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Adipocyte CAMK2 deficiency improves obesity-
associated glucose intolerance
Wen Dai 1,2, Mayank Choubey 1, Sonal Patel 1, Harold A. Singer 3, Lale Ozcan 1,*
ABSTRACT

Objective: Obesity-related adipose tissue dysfunction has been linked to the development of insulin resistance, type 2 diabetes, and cardio-
vascular disease. Impaired calcium homeostasis is associated with altered adipose tissue metabolism; however, the molecular mechanisms that
link disrupted calcium signaling to metabolic regulation are largely unknown. Here, we investigated the contribution of a calcium-sensing enzyme,
calcium/calmodulin-dependent protein kinase II (CAMK2), to adipocyte function, obesity-associated insulin resistance, and glucose intolerance.
Methods: To determine the impact of adipocyte CAMK2 deficiency on metabolic regulation, we generated a conditional knockout mouse model
and acutely deleted CAMK2 in mature adipocytes. We further used in vitro differentiated adipocytes to dissect the mechanisms by which CAMK2
regulates adipocyte function.
Results: CAMK2 activity was increased in obese adipose tissue, and depletion of adipocyte CAMK2 in adult mice improved glucose intolerance
and insulin resistance without an effect on body weight. Mechanistically, we found that activation of CAMK2 disrupted adipocyte insulin signaling
and lowered the amount of insulin receptor. Further, our results revealed that CAMK2 contributed to adipocyte lipolysis, tumor necrosis factor
alpha (TNFa)einduced inflammation, and insulin resistance.
Conclusions: These results identify a new link between adipocyte CAMK2 activity, metabolic regulation, and whole-body glucose homeostasis.

� 2021 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Adipose tissue is now accepted as an important endocrine organ that
contributes to whole-body energy homeostasis. White adipose tissue
(WAT) stores lipids and secretes hormones and cytokines, including
leptin, adiponectin, and tumor necrosis factor alpha (TNFa), whereas
brown adipose tissue (BAT) generates heat and contributes to energy
homeostasis [1]. During periods of energy excess or feeding, activation
of adipocyte insulin signaling results in glucose uptake, lipogenesis,
inhibition of lipolysis, and triglyceride storage. Obesity-induced
impairment of WAT insulin signaling and the resultant lipolysis lead
to ectopic lipid deposition in metabolically-active organs, such as liver
and skeletal muscle [2]. Furthermore, lipolysis-driven macrophage
infiltration of WAT, which initially serves an adaptive role in metabo-
lizing excess free fatty acids (FFA), becomes maladaptive in obesity,
and the resultant chronic inflammation further promotes the pro-
gression of insulin resistance [3,4]. Although much is known about the
regulation of adipocyte insulin receptor (INSR) signaling under physi-
ologic conditions, there are still gaps in our understanding of the up-
stream signaling pathways that contribute to altered adipose tissue
insulin sensitivity in obesity. Identifying factors that regulate WAT
function may reveal therapeutic strategies for insulin resistance and
type 2 diabetes mellitus (T2D).
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The role of calcium homeostasis in metabolic disturbances has
become a topic of interest in recent years. Although changes in
intracellular calcium levels and calcium-dependent signaling events
have been well-studied in the regulation of hepatic glucose meta-
bolism, their roles in adipocyte function are largely unknown. Studies
in isolated human adipocytes revealed increased intracellular calcium
concentrations and a concomitant reduction in glucose uptake in obese
subjects [5]. In drosophila, store-operated calcium entry regulator,
stromal interaction molecule 1 (STIM1) and the endoplasmic reticu-
lumelocalized calcium channel, inositol triphosphate receptor (ITPR)
have been implicated in regulating adiposity and lipid metabolism
[6,7], yet molecular mediators of this regulation have not been studied.
We and others have previously reported that a calcium-sensitive ki-
nase, calcium/calmodulin dependent-protein kinase II (CAMK2), be-
comes activated in liver during fasting and obesity and plays a critical
role in glucose homeostasis [8e13]. Deletion or inhibition of hepatic
CAMK2 in obese mice protects against glucose intolerance and
hyperinsulinemia [9,14]. The mechanism of metabolic benefit through
CAMK2 inhibition involves suppression of gluconeogenesis and
improvement in hepatic insulin signaling. However, the role of CAMK2
in other insulin-sensitive tissues, including WAT, is still unknown.
Here, we report that CAMK2 is activated in obese adipose tissue,
which in turn plays a role in metabolic dysfunction. Using cultured
2Department of Cardiology, The Second Xiangya Hospital, Central South University,
ollege, Albany, NY, USA

10032, USA. Fax: þ12123055052. E-mail: lo2192@cumc.columbia.edu (L. Ozcan).

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 1

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:lo2192@cumc.columbia.edu
https://doi.org/10.1016/j.molmet.2021.101300
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molmet.2021.101300&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


Original Article
adipocytes deficient in CAMK2 and an inducible mouse model of
CAMK2 deficiency in adipose tissue, we report that adipocyte CAMK2
regulates insulin signaling and whole-body glucose homeostasis.
Moreover, we provide evidence that CAMK2 is involved in adipocyte
lipolysis and inflammation, which may further contribute to the
pathogenesis of insulin resistance. Taken together, these data
identify adipocyte CAMK2 as a critical component of metabolic
regulation in obesity.

