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Abstract

Background: Diabetes, metabolic disorders and feeding behaviours continue to
pose significant public health challenges. Calcium/calmodulin-dependent pro-
tein kinase ID (CAMKI1D) has recently emerged as a pivotal molecule potentially
bridging peripheral metabolic control with central appetite regulation. There-
fore, a comprehensive review was performed to critically evaluate and synthesize
current evidence regarding the role of CAMKID in diabetes, metabolic processes
and feeding behaviours.

Main text: The review assessed both published results (263 non-duplicate
studies; across Pubmed, WebOfScience and EMBASE) and the grey literature
(including 14 patents, 3 clinical trials). Results from 43 unique studies, 2 patents
and 5 genome-wide association studies were finally summarized. CAMKI1D
modulates both metabolic processes and feeding behaviours, exhibiting tissue-
specific dynamics and diverging regulatory control either in the central nervous
system (i.e., hypothalamic nuclei regulating appetite and satiety) or in the
periphery (i.e., pancreatic beta cells). Genetic studies highlighted significant
associations between CAMKI1D polymorphisms and increased susceptibility to
diabetes, obesity and altered feeding behaviours.

Conclusions: CAMKID represents an emerging molecular target with promis-
ing implications for the treatment of a wide range of clinical conditions.
However, further large-scale, mechanistic and longitudinal studies are war-
ranted to validate its role across physiological and pathophysiological conditions,
as well as to explore its future therapeutic potential.

KEYWORDS
anorexia nervosa, bulimia nervosa, calcium/calmodulin dependent protein kinase ID, CaM-K1,
CKLiK
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1 | INTRODUCTION

Diabetes mellitus, metabolic dysregulation and altered
feeding behaviours represent significant global health
challenges,' which are potentially associated with one
other through complex physiological pathways.*® Recent
advances in molecular biology have underscored the
importance of signal transduction proteins in regulating
metabolic homeostasis and energy balance.”'” Among
these, calcium/calmodulin-dependent protein kinase ID
(CAMKI1D) has emerged as a protein of interest given
its putative roles in modulating insulin signalling, glu-
cose metabolism and neural regulation of appetite,'' being
mostly expressed in the central nervous system within
mammals.'” The convergence of evidence from genetic,
biochemical and functional studies suggests that CAMKID
may serve as a critical nexus in the interplay between
metabolic control and feeding behaviours.

Despite the increased interest in the scientific liter-
ature on multifaceted functions of CAMKID in dia-
betes, metabolic regulation and in the control of feed-
ing behaviours, its precise contribution to the patho-
physiology of diabetes and related metabolic disorders
remains incompletely understood. Consolidated evidence
by genome-wide association studies (GWAS) has impli-
cated CAMKID in pathways that influence insulin secre-
tion and sensitivity,'>'* which are fundamental to main-
taining glucose homeostasis.”>!° Concurrently, research
exploring the neural substrates of feeding behaviour sug-
gests that CAMKI1D may be involved in central mecha-
nisms that regulate appetite and energy expenditure.' This
wide range of functions underscores a compelling need for
a systematic synthesis of the available evidence on the role
of CAMKID in both physiological and pathophysiological
conditions.

Therefore, this systematic review aims to widely exam-
ine the emerging role of CAMKI1D in diabetes, metabolism
and feeding behaviours. By comprehensively assessing evi-
dence from published research, unpublished clinical trials
patents and from genetic studies, we seek to clarify the
extent to which CAMKID can be considered a viable target
for future therapeutic interventions. Moreover, this review
will address existing gaps in the literature and propose
directions for future research.

2 | MATERIALS AND METHODS

The present systematic review has been redacted in accor-
dance with PRISMA 2020 guidelines."” Inclusion and
exclusion criteria were specified according to Sample, Phe-
nomenon of Interest, Design, Evaluation and Research
Type (SPIDER, Table 1).® This review’s protocol was pre-

TABLE 1 SPIDER criteria.

