, when overexpressed, is capable of attenuating
insulin-mediated Rac1 activation, thus positioning this protein as a regulator of Rac1
signaling activated by insulin. However, downregulation of β2-chimaerin did not result
in increased levels of active Rac1, as observed in other cell models [34,36] and in vivo
studies [27,29]. The discrepancy on these results may be attributed to compensatory
mechanisms. We ruled out that other members of the chimaerin family compensate for
the downregulation of β2-chimaerin, as their expression levels were similar in both WT
and β2-KO livers. It will be important to identify other Rac1 GAPs expressed in the liver
and elucidate their role in maintaining proper Rac1 activity. Notably, several Rac1 GEFs
are expressed in the liver, suggesting that a fully functional Rac1 regulatory cycle operates
within this organ [21].

Another plausible explanation is that β2-chimaerin modulates insulin signaling through
a Rac1-independent mechanism. The increased phosphorylation of AKT observed in
β2-KO livers is unlikely to be a consequence of enhanced Rac1 activation, as in most
cellular contexts, including the insulin-signaling cascade in skeletal muscle, Rac1 and AKT
participate in independent pathways, or Rac1 acts downstream of AKT [37,38]. Therefore,
β2-chimaerin’s effect on insulin signaling may be mediated by its regulatory domains
rather than its catalytic GAP domain. β2-chimaerin contains a C1 domain that binds DAG
and an SH2 domain that binds phospho-tyrosine motifs [39,40]. These domains influence
β2-chimaerin’s functions by regulating its subcellular localization and interactions with
proteins and lipids [40]. This multi-domain structure is common in Rho regulatory proteins
and there are examples of GAPs and GEFs acting as scaffolds in insulin signaling, such as
TCGAP and P-REX2 [41,42]. In line with a GAP-independent function of β2-chimaerin,
the phenotype of the β2-KO mice is opposite to that of the Rac1 GEF P-Rex2, which shows
reduced AKT and GSK3β phosphorylation in the liver through a mechanism involving its
regulatory PH domain and independent on its effect on Rac1 activity [42].

Our findings highlight the need for further research in two important issues. First, the
discovery that insulin activates Rac1 in the liver suggests that active Rac1 has a yet unde-
fined role in the hepatic insulin signaling cascade. In contrast to muscle cells and adipocytes,
where insulin activates Rac1 to promote GLUT4 translocation via actin cytoskeleton rear-
rangements for glucose uptake [9–11,14], glucose transport in hepatocytes, mediated by
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GLUT2, is insulin-independent [43,44]. Whether Rac1’s regulation of the cytoskeleton is
relevant to other insulin-mediated processes in the liver or whether Rac1 exerts regulatory
roles beyond cytoskeletal control remains an open question for further investigation.

Another important issue is the role of β2-chimaerin in the development of insulin
resistance and diabetes. A simultaneous reduction in β2-chimaerin and IR expression leads
to a complex syndrome characterized by severe insulin resistance, diabetes, and growth
deficiency in humans [24]. Therefore, it is essential to explore how β2-chimaerin influences
insulin signaling in states of insulin resistance. Notably, whole-body knockout models
of other regulators of small G proteins, such as Vav3 and ArhGAP21, exhibit varying
metabolic phenotypes depending on dietary conditions [45,46].

In conclusion, our findings expand on previous research on the emerging roles of Rac1
and its regulators in glucose homeostasis, identifying β2-chimaerin as a novel modulator
of insulin signaling in the liver.

4. Materials and Methods
4.1. Mice

Mice were housed at the Animal Research Facility of the University of Valladolid.
All animal care and protocols were reviewed and approved by the Institutional Animal
Care and Use Committee and the Animal Experimentation authorities of the autonomous
government of Castilla and León (Spain) (experimental project approval number: 10006959),
and complied with the European Community directive 2010/63/EU.