2. MATERIALS AND METHODS

2.1. Mice
Floxed Camk2d/g mice were generated by crossbreeding Camk2dloxP/loxP

and Camk2gloxP/loxP mice as described previously [15,16], then crossing
them onto the C57BL6/J background. These mice were then bred with
mice expressing a tamoxifen-inducible Cre recombinase under the control
of the Adipoq gene promoter (Jax mice, 025124) to generate adipocyte-
inducible CAMK2d and CAMK2g double knockout mice (Ai-CAMK2 KO).
Littermate mice carrying the floxed alleles served as controls. For all
experiments, male mice of the same age and similar weight were
randomly assigned to experimental and control groups. Mice were fed a
high-fat diet (HFD) with 60% kcal from fat (Research Diets, D12492)
immediately after weaning and maintained on a 12-hr lightedark cycle.
Two separate cohorts of Ai-CAMK2 KO and control mice that were fed
with HFD for a total of 7 and 20 weeks, respectively, were treated with
75 mg/kg tamoxifen (Cayman, 13528) dissolved in 10% ethanol and 90%
corn oil (Sigma) i.p. for five consecutive days. Mice were maintained on
HFD and experiments were commenced 2e10 weeks after tamoxifen
treatment. Total HFD feeding period was 15 and 30 weeks, respectively.
Additionally, Camk2dloxP/loxP and Camk2gloxP/loxP mice were bred with
Adipoq-Creetransgenic mice (Jax mice, 028020), which express Cre in a
non-inducible manner (A-CAMK2 KO), and fed with HFD for 16 weeks. A
glucose meter was used to measure blood glucose in mice that were
fasted overnight (with free access to water). Plasma insulin levels were
measured using an ultrasensitive mouse insulin ELISA Kit (Crystal Chem).
The homeostasis model assessment of insulin resistance (HOMA-IR) in-
dex was calculated using the following formula: fasting plasma insulin (in
mU/l) � fasting blood glucose (in mMol/l)/22.5 [17,18]. Enzymatic assay
kits were used to measure plasma total cholesterol (Wako Diagnostics),
triglycerides (Wako Diagnostics), non-esterified fatty acids (NEFA, Wako
Diagnostics), glycerol (Sigma), and b-hydroxybutyrate (Abcam). Glucose
tolerance tests (GTTs) were performed in overnight-fasted mice by
assaying blood glucose at various times after i.p. injection of glucose (1e
1.5 g/kg). Insulin tolerance tests (ITTs) were performed in 5-hrefasted
mice by assaying blood glucose at various times after i.p. injection of
insulin (0.6e1 IU/kg). Diet-induced obese mice (Jax mice, 380050), their
respective controls (Jax mice, 380056), and ob/ob mice (Jax mice,
000632) were used for the analysis of CAMK2 phosphorylation in WAT
and BAT. Animal studies were performed in accordance with the
Columbia University Irving Medical Center Institutional Animal Care and
Use Committee.

2.2. Portal vein insulin infusion
Following 5-hr food withdrawal, mice were anesthetized and insulin
(0.6 IU/kg) or PBS was injected through the portal vein. Three minutes
after injection, tissues were removed, frozen in liquid nitrogen, and
kept at �80 �C until processing.

2.3. Reagents and antibodies
Insulin, sodium palmitate, polybrene, cycloheximide, isoproterenol,
chloroquine, ammonium chloride, MG132, chlorpromazine, filipin,
2 MOLECULAR METABOLISM 53 (2021) 101300 � 2021 The Author(s). Published by Elsevier GmbH. T
KN93 (CAS# 139298-40-1), and KN92 (CAS# 1135280-28-2) were
from Sigma. TNFa was from Peprotech. Anti-phospho-S473-AKT, anti-
AKT, anti-phospho-Y1150/1151-INSR, anti-INSR, anti-HSP90, anti-
phospho-T183/Y185-JNK, anti-JNK, anti-b-ACTIN, and anti-pan CDH
antibodies were from Cell Signaling Technology. Anti-phospho-T287-
CAMK2 antibody was from Novus, anti-CAMK2d antibody was from
Genetex, anti-CAMK2g antibody was from Santa Cruz Biotech, and
anti-transferrin receptor 1 (TFRC1) antibody was from Thermo. Ade-
noviruses encoding LacZ and CA-CAMK2 were described previously
[19] and amplified by Viraquest, Inc. (North Liberty, IA).

2.4. Cell culture experiments
OP9 cells (ATCC, CRL-2749) were maintained in media containing
MEMa, 20% (v/v) heat-inactivated FBS, and 1X penicillin-
streptomycin. To induce differentiation, cells were incubated in me-
dia containing MEMa, 15% (v/v) KnockOut� serum replacement (SR,
Invitrogen, 10828e028), and 1% penicillin-streptomycin for 4 days.
The medium was then changed to MEMa, 20% (v/v) heat-inactivated
FBS, and 1% penicillin-streptomycin, and the cells were cultured for 2
more days. Differentiated cells were transfected with scrambled RNA
or siRNAs targeting Camk2d (Integrated DNA Technologies, prede-
signed dsiRNA, target sequence: 50-AGCCAAGAGUUUAUUGAA-30 and
30-CGUCGGUUCUCAAAUAACUUCUUUGGU-50) and Camk2g (Qiagen,
predesigned siRNA, target sequence: 50-ACAGTCACTCCTGAAGCTAA-
30) using Lipofectamine RNAiMAX transfection reagent (Life Technol-
ogies, Inc.) according to the manufacturer’s instructions. Transduction
with adenoviruses encoding LacZ or CA-CAMK2 were carried out using
polybrene (2 ug/mL). In some experiments, cells were preincubated
with KN93 (1 mM), KN 92 (1 mM), chloroquine (40 mM), ammonium
chloride (20 mM), MG132 (40 mM), and chlorpromazine (10 mM). For
all of the experiments, cells were serum-starved overnight by incu-
bation in media containing 0.5% (v/v) heat-inactivated FBS, then
incubated in FBS-free media, with individual treatments noted in figure
legends.