Parameter Criteria

Sample Humans, animals, in vitro

Phenomenon CAMKID (polymorphisms, physiological

of Interest role, role in clinical conditions)

Design Any study design

Evaluation Feeding behaviours, food intake, eating
disorders, diabetes and metabolism

Research type Original contributions, not reviews

Abbreviations: CAMKID, calcium/calmodulin-dependent protein kinase ID;
SPIDER, sample, phenomenon of interest, design, evaluation and research
type.

registered and is available at the stable link: https://osf.io/
jbsmd.

2.1 | Information sources and search
strategy

The authors used the electronic databases PubMed,
WebOfScience and EMBASE in order to retrieve studies.
The following string was used for the systematic search:
‘(CAMKID) OR (CKLiK) OR (CaM-K1) OR (CaMKID) OR
(calcium calmodulin dependent protein kinase ID) OR
(calcium calmodulin dependent protein kinase 1D)’. The
terms included in the string were chosen to reach a broader
scope over the published scientific literature. PRISMA2020
was used in order to graphically represent the flow of
information from the search to the final inclusion.”
Results in the grey literature were also retrieved, search-
ing each term (i.e., each synonym of CAMKID) in the
search string, individually, in ‘clinicaltrials.gov’ (https://
clinicaltrials.gov). Patents were also retrieved, search-
ing for the term ‘CAMKID’ through ‘patentscope’, as
hosted by the World Intellectual Property Organization
(WIPO, https://patentscope.wipo.int). Clinical phenotypes
and associated traits were retrieved in the European Bioin-
formatics Institute (EBI) GWAS Catalogue (https://www.
ebi.ac.uk/gwas).

The last search for published literature, unpublished
results, patents, clinical phenotypes and associated traits
was run in March 2025. A single, standardized and quanti-
tative appraisal for risk of bias was possible for the current
systematic review, given the heterogeneity in study designs
and involved procedures for included studies (humans,
animals, tissue studies, in vitro) and the lack of validated
instruments adapted for assessing this wide range of stud-
ies. Rather, according to PRISMA 2020 guidelines,'’ risk
of bias was summarized by presenting conflicting evidence
and highlighting potential sources of heterogeneity among
study results.

- YR L 0IAI7T AQ 0ZT0L ZPI/200T OT/10P/W0d" A] 1M ARe1q1[ou 1 UO//SANY 01} PBPeo|umoq ‘T ‘9202 ‘2290892

35UBO17 SUOWIOD dAIR1D 3|ceal(dde au Aq peusenob afe saole YO ‘esh Jo sa|ni 1oy Azeiqi autuQ A3 ]I UO (SUOIIPUOI-pUR-SULLIB)WOD A3 | 1M Aleld | U1 |UO//:Sd1L) SUOIPUOD pue SWB | 83Ul 88S *[9202/T0/0E] U0 ARlgiTauluQ AB|IM ' BWBISIS 8ZUd11H I BISIPAIUN


https://osf.io/jbsmd
https://osf.io/jbsmd
https://clinicaltrials.gov
https://clinicaltrials.gov
https://patentscope.wipo.int
https://www.ebi.ac.uk/gwas
https://www.ebi.ac.uk/gwas

TARCHI ET AL.

CLINICAL AND TRANSLATIONAL
30f18
@ DISCOVERY

2.2 | Data selection process

L.T. and A.D.G. independently assessed the abstracts of
potentially eligible studies. Eligibility assessment was per-
formed in an unblinded standardized manner. If there
were doubts concerning the eligibility of the study for
inclusion, the reviewers examined the full text of the arti-
cles. The published protocol required consensus in case
the authors disagreed on the inclusion of a specific study.
In case the opinion was not unanimous, a majority vote
would have been taken between all authors. The authors
agreed on all the eligibility assessments of the studies,
and no consensus vote needed to take place. L.T. and
A.D.G. independently extracted several categories of data
from each included study, namely, sample (humans, ani-
mals, in vitro), design (observational or interventional;
cross-sectional or longitudinal) and construct under evalu-
ation (diabetes, obesity and metabolism and or food intake
regulation/feeding behaviours/eating disorders).