Mice containing a gene-trap insertion in the β2-chimaerin gene (Chn2) were obtained
from Lexicon Genetics (Woodland, TX, USA) and were described before [27]. Mice were
originally in a mixed C57Bl/6/129/SvEvBrd background and were backcrossed to the
C57Bl/6 background for 7 generations. The colony was maintained by heterozygous
mating. Genotyping was performed by PCR of mouse tail DNA according to Lexicon’s
recommendations. All experiments were performed on age-matched (8–12 weeks old),
cohoused littermates.

4.2. Mouse Metabolic Studies

Glucose tolerance, insulin sensitivity, and gluconeogenesis were assessed using the
intraperitoneal glucose tolerance test (IPGTT), insulin tolerance test (IPITT) and pyruvate
tolerance test (IPPTT), respectively, as previously described [47,48]. For the IPGTT, mice
were fasted for 16 h and injected intraperitoneally with glucose at 2 g/kg body weight.
For the IPITT, mice were injected intraperitoneally with human insulin (Humulin; Eli Lilly,
Indianapolis, USA) at a dose of 0.75 U/kg body weight. For the IPPTT, after a 16 h fast,
mice were injected intraperitoneally with sodium pyruvate (2 g/kg body weight). For all
these tests, glycemia was monitored before and at various time points post-injection from
tail blood glucose using a Contour XT glucometer (Ascensia Diabetes Care). The area under
the curve was calculated by the trapezoidal method [49]. Glucose decay was calculated as
described [50]. Plasma insulin was determined using an ultrasensitive mouse insulin kit
(Crystal Chem Inc., Downers Grove, IL, USA) according to the manufacturer’s instructions.

4.3. In Vivo Insulin Signaling

Mice were fasted overnight and injected with 0.75 U/kg of body weight of insulin
(Humulin R; Eli Lilly) or saline (control group). After 10 min, mice were sacrificed by
cervical dislocation under sedation. Tissues were collected, immediately frozen in liquid
nitrogen, and stored at −80 ◦C until processing for protein analysis and Rac1 activation
assay. A piece of liver was also fixed with 4% formalin for 24 h for histological analysis.

4.4. Quantitative Real-Time PCR

Quantitative RT-PCR analysis was performed with the QuantiTect SYBR Green RT-PCR
Kit (Qiagen, Hilden, Germany), using 150 ng of total RNA from mice tissues isolated with
TRIzol reagent (Invitrogen, Carlsbad, CA, USA). The p36b4 gene was used as housekeeping.



Molecules 2024, 29, 5301 11 of 14

Primers were as follows: β2-chimaerin forward 5′-AGGTGGAAAACAGACCAAAA-3′, re-
verse 5′-CCCAAACCTCAGTGCCAGCG-3′; β1-chimaerin forward 5′-TCAAGCTCTTTGC
CTGTTC-3′, reverse 5′-CATAAAATTGGCACAGTATTC-3′; α2-chimaerin forward
5′-ATACAGATGAATATAGACCTCC-3′, reverse 5′- CCATGATACTCTCTTCCATAA-3′;
α1-chimaerin forward 5′-CCTCTGAAACTCTTTGCTTA-3′, reverse 5′-GGCACAGTAT
TCACACCAG-3′; p36b4 forward 5′-GTGTTTGACAACGGCAGCATT-3′, reverse 5′-TTGA
TGATGGAGTGTGGCACC-3′. Quantitative RT-PCR was performed on a Light Cycler®

480 Real-Time PCR System (Roche Diagnostics). Expression of chimaerin isoforms was
normalized to that of the housekeeping gene expression using a standard 2−∆CT method.