2.5. Lipolysis assay
Differentiated OP9 cells were treated as noted in the figure legends.
Cells were incubated in media containing MEMa (without phenol red)
and 1% fatty acidefree bovine serum albumin (BSA) (w/v). After 2 h of
incubation, cells were treated with fresh MEMa (without phenol red)
and 1% fatty acidefree BSA (w/v) media with or without 10 uM
isoproterenol for 3e4 h. Insulin (100 nM) was added during the last
2e4 h of isoproterenol incubation as described in the figure legends.
Media was collected and spun down at 2500 rpm for 5 min to pellet the
detached cells. NEFA levels in the supernatant were measured using
the NEFA enzymatic assay kit (Wako) according to manufacturer’s
instructions. The protein content of cell lysates was determined using
the DC Protein Assay kit (BioRad), and secreted NEFA levels were
normalized to protein content.

2.6. Protein extraction and immunoblotting
Adipose tissue samples and differentiated OP9 cells were homoge-
nized in RIPA buffer (Thermo Fisher) supplemented with leupeptin,
phenylmethylsulfonyl fluoride (PMSF), aprotinin, and okadaic acid
(Sigma). Lysates were cleared by centrifugation at 15,000 rpm for 60
or 20 min at 4 �C for cells and tissue samples, respectively. Plasma
membrane proteins were isolated as described previously [20]. Protein
content of lysates was determined using the DC Protein Assay kit
(BioRad). Protein extracts were electrophoresed on SDS-PAGE gels and
transferred to PVDF membranes. The membranes were blocked for 1 h
at room temperature in tris-buffered saline with 0.1% Tween 20
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(TBST) containing 5% (w/v) BSA or nonfat milk. The membranes were
then incubated at 4 �C overnight with primary antibodies in TBST
containing 5% nonfat milk or BSA, followed by incubation with the
appropriate secondary antibodies coupled to horseradish peroxidase.
Proteins were detected by ECL chemiluminescence (Pierce). ImageJ
was used for densitometric analysis of the immunoblots.

2.7. Quantitative RT-PCR analysis
Total RNA was extracted using TRIzol reagent (Invitrogen). cDNA was
synthesized from 1 mg total RNA using oligo (dT) and Superscript II
(Invitrogen). Quantitative RT-PCR was performed using the ABI Real
Time PCR System and SYBR Green reagents (Applied Biosystems). To
normalize the relative expression, a standard curve was prepared for
each gene, with the expression level of each gene normalized to the
36B4 or HPRT gene (housekeeping).

2.8. Liver triglyceride analysis
Liver tissue was homogenized in PBS, and the lipids were isolated by
the Folch extraction method (final chloroform/methanol/water
solution¼ 8:4:3) [21]. The organic layer was collected and dried under
nitrogen. The dried lipids were then reconstituted in 15% Triton X-100
in chloroform, which was evaporated with nitrogen and resuspended in
water. TG concentrations were measured enzymatically (Wako
Chemicals). To visualize lipid accumulation in hepatocytes, Hematox-
ylin & Eosin staining was performed on formalin-fixed liver sections.

2.9. Statistics
All results are presented as mean � SEM. Statistical significance was
determined using SigmaPlot software. Data that passed the normality
test were analyzed using Student’s t-test and ANOVA. Data that were
not normally distributed were analyzed using the nonparametric
ManneWhitney U test. Significant differences were determined by
repeated measures ANOVA for ITT and GTT. Differences were
considered statistically significant at p < 0.05.

3. RESULTS

3.1. CAMK2g and CAMK2d are expressed in WAT and activated in
fasting and obesity
CAMK2 has four different isoforms: a, b, g, and d, each of which is
encoded by separate genes [22,23]. We first investigated which
CAMK2 isoforms are expressed in adipose tissue and found that
epididymal WAT (eWAT), inguinal WAT (iWAT), and BAT express g and
d isoforms (Figure 1A). Previously, we showed that hepatic CAMK2 is
activated during fasting and contributes to glucose homeostasis by
regulating hepatic glucose production. Similarly, we found that CAMK2
phosphorylation, which is a measure of its activation state, was
significantly increased upon fasting in eWAT, without any change in
total CAMK2 levels (Figure 1B). As obesity and insulin resistance are
characterized by alterations in cytosolic calcium and CAMK2 activation
[5,24], we asked next whether CAMK2 activity is increased in obese
adipose tissue. We observed that the level of phospho-T287-CAMK2,
but not total CAMK2, was significantly higher in eWAT and BAT from
diet-induced obese (DIO) mice compared to controls (Figure 1C).
Similarly, the level of phospho-T287-CAMK2 was markedly higher in
iWAT, eWAT, and BAT of ob/ob mice compared to WT mice. Thus
adipose tissue CAMK2 is activated in fasting and obesity, which led us
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to explore the possibility that adipocyte CAMK2 may contribute to
metabolic regulation in obesity.

3.2. Deletion of adipocyte CAMK2 improves glucose homeostasis
in obese mice
To investigate the functional importance of CAMK2 in adult mice adipose
tissue without interfering with embryonic or neonatal development, we
established a mouse model, designated as Ai-CAMK2 KO mice, in which
both Camk2g and Camk2d were deleted in adipocytes in an inducible
manner. This was performed by crossing Camk2dloxP/loxP and Camk2-
gloxP/loxP mice with mice carrying a tamoxifen-inducible Cre ERT2