3 | RESULTS

Of the 263 other screened studies (from the published sci-
entific literature), 43 were finally included. A flowchart
of included studies is graphically illustrated (Figure 1).
Of these 43 published studies, 24 pertained to CAMKID’s
role in diabetes (55.81%), 14 CAMKID’s role in obesity or
metabolic traits (32.56%) and 5 CAMKI1D’s role in food
intake control (11.63%).

Fourteen patents were retrieved. Two were included
(MX2012005762; EP3390664) and 12 excluded. Of the 12
excluded patents, seven were duplicates across different
countries (duplicates of EP4150334: W02021229105,
CA3178915, US20230228760, AU2021270794 and
EP3910331; duplicate of EP3390664: US20200283850
and W02017103106), three pertained to cancer research
(CN116497116, CN119020494 and EP3390664), one
(BREP2011069986) pertained to compounds and methods
to treat pain and one (JP2019088309) pertained to markers
of oocyte competence.

For what concerns unpublished data, three clinical
trials were retrieved (NCT04643925, NCT01528800 and
NCT01690988). However, none pertained to the role of
CAMKI1D in diabetes, obesity, metabolic traits, food intake,
feeding behaviours or eating disorders.

From the EBI GWAS catalogue, 88 studies (encompass-
ing 112 associations and 65 traits) were manually inspected
according to SPIDER criteria (see Methods). Five were
finally included.®*20-%

3.1 | Diabetes

CAMKID’s role in diabetes was evaluated in several
genetic and epigenetic studies. Following early GWAS
studies describing genetic variants for Type 2 diabetes
mellitus,”>?* subsequent studies attempted to generalize
this finding across different world regions, different eth-
nic populations and wider health burdens associated with
diabetes,13-15:22:25-32

Studies showed a potential lack of contribution
of CAMKI1D’s polymorphisms in specific ethnic
populations,®3*  highlighting potential ~geographic
and sociocultural factors as underlying the link between
CAMKID and Type 2 diabetes mellitus (Figure 2).
Nonetheless, it is unclear whether this lack of significance
may have arisen due to issues of reaching sufficient
statistical power, as smaller sample sizes were reached
in studies reporting null findings.>*® Moreover, lack of
significance may have also arisen due to lack of inclusion
of other single nucleotide polymorphisms (SNPs) beyond
those described by previous GWAS studies (especially
1rs12779790, Table 2). Indeed, multi-ethnic cohorts using a
GWAS approach, rather than studying single SNPs, were
mostly concordant in identifying an association with the
susceptibility to Type 2 diabetes mellitus (Table 2).

In parallel, potential explanations for the link between
CAMKID and diabetes were described by genetic stud-
ies linking genetic variants to Type 2 diabetes mellitus
in lean individuals,?” or in individuals without metabolic
syndrome.*® This line of research suggests that the contri-
bution to the risk of diabetes is, at least partly, direct and
may survive even when accounting for the potential con-
current contribution of CAMKI1D on known risk factors
(e.g., obesity, prediabetes and metabolic syndrome).>’*° To
be noted, the most common polymorphisms described in
relation to Type 2 diabetes mellitus resulted in an increased
recognition of transcription factors and thus increased
protein expression (Figure 2).*°

In parallel, epigenetic studies showed that CAMKID’s
hypomethylation may be associated with Type 2
diabetes,*** further suggesting that increased CAMKID
signalling/expression may raise the risk for Type 2 dia-
betes mellitus. Notably, variants in the intergenic region
between CDC123 and CAMKID have been linked to
gestational diabetes.*> Moreover, preliminary evidence
showed that altered protein binding in the same region
(CDC123/CAMKID) may underlie at least one molecular
mechanism linking CAMKI1D polymorphisms to Type
2 diabetes mellitus (Figure 2).>>* In fact, one study
described this intergenic region as under the control of
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Identification of new studies via databases and registers

Records identified from:

Databases (n = 416):
5 EMBASE (n = 197)
T Pubmed (n = 169) Records removed before screening:
= WOS (n = 50) Duplicate records (n = 153)
b= Registers (n = 105):
3 clinicaltrials.gov (n = 3)

WIPO (n = 14)
EBI-GWAS (n = 88)
Records screened Records excluded
(n =368) (n=0)
& Reports sought for retrieval Reports not retrieved
= (n = 368) (n=0)
o
?
Reports excluded:
Reports assessed for eligibility not original study (n = 14)
(n =368) not CAMK1D (n = 104)
wrong outcome (n = 200)

= New studies included in review
g (n=43)
2 Reports of new included studies
S (n=7)

FIGURE 1 Flowchart of included studies.

sterol-regulatory element binding proteins (i.e., upregu-
lating CAMKID expression; Figure 2).*> This control by
sterol-regulatory elements has significant implications
for gender medicine, warranting future studies on the
role of calcium signalling in general, and CAMKID in
particular, as contributing to the clinical progression of
cardiovascular and metabolic conditions in women.*
Importantly, most evidence gathered for the association
between CAMKI1D polymorphisms and increased suscep-
tibility to Type 2 diabetes mellitus was collected in humans
(Table 2). Moreover, most studies were designed after the
first identification of the association by an early GWAS
study, which was not targeted to CAMKI1D alone, reducing
the risk of specific biases related to the selective reporting

of significant results (i.e., publication bias). Possibly due
to the strong degree of evidence for the association, indus-
try interest has risen to develop commercial applications
targeting CAMKID.

More specifically, several patents have been published
across different countries by a single entity (Patia Bio-
pharma) to leverage genetic polymorphisms (including
CAMKID) to predict and assess the risk of gestational
diabetes (European Patent Office, Publication Number:
3390664, Publication Date: 24.10.2018). A separate patent
by a second entity was also retrieved (Center for Research
and Advanced Studies of the National Polytechnic Insti-
tute), which described specialized methods for the diagno-
sis of Type 2 diabetes mellitus based on the expression of
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oo

Hypomethylation Increased
synthesis
OR

Intergenic
variants

Increased
SREBPs binding

Increased activity

FIGURE 2

Diabetes Mellitus
Type 2
(with or without
obesity/
metabolic
syndrome)

Graphical summary of results related to Type 2 diabetes mellitus. Concurrent evidence shows calcium/calmodulin-

dependent protein kinase ID (CAMKID) as positively associated with Type 2 diabetes mellitus, either by increased synthesis

(hypomethylation, binding to promoter sites) or increased activity.

different genes, including CAMKID, as evaluated in white
cells retrieved by peripheral blood withdrawal (Publication
Number: 2012005762, Publication Date: 21.11.2013).

3.2 | Obesity and metabolism

As previously mentioned, an open question in the field has
gathered further attention by later publications, namely,
whether CAMKI1D’s contribution to the risk of develop-
ing Type 2 diabetes mellitus may be considered at least
partially due to the concurrent increase in other known
risk factors. In fact, CAMK1D’s polymorphisms have also
been associated with the risk of developing obesity (both in
adults and children/adolescents),*?*! impaired glucose
regulation,” insulin secretion*® or sensitivity,'>* altered
hepatic glucose regulation,'® as well as altered respiratory
quotient, fat mass deposition and energy storage (Figure 3;
Table 3).2!

Similar results were observed in later GWAS studies,
linking CAMKID to body mass index (BMI) adjusted
waist circumference,”” or upregulated CAMKID in non-
alcoholic fatty liver disease,'**® supporting the hypothesis
of an indirect contribution to the risk of developing Type
2 diabetes mellitus, possibly through metabolic dysreg-
ulation (Figure 3). In fact, genetic polymorphisms in
CAMKI1D have been associated with diverging levels of
total serum levels of total cholesterol and low-density
lipoproteins,® as well as decreased insulin sensitivity
(Figure 3; Table 3).*

However, one study showed that CAMKI1D polymor-
phisms were not associated with BMI in children or young
adolescents,” and a second study showed that CAMKID
associations with insulin resistance are not carried by off-
springs of patients with Type 2 diabetes,”" thus suggesting
further caution in drawing causal conclusions on the role
of CAMKID in obesity-associated traits. Importantly, and
similarly to the association between CAMKID and dia-
betes, most evidence gathered for obesity and metabolic
traits was gathered in humans (Table 3). Nonetheless,
animal models were more frequently leveraged for this
topic.