4.5. Western Blot Assay

Tissues (20 mg) were homogenized in a lysis buffer containing 20 mM Tris-HCl
(pH 7.4), 150 mM NaCl, 0.5 mM EDTA, 1 mM Na3VO4, 1 mM NaF, 1 mM DTT and a
mixture of protease inhibitors (Cømplete, Roche Molecular Biochemicals, Mannheim, Ger-
many), using a Precellys® 24 tissue homogenizer (Bertin Instruments, Berlin, Germany).
After homogenization, Triton X-100 was added to a final 1% concentration. Tissue lysates
were centrifuged at 12,000× g for 10 min at 4 ◦C to remove cell debris, and protein con-
tent was quantified using the Bradford method. Equivalent amounts of protein were
resolved by SDS-PAGE and processed by immunoblotting analysis [51]. The following
primary antibodies were used: antibodies against p-AKT (Ser473) (#4060), p-AKT (Thr308)
(#13038), AKT (#9272), p-ERK (Thr202/Tyr204) (#9101), ERK (#9102), p-IR (Tyr1150/1151)
(#3024), p-GSK-3β (Ser9) (#5558), p-FoxO1 (Ser256) (#9461) and FoxO (#2880) were from
Cell Signaling Technology; IR (#A303-712A-T) from Bethyl, GSK-3 α/β (#VMA00342) from
BioRad, GLUT2 (# 07-1402-I) from Proteintech, Tubulin (#CP-06) from Oncogene, and
GFP (#MMs-118P) from Covance. Immunoblot–derived signals were quantified using
Quantity One-1D.

4.6. Cell Culture and Transfection

HepG2 cells were kindly provided by Dr. Jose Juan García Marín (University of Sala-
manca, Salamanca, Spain). Cells were grown at 37 ◦C and 5% CO2 in DMEM (1 g/L D-glucose)
supplemented with 10% fetal bovine serum (FBS), 1% L-glutamine and 100 units/mL peni-
cillin and streptomycin (Gibco, New York, USA). Transfection with the expression vectors
for EGFP-tagged β2-chimaerin (pEGFP-C3-β2) [39] or EGFP was performed by using
X-tremeGENE HP (Roche, Mannheim, Germany), according to the manufacturer protocol.

4.7. Rac1 Activation Assay

Rac1-GTP levels in HepG2 and liver extracts were assessed by pull-down assay with a
GST fusion protein containing the Rac1 binding domain of PAK1 (GST-PBD) as described
previously [27]. Briefly, HepG2 cell lines were seeded in six-well plates, serum-starved
overnight and then stimulated with insulin (100 nM) for 10 min. After stimulation cells
were lysed in 400 µL of lysis buffer containing 20 mM Tris-HCl (pH 7.5), 150 mM NaCl,
5 mM MgCl2, 1% Triton X-100, 1 mM DTT, 1 mM Na3VO4, 1 mM NaF, protease inhibitors
(Cømplete, Roche Diagnostics), and 10 µg/sample of GST-PBD. Liver samples (40 mg)
were homogenized in the same lysis buffer (1:40 w/v) without detergent, using a Precellys®

24 tissue homogenizer (Bertin Instruments, Berlin, Germany), and then Triton X-100 was
added to a final 1% (v/v) concentration. Cleared cell and liver lysates were incubated
with glutathione-Sepharose beads (GE Healthcare, Uppsala, Sweden) for 1 h at 4 ◦C. After
incubation, samples were extensively washed, boiled in SDS-PAGE sample buffer and
separated by electrophoresis. Bound Rac1 proteins were detected by immunoblotting
using anti-Rac antibody (610651, BD Transduction Laboratories, Franklin Lakes, NJ, USA).
Rac1-GTP levels were quantitated using the Quantity One 1D image analysis 4.5 software
(Bio-Rad, Hercules, CA, USA) and were normalized to total Rac1.
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4.8. Statistical Analyses

All statistical analyses were performed using GraphPad Prism 8.0 (GraphPad Software,
Inc., Boston, MA, USA). Data are presented as mean ± SEM. Comparisons between the
two groups were carried out using the two-tailed unpaired Student’s t-test. Differences
were considered significant at p < 0.05.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules29225301/s1, Figure S1: Metabolic features of β2-
chimaerin KO female mice. Figure S2. Effect of β2-chimaerin deletion on AKT phosphorylation in
adipose tissue and muscle.
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