transgene under the control of adiponectin promoter (AdipoqCreERT2)
[15,16,25]. Littermate mice carrying floxed alleles but not the Cre ERT2-
transgene were used as controls. In two separate cohorts, we injected
Ai-CAMK2 KO and control mice with tamoxifen for 5 consecutive days
after 7 or 20 weeks of HFD feeding, then continued HFD feeding for a
total period of 15 or 30 weeks, respectively. As expected, Camk2g and
Camk2d mRNAs were lowered in different adipose tissue depots 8e10
weeks after tamoxifen treatment (Figure 2A and F). Consistent with
previous reports [26], both DIO control and Ai-CAMK2 KO mice expe-
rienced initial weight loss following tamoxifen treatment. However, there
were no differences in body weight between the groups throughout the
study, and neither group displayed any developmental or behavioral
defects (Figure S1). Moreover, food intake (2.73 � 0.01 g versus
3.17 � 0.28 g per mouse per day), plasma total cholesterol
(143.18 � 9.01 mg/dl versus 140.79 � 13.85 mg/dl), and plasma
triglyceride levels (55.00 � 5.40 mg/dl versus 59.39 � 5.57 mg/dl)
were similar between the two groups. However, compared with control
DIO mice, Ai-CAMK2 KO mice had lower plasma insulin levels and in-
sulin resistance as measured by HOMA-IR (Figure 2B,C and G). Further,
DIO Ai-CAMK2 KO mice exhibited significantly lower blood glucose levels
during the glucose tolerance test and insulin tolerance test, suggesting
an improvement in glucose tolerance (Figure 2D, E, H and I). Similar
results were obtained in the 16-week HFD-fed control (Camk2dloxP/loxP,
Camk2gloxP/loxP) and Camk2dloxP/loxP, Camk2gloxP/loxP, and Adipoq-Cre
BACetransgenic mice (A-CAMK2 KO), which express Cre in a non-
inducible manner [27] (Figure S2). Of note, there were no differences
in body weights between the two groups. These data indicate that
CAMK2 inhibition in obese mice improves glucose metabolism.

3.3. Adipocyte CAMK2 regulates insulin-induced AKT activation
Insulin-stimulated phosphorylation of AKT (also known as protein ki-
nase B, PKB) increases the translocation of glucose transporter GLUT4,
which stimulates glucose uptake into adipose tissue. We therefore
assessed the effect of CAMK2 deficiency on adipocyte insulin signaling
by measuring adipose tissue S473-AKT phosphorylation in DIO mice
injected with insulin through the portal vein. Consistent with improved
glucose tolerance and enhanced insulin sensitivity, DIO Ai-CAMK2 KO
mice displayed significant increases in insulin-mediated AKT activation
in both eWAT and iWAT (Figure 3A and B). To gain further mechanistic
insight, we moved to an in vitro adipocyte model using bone marrowe
derived stromal cell (OP9) differentiated adipocytes, which is a known
in vitro model for the study of adipocyte metabolism [28e30].
Consistent with the in vivo findings, we observed that silencing Camk2
improved insulin-stimulated S473-AKT phosphorylation in cultured
adipocytes, which suggests that the effect of CAMK2 deficiency on
insulin signaling is cell-intrinsic (Figure 3C). We next investigated the
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Figure 1: CAMK2 is expressed in adipose tissue and activated in fasting and obesity. (A) RNA from iWAT, eWAT, BAT, and brain tissue of a WT mouse were probed for the
indicated Camk2 isoform mRNAs or Irs1 (internal control) by RT-PCR. (B) WT mice were fasted for 12 h (fasted) and then refed for 1 h (refed). Total protein extracts of eWAT were
then assayed for phospho-T287-CAMK2, CAMK2g, CAMK2d, and b-ACTIN by immunoblot. Densitometric quantification of data is shown in the bar graphs (n ¼ 3 mice per group).
(C) phospho-T287-CAMK2, CAMK2d, CAMK2g, and b-ACTIN levels from eWAT and BAT of lean (control) and DIO mice were analyzed. Densitometric quantification of data is shown
in the bar graphs (n ¼ 6 mice per group). (D) iWAT, eWAT, and BAT extracts from 10-week-old WT and ob/ob mice were probed for phospho-T287-CAMK2, CAMK2d, CAMK2g,
and b-ACTIN by immunoblot. Densitometric quantification of data is shown in the bar graphs (n ¼ 4 mice per group).

Original Article
response of control and CAMK2-deficient adipocytes to saturated fatty
acid palmitate treatment, which has been shown to attenuate insulin
signaling [31e33]. We found that the decrease in insulin-stimulated
phospho-S473-AKT levels upon palmitate treatment was completely
abrogated by silencing adipocyte Camk2 (Figure 3D). To further
establish a role for CAMK2 in adipocyte insulin signaling, we trans-
duced adipocytes with an adenovirus encoding a constitutively-active,
mutant form of CAMK2 (T287D, CA-CAMK2), which results in
4 MOLECULAR METABOLISM 53 (2021) 101300 � 2021 The Author(s). Published by Elsevier GmbH. T
autonomous activity [19]. We observed that CA-CAMK2 treatment was
sufficient to interfere with insulin action, as exemplified by the inhi-
bition of insulin-induced phospho-S473-AKT (Figure 3E).