In particular, animal studies showed that maternal
obesity re-programs adipose tissue inflammation in oth-
erwise young lean offspring through CAMKI1D upregula-
tion (Figure 3).°> In summary, these results suggest that
CAMKI1D may, on one hand, increase the risk of obesity (in
one generation) and, on the other, independently, increase
the risk of Type 2 diabetes (in offspring) through dysregu-
lated inflammation in adipose tissue,” possibly shedding
light on the either shared or diverging role of CAMKID in
obesity or diabetes. To be noted, in humans, CAMK1D’s
polymorphisms have also been observed as underlying
diverging interactions with DNA methylation,”>>* sug-
gesting a role in a wider network of epigenetic control,
further granting alternative explanations for the heteroge-
neous contributions of CAMKID to either obesity or Type
2 diabetes mellitus.

Similarly to the case of Type 2 diabetes mellitus (Table 2),
genetic and physiology studies showed tissue-specificities
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FIGURE 3 Graphical summary of results related to calcium/calmodulin-dependent protein kinase ID (CAMK1D) and metabolism.
Evidence gathered in animal models, genetic studies and physiological studies shows CAMKID as positively associated with maladaptive

metabolic traits. Pharmacological studies show decreased synthesis/activity as associated with drugs known to ameliorate glycaemic control
or insulin sensitivity, suggesting decreased CAMKI1D activity/increased CAMKID inhibition as a potential mechanism of action.

for CAMKI1D’s effects on metabolic traits, in particular for
pancreatic beta cells,*>>% possibly confounded by the
concurrent regulation of specific factors related to energy
availability.”® For instance, different polymorphisms were
linked with different responses to arginine, and spe-
cific polymorphisms significantly impacted on insulin
secretion dynamics following food intake.’® Interestingly,
CAMKI1D’s polymorphisms were shown to mediate the
effect of known risk factors (i.e., adverse childhood expe-
riences and major traumatic events) on obesity,”” with
a mechanistic hypothesis given by the upregulation of
CAMKI1D in hypothalamic appetite nuclei in response to
traumatic events (Figure 3).

Pharmacological studies showed that inhibiting
CAMKID restores insulin sensitivity, as evaluated by
mouse models of diet-induced obesity (Figure 3).*
Preliminary evidence surfaced suggesting that benefits
associated with statin therapy may be at least partly asso-
ciated with the induced methylation of specific genetic
loci, including CAMKID (Figure 3).° A successful over-
expression of CAMKI1D was achieved by pharmacological
approaches, as evaluated by animal models. This over-
expression was achieved by inhibiting other CAMK,%!
with yet unclear implications for future translational
potentials, especially in humans.

3.3 | Food intake regulation

A recent study showed that within appetite nuclei
in hypothalamic neurons CAMKID signalling promotes
ghrelin-mediated food intake.! To be noted, prelimi-
nary evidence suggests that CAMKID’s role in regulat-
ing food intake is conserved across species.®” Interest-
ingly, CAMKI1D expression was previously shown to be
downregulated in hypothalamic neurons (possibly includ-
ing appetite-regulating nuclei) in response to high-fat
diets (Figure 4),°%%* although over-expressed in other
regions within the brain and in a wider variety of tissues
(Figure 4).%°