3.4. CAMK2 regulates adipocyte insulin signaling through its
effects on INSR levels
Our previous work in hepatocytes revealed that CAMK2 inhibition
enhances activation of AKT via suppressing pseudokinase tribbles 3
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Figure 2: Deletion of adipocyte CAMK2 improves glucose homeostasis in obese mice. Two separate cohorts of Ai-CAMK2 KO and control mice that were fed with HFD for a
total of 15 and 30 weeks were i.p. injected with tamoxifen. (A) mRNA levels of Camk2g and Camk2d in eWAT, iWAT, and BAT, (B) plasma insulin levels, (C) HOMA-IR, (D) glucose
tolerance test, and (E) insulin tolerance test in Ai-CAMK2 KO and control mice that were treated with tamoxifen after being fed with HFD for 15 weeks (n ¼ 9 mice per group;
mean � SEM, p < 0.05). (F) mRNA levels of Camk2g and Camk2d in eWAT and iWAT, (G) plasma insulin levels, (H) glucose tolerance test, and (I) insulin tolerance test in control
and Ai-CAMK2 KO mice that were treated with tamoxifen after being fed with HFD for 30 weeks (n ¼ 6e7 mice per group; mean � SEM, p < 0.05).
(TRB3), which is an inhibitor of insulin-induced phosphorylation of
AKT [9,34]. We therefore asked whether adipocyte CAMK2 deficiency
increases insulin-AKT signaling by regulating TRB3 levels. Remark-
ably, we did not observe any changes in Trb3 mRNA levels in control
versus Ai-CAMK2 KO eWAT or CAMK2-deficient adipocytes, sug-
gesting that TRB3 does not participate in the CAMK2-mediated
regulation of insulin signaling in adipose tissue (Figure S3A and B).
Next, we focused our attention on the activation of proximal insulin
signaling component INSR, which is downregulated in adipose
MOLECULAR METABOLISM 53 (2021) 101300 � 2021 The Author(s). Published by Elsevier GmbH. This is an open
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tissues of both obese animal and human subjects [35e37]. We
observed that silencing Camk2 in cultured adipocytes significantly
improved INSR activity, as shown by increased Y1150/1151 phos-
phorylation of INSR compared to scramble-treated controls
(Figure 4A). Interestingly, INSR protein analysis revealed that CAMK2
deficiency enhanced INSR activity by increasing the levels of total
INSR, which led to more functional and cell surfaceelocalized INSR
(Figure 4A and B). To confirm these findings, we used the CAMK2
inhibitor KN93 and showed that this compound, but not the
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 5
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Figure 3: Adipocyte CAMK2 regulates insulin-induced AKT activation. (AeB) Ai-CAMK2 KO and control mice that were fed with HFD for 30 weeks were injected with 0.6 IU/
kg insulin (ins) through the portal vein after 5 h of fasting. iWAT (A) and eWAT (B) extracts were then assayed for phospho-S473-AKT, total AKT, and b-ACTIN by immunoblot.
Densitometric quantification is shown in the bar graph (n ¼ 6e7 mice per group). (C) Insulin (ins)-stimulated phospho-S473-AKT and total AKT levels were assayed in differ-
entiated OP9 cells treated with control siRNA (scr) or siRNAs against Camk2g and Camk2d (siCamk2). Densitometric quantification is shown in the bar graph (n ¼ 3 technical
replicates per group). (D) Similar to C, except that the cells were treated with or without 100 mM palmitate (palm) for 6 h followed by 5 min of insulin (ins) stimulation. Densitometric
quantification is shown in the bar graph (n ¼ 3 technical replicates per group). (E) Similar to C, except that the cells were treated with control adenovirus (LacZ) or an adenovirus
expressing the CA-CAMK2 that has an HA tag. Densitometric quantification is shown in the bar graph (n ¼ 3 technical replicates per group).

Original Article
structurally related inactive homologue KN92, significantly increased
INSR protein levels (Figure 4C). Conversely, transduction of adipo-
cytes with CA-CAMK2 decreased INSR levels and activity compared
to control virus expressing LacZ (Figure 4D). As obesity-associated
chronic hyperinsulinemia has been shown to downregulate INSR in
many cells, including adipocytes, we next investigated whether
CAMK2 deficiency protects against INSR downregulation upon
chronic exposure to high concentrations of insulin. We found that the
decrease in INSR levels upon chronic insulin treatment was abro-
gated by silencing adipocyte CAMK2 (Figure 4E). Then, we returned
6 MOLECULAR METABOLISM 53 (2021) 101300 � 2021 The Author(s). Published by Elsevier GmbH. T
to our in vivo model by analyzing INSR in DIO Ai-CAMK2 KO versus
obese control mice and observed significantly higher INSR levels in
eWAT and iWAT of DIO Ai-CAMK2 KO (Figure 4F). In order to deter-
mine the molecular mechanism(s) of adipocyte INSR regulation by
CAMK2, we analyzed Insr mRNA levels in CAMK2-deficient adipose
tissue and cultured adipocytes and observed no significant changes
(Figure S3CeF). Similarly, CA-CAMK2 treatment had no effect on Insr
mRNA in differentiated adipocytes (Figure S3G). Altogether, these
results suggest that CAMK2 regulates insulin signaling by controlling
INSR protein but not Insr mRNA.
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Figure 4: CAMK2 regulates adipocyte INSR levels. (A) Insulin-stimulated phospho-Y1150/1151-INSR, total INSR, CAMK2g, CAMK2d, and b-ACTIN levels were assayed in
differentiated OP9 cells treated with control siRNA (scr) or siRNAs against Camk2g and Camk2d (siCamk2). Densitometric quantification of data is shown in the bar graphs (n ¼ 3
technical replicates per group). (B) Plasma membrane protein extracts from OP9 cells treated with control siRNA (scr) or siRNAs against Camk2g and Camk2d (siCamk2) were
probed for INSR and loading control, PAN-CDH (pan cadherin) by immunoblot. Densitometric quantification is shown in the bar graph (n ¼ 3 technical replicates per group). (C)
Total INSR and HSP90 levels were assayed in differentiated OP9 cells treated with 1 mm of either KN93 or its inactive homolog KN92. Densitometric quantification is shown in the
bar graph (n ¼ 3 technical replicates per group). (D) Similar to A, except that the cells were treated with control adenovirus (LacZ) or an adenovirus expressing the CA-CAMK2.
Densitometric quantification is shown in the bar graph (n ¼ 3 technical replicates per group). (E) Differentiated OP9 cells were treated with control siRNA (scr) or siRNAs against
Camk2g and Camk2d (siCamk2). The cells were then incubated with insulin (ins) for 24 h, and total INSR levels were analyzed. Densitometric quantification is shown in the bar
graph (n ¼ 3 technical replicates per group). (F) Total INSR levels were assayed in eWAT and iWAT of DIO Ai-CAMK2 KO or control obese mice that were fed with HFD for 30
weeks. Densitometric quantification of data is shown in the bar graphs (n ¼ 6e7 mice per group).
3.5. CAMK2 activation lowers INSR via clathrin-mediated
lysosomal degradation
INSR is a receptor tyrosine kinase (RTK), and upon insulin binding, it is
endocytosed via either clathrin-coated vesicles or caveolae [38]. In
MOLECULAR METABOLISM 53 (2021) 101300 � 2021 The Author(s). Published by Elsevier GmbH. This is an open
www.molecularmetabolism.com
normal physiology, a majority of the endocytosed INSR is recycled
back to the plasma membrane, with a small portion routed to lyso-
somes for degradation [39]. In this regard, prevention of RTK inter-
nalization and degradation has been hypothesized to result in
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 7
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constitutive activation and prolonged signaling [40]. As CAMK2 did not
affect the mRNA levels of Insr, we tested whether CAMK2 regulates
the endocytosis of INSR. We first showed that treatment of adipocytes
with the caveolin-mediated endocytosis inhibitor, filipin, was not able
to prevent the CA-CAMK2einduced INSR decrease, suggesting that
CAMK2 does not affect caveolin-regulated INSR endocytosis
(Figure 5A). Next, we inhibited clathrin-mediated endocytosis by
treating the cells with 10 mM chlorpromazine and found that this
treatment abrogated the decrease in INSR conferred by CA-CAMK2
overexpression (Figure 5B). Of note, level of transferrin receptor
(TFRC1), which is internalized through clathrin-mediated endocytosis,
was not increased in CAMK2-deficient adipocytes or in eWAT and
iWAT of DIO Ai-CAMK2 KO, suggesting that CAMK2 specifically reg-
ulates the clathrin-mediated internalization of INSR without affecting
TFRC1 (Figure 5C and D). As endocytosed INSR is degraded in pro-
teasomes and lysosomes [38,41], we next checked whether INSR
Figure 5: CAMK2 activation lowers INSR via clathrin-mediated lysosomal degradatio
incubated with indicated amounts of filipin for 6 h. Total protein extracts were assayed for IN
except that the cells were incubated with 10 mM chlorpromazine (n ¼ 2 technical replicate
eWAT and iWAT of obese Ai-CAMK2 KO and control mice (C), and adipocytes treated with c
per group and n ¼ 6 technical replicates per group, respectively). (EeG) Differentiated OP9
MG132 (E), 20 mM ammonium chloride (NH4Cl) (F), or 40 mM chloroquine (G) for 6 h, and IN
per group).
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degradation is regulated by CAMK2. We found that treatment of cells
with the proteasome inhibitor, MG132 (40 mM), had no effect on CA-
CAMK2emediated decrease in INSR, whereas disruption of lysosomal
function via chloroquine (40 mM) or ammonium chloride (20 mM)
treatment prevented the CA-CAMK2einduced INSR decrease
(Figure 5EeG). Collectively, these data show that adipocyte CAMK2
regulates insulin signaling via its effects on clathrin-mediated endo-
cytosis and lysosomal degradation of INSR.

3.6. CAMK2 contributes to the regulation of adipocyte lipolysis
Adipose tissue insulin signaling regulates plasma free fatty acid (FFA)
levels via suppressing lipolysis, and high circulating FFAs contribute
to obesity-induced metabolic dysfunction [42]. Given that adipocyte-
CAMK2 deficiency enhances insulin signaling, we analyzed plasma
NEFA and glycerol levels in DIO Ai-CAMK2 KO versus control obese
mice. Consistent with improved adipocyte insulin signaling, we found
n. (A) Differentiated OP9 cells treated with control adenovirus (LacZ) or CA-CAMK2 were
SR and b-ACTIN by immunoblot (n ¼ 2 technical replicates per group). (B) Similar to A,
s per group). (CeD) Transferrin receptor 1 (TFRC1) and b-ACTIN levels were assayed in
ontrol siRNA (scr) or siRNAs against Camk2g and Camk2d (siCamk2) (D) (n ¼ 6e7 mice
cells treated with control adenovirus (LacZ) or CA-CAMK2 were incubated with 40 mM
SR, b-ACTIN, or HSP90 levels were assayed by immunoblot (n ¼ 3 technical replicates
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that DIO Ai-CAMK2 KO mice had lower circulating NEFA and glycerol
under both fasting and refeeding conditions (Figure 6A and B). As
suppression of lipolysis decreases ketogenic substrate flux to the
liver, we next assessed circulating b-hydroxybutyrate levels. While
fasting Ai-CAMK2 KO mice trended only towards lower b-hydrox-
ybutyrate levels, suppression of b-hydroxybutyrate following a 2-hr
refeeding period in Ai-CAMK2 KO mice was significantly lower
(Figure 6C). Moreover, we found that Ai-CAMK2 KO mice liver had
Figure 6: CAMK2 regulates adipocyte lipolysis (AeB) Plasma NEFA and glycerol leve
(refed) DIO Ai-CAMK2 KO or control obese mice that were fed with HFD for 15 weeks (n ¼
measured from overnight-fasted (fasted), and overnight-fasted and then refed (refed) DIO A
per group; mean � SEM, p < 0.05). (D) Representative images of H&E staining of liver se
(TG) content is measured in DIO Ai-CAMK2 KO or control obese mice that were fed with HF
or siRNAs against Camk2g- and Camk2d (siCamk2)-treated adipocytes were incubated wit
vehicle control for an additional 2 or 4 h in the presence of isoproterenol, and secreted NE
and presented as relative to control (n ¼ 3 technical replicates per group). (F) Adipocytes th
incubated with isoproterenol (isopro.) for 3 h. The cells were then treated with 100 nM ins
NEFA levels were analyzed. The data are normalized to intracellular protein concentration an
except that the cells were treated with control adenovirus (LacZ) or an adenovirus express
intracellular protein concentration and presented as relative to control (n ¼ 3 technical r

MOLECULAR METABOLISM 53 (2021) 101300 � 2021 The Author(s). Published by Elsevier GmbH. This is an open
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fewer lipid droplets and decreased triglyceride content, indicating
that Ai-CAMK2 KO mice are protected from obesity-induced fatty liver
formation (Figure 6D). In line with an improvement in hepatic stea-
tosis, insulin-stimulated phospho-S473-AKT levels in the livers of Ai-
CAMK2 KO mice were significantly increased (Figure S3H). This
supports the idea that adipocyte-CAMK2 deficiency results in
enhanced hepatic insulin sensitivity, which is consistent with an
improvement in systemic glucose metabolism. As with the in vivo
ls were measured from overnight-fasted (fasted) and overnight-fasted and then refed
9 mice per group; mean � SEM, p < 0.05). (C) Plasma b-hydroxybutyrate levels were
i-CAMK2 KO or control obese mice that were fed with HFD for 15 weeks (n ¼ 4e5 mice
ctions in DIO Ai-CAMK2 KO or control obese mice. Scale bar, 50 mm. Liver triglyceride
D for 15 weeks (n ¼ 4 mice per group; mean � SEM, p < 0.05). (E) Control siRNA (scr)
h isoproterenol (isopro.) for 3 h. The cells were then treated with 100 nM insulin (ins) or
FA levels were analyzed. The data are normalized to intracellular protein concentration
at were pretreated with 1 mM of either KN93 or its inactive homolog KN92 for 1 h were
ulin (ins) or vehicle control for 3 more hr in the presence of isoproterenol, and secreted
d presented as relative to control (n ¼ 3 technical replicates per group). (G) Similar to E,
ing the CA-CAMK2, and the insulin treatment was for 3 h. The data are normalized to
eplicates per group).
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data, we observed that CAMK2-deficient or KN93-treated adipocytes
released significantly less FFA upon the b-adrenergic stimulator
isoproterenol, and addition of insulin further suppressed this
response (Figure 6E and F). In contrast, CA-CAMK2etreated cells had
high isoproterenol-stimulated FFA release and responded poorly to
insulin’s suppressive effect on lipolysis (Figure 6G). These combined
data support the hypothesis that adipocyte-CAMK2 contributes to the
regulation of lipolysis.

3.7. Adipocyte CAMK2 regulates TNFa-induced inflammation and
insulin resistance
Lipolysis stimulates macrophage infiltration in eWAT [3,43], and
inflamed adipocytes further contribute to the inflammatory milieu by
Figure 7: CAMK2 contributes to TNFa-induced inflammation and insulin resistanc
adipocytes were incubated with 50 ng/mL TNFa for 14 h, and Saa3, Ccl1, Tnf, Ccl5, Fas, an
to A, except that the cells were treated with TNFa for 6 h and phospho-T183/Y185-JNK, t
Control siRNA (scr) or siRNAs against Camk2g- and Camk2d (siCamk2)-treated adipocytes w
and b-ACTIN levels were analyzed (n ¼ 3 technical replicates per group). (D) Similar to A, e
of TNFa or vehicle (veh) incubation, and lysates were probed for phospho-S473-AKT, tot
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secreting proinflammatory mediators. Therefore, we next sought to
determine whether there was a link between CAMK2 and adipocyte
immune response. In this regard, previous work in cardiomyocytes and
macrophages have suggested a role for activated CAMK2 in propa-
gating the inflammatory process [44,45]. Similarly, we observed that
CAMK2-deficient adipocytes had markedly lower levels of mRNAs
encoding proinflammatory mediators, including Cxcl10, Ccl1, Ccl5,
Fas, and Saa3, upon TNFa stimulation (Figure 7A). As proinflammatory
cytokines activate c-Jun N-terminal kinase (JNK) and block insulin
signaling, we next checked phospho-T183/Y185-JNK as a measure of
JNK activity. The data showed that CAMK2-deficient adipocytes had
lower JNK phosphorylation upon TNFa and palmitate treatment
(Figure 7B and C), as previously shown in other cell types [46,47].
e. (A) Control siRNA (scr) or siRNAs against Camk2g- and Camk2d (siCamk2)-treated
d Cxcl10 mRNA levels were analyzed (n ¼ 3 technical replicates per group). (B) Similar
otal JNK, and b-ACTIN levels were analyzed (n ¼ 3 technical replicates per group). (C)
ere incubated with 250 mM palmitate for 6 h, and phospho-T183/Y185-JNK, total JNK,

xcept that the cells were treated with or without 100 nM insulin (ins) for 5 min after 14 h
al AKT, and b-ACTIN by immunoblot.
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Finally, consistent with lower proinflammatory cytokines and JNK
activation, we found that CAMK2 silencing abrogated the TNFa-
induced inhibition of phospho-S473-AKT in adipocytes (Figure 7D).
These results suggest that adipocyte CAMK2 regulates lipolysis and
contributes to TNFa-induced inflammation and inhibition of insulin
signaling, which may be additional underlying mechanisms contrib-
uting to metabolic regulation by CAMK2.

4. DISCUSSION

Recent work has demonstrated potential in targeting CAMK2 in the
regulation of systemic metabolic control. Inhibition of hepatic CAMK2
improves liver insulin signaling, obesity-associated glucose intoler-
ance, and insulin resistance [8,9]. Similarly, CAMK2 deficiency en-
hances skeletal muscle INSR signaling and glucose transport in
diabetic mice [13]. Here, we expand upon these observations and
provide evidence that inhibiting adipocyte CAMK2 also exerts beneficial
effects in treating obesity-associated glucose intolerance. We show
that adipocyte CAMK2 activity is increased in obesity, and deficiency of
CAMK2 in adipose tissue increases INSR levels and inhibits adipocyte
inflammation, which correlates with metabolic improvement. In
agreement with the findings described here, genome-wide association
studies (GWAS) have identified an SNP near the CAMK2G gene
(rs2633310) that is relevant to T2D [48]. eQTL data extracted from the
GTExPortal suggests that the common variant (rs2633310-T), which
confers a lower T2D risk, associates with decreased expression of
CAMK2G in human subcutaneous adipose tissue, suggesting a
possible genetic link to human disease.
The underlying mechanisms leading to CAMK2 activation in obese
adipose tissue are likely diverse. One of the major mechanisms by
which CAMK2 becomes activated is -upon an increase in cytosolic
calcium [49]. In this regard, recent work has shown that inflammation-
induced JNK activation in WAT enhances the expression and activity of
ITPR, which results in increased cytosolic calcium and CAMK2 acti-
vation [50]. As adipocyte CAMK2 also regulates JNK activation
(Figure 7B and C), it is possible that the JNK-ITPR-CAMK2 pathway is
part of a positive feedback amplification cycle responding to inflam-
matory and metabolic signals in obesity. Other mechanisms of CAMK2
activation, including oxidation and O-GlcNAc modification, may also
contribute to increased CAMK2 activity [49]. Of note, both reactive
oxygen species (ROS) accumulation and O-GlcNAc modification are
increased in eWAT of obese and diabetic human subjects and mouse
models, resulting in dysregulated adipocytokine secretion and
impaired adipose tissue glucose transport [51e54]. As antioxidants
improve glucose homeostasis in mouse models of insulin resistance
and inhibit CAMK2 activity in other cell types, it is possible that one
mechanism of this metabolic improvement could be related to anti-
oxidant treatmentemediated CAMK2 inhibition [55,56]. Another
important finding of our study is that the fasting signaleactivated
CAMK2 in WAT plays a role in the regulation of lipolysis. In this re-
gard, we have previously shown that fasting increases hepatocyte
CAMK2 activity via glucagon-mediated activation of protein kinase A
(PKA), which phosphorylates and activates ITPR [8,57]. Although the
WAT glucagon receptor mRNA transcript level is severalfold lower than
that of liver [58], it is possible that a similar glucagon receptoreITPR
pathway in WAT contributes to CAMK2 activation upon fasting.
Increased catecholamine release during fasting likely amplifies this
process by activating PKA [59].
Intact insulin signaling is essential for the maintenance of normal
adipose tissue mass and function. Defects in adipocyte insulin action
result in systemic insulin resistance [60,61], whereas enhanced insulin
MOLECULAR METABOLISM 53 (2021) 101300 � 2021 The Author(s). Published by Elsevier GmbH. This is an open
www.molecularmetabolism.com
signaling improves whole-body glucose homeostasis [62]. Reduced
INSR level is an important underlying cause of adipose tissue insulin
resistance. Mechanistically, clathrin- and caveolin-dependent endo-
cytosis pathways have been reported to terminate INSR signaling and
regulate INSR degradation [38]. Previous work has shown that CAMK2
promotes the GABAB receptor endocytosis in neurons [63]. Consistent
with these findings, our results suggest a specific role for adipocyte
CAMK2 in the regulation of clathrin-mediated INSR endocytosis and
degradation. As clathrin-associated sorting proteins, adaptor protein 2
(AP2) complex and spindle checkpoint proteins are known to regulate
clathrin-mediated INSR endocytosis, future studies will examine
whether these proteins are targeted by CAMK2 [64].
The degree of macrophage infiltration of WAT correlates with insulin
resistance in both mouse models and human studies [65e67].
Inflamed adipocytes further contribute to the inflammatory milieu by
secreting proinflammatory mediators, including TNFa, which disrupt
adipocyte metabolism [68]. Although the underlying molecular
mechanisms that initiate and sustain WAT inflammation are complex,
growing evidence indicates that high circulating plasma insulin and
FFA levels as well as disrupted calcium homeostasis and insulin
signaling are involved in this regulation [3,50,62,69]. Given that
CAMK2 is causally linked to these processes, it is not surprising that
CAMK2 occupies a proinflammatory role in adipocytes. Our results
showing that CAMK2 silencing protects against inflammation and
inflammation-associated insulin resistance (Figure 7) suggest that a
suppressed inflammatory response via CAMK2 inhibition may also
contribute to the observed insulin-sensitive phenotype in obese mice.
Future work is needed to determine whether activation of CAMK2
correlates with WAT inflammation in humans.
Brown and beige adipocytes regulate thermogenesis and energy
expenditure. In this regard, our data showing increased CAMK2 activity
in both DIO and ob/ob BAT indicate that CAMK2 may play a role in
obesity-induced BAT function. Brown and beige adipocytes express
UCP1 and are responsive to insulin. Interestingly, mice with insulin
receptor deficiency in UCP1-positive cells did not exhibit systemic
insulin resistance compared to mice with insulin receptor deletion in
both white and brown adipocytes [2]. While our data suggest that the
improvement in WAT insulin signaling resulted in the overall glucose-
sensitive phenotype of Ai-CAMK2 KO mice, it is possible that CAMK2’s
effects in BAT function could have also contributed to the observed
improved metabolism. Although we did not detect gross changes in
BAT morphology in Ai-CAMK2 KO mice, the role of CAMK2 in brown/
beige adipocytes and thermogenesis could be an important topic for
future investigation.

5. CONCLUSIONS

In summary, our results show that adipocyte CAMK2 regulates obesity-
induced glucose homeostasis. Deficiency or inhibition of adipocyte
CAMK2 improves insulin signaling and obesity-associated glucose
intolerance. CAMK2 also contributes to the regulation of adipocyte
lipolysis and inflammation. Thus adipocyte-specific CAMK2 inhibition
could be beneficial against metabolic dysfunction.
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