Nonetheless, most evidence gathered on this topic
derived from animal models (Table 4) or associations
in animals between CAMKID polymorphisms and feed
intake.%> For this reason, caution is warranted on the
full translational potential of these results in humans.
However, if confirmed by future studies, especially longi-
tudinal studies conducted in humans, these results may
better explain how and why CAMKID exhibits tissue-
specific effects. Indeed, included studies indicate that
hypothalamic nuclei may differently respond to dietary
habits, and diverging clinical conditions may exhibit
hypo-activation of CAMKID signalling in appetite nuclei,
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FIGURE 4 Graphical summary of results related to feeding behaviours and eating disorders. Promising evidence suggests
calcium/calmodulin-dependent protein kinase ID (CAMKID) as necessary for ghrelin-mediated food intake. In parallel, preliminary evidence

suggests CAMKI1D signalling hypoactivation as associated with food restriction, and, possibly, anorexia nervosa, paving the way for future

translational studies as well as novel potential animal models for this psychiatric disorder.

TABLE 5

Author (year) Disease
EBI GWAS
catalogue

Wade et al. (2013)°

Study design

GWAS, in vivo,

human

participants
and maladaptive eating
behaviours)

Note: In bold, non-significant results for CAMKID associations with T2DM.

Four different phenotypes
(anorexia nervosa, bulimia
nervosa, purging via substances

Calcium/calmodulin-dependent protein kinase ID (CAMKI1D) and eating disorders.

Sample size (human CAMKI1D SNPs (along
studies, ethnicity with statistical
when available) significance)

2564 female twins 1s75263140 (p = 6 X 107°),

rs10906233 (p = 4 X 107°)

Abbreviations: EBI, European Bioinformatics Institute; GWAS, genome-wide association study; SNP, single nucleotide polymorphism; T2DM, Type 2 diabetes

mellitus.

although over-expressed in other tissues within the same
clinical conditions.

3.4 | Eating disorders

A single study was retrieved, showing CAMKI1D variants
to be associated with disordered eating, more specifically
anorexia nervosa (Table 5).° The relationship of this
finding with subsequent evidence of CAMKID’s role in
hypothalamic appetite regulation, metabolic control or
immune dysregulation remains unexplored, notwith-

standing, as previously summarized, the increasing
amount of evidence suggesting a role for CAMKID in
regulating food intake (Figure 4)%% and the concur-
rent consolidated evidence on metabolic and immune
dysregulation in eating disorders.*®

4 | LIMITATIONS AND FUTURE
DIRECTIONS

A critical limitation of the current literature is the con-
siderable heterogeneity of study designs and experimental
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models. Many studies integrated into this review employed
diverse methodologies—ranging from in vitro assays to
in vivo animal models and population-based genetic
analyses—which introduce variability that may hinder
a wider generalizability of reported findings. Addition-
ally, a number of investigations have used limited sample
sizes, particularly in genetic association studies within
diverse ethnic populations, raising concerns over statistical
power.>*3% Another constraint is the underrepresentation
of longitudinal and interventional studies that could better
elucidate the temporal and causal relationships between
CAMKID and diabetes or metabolic dysregulation. Fur-
thermore, included studies often lacked standardization in
the assessment of metabolic and behavioural outcomes,
especially in the field of eating disorders, where spe-
cific diagnostic entities (i.e., bulimia nervosa) have been
operatized as a behavioural spectrum,’® possibly impeding
the synthesis of a cohesive understanding of CAMKI1D’s
role.

Nonetheless, common biases arising from collecting evi-
dence in published literature, such as publication bias, may
here be less pronounced. In fact, most studies did not aim
to find a specific role for CAMKID in target outcomes
but rather employed a genome-wide approach!*~1>-2225-32
or multi-omic design.'®**3 Therefore, the tendency to
retrieve positive findings over null results may have been
attenuated.

Future research should prioritize the implementation
of standardized protocols and larger, well-controlled clin-
ical studies to validate the preliminary findings related
to CAMKID, especially for relatively neglected diagnos-
tic entities, such as eating disorders (Table 5).°” In-depth
mechanistic studies using advanced genetic editing tools
such as CRISPR/Cas9 and transcriptomic and proteomic
profiling techniques seem warranted as to better delin-
eate the downstream signalling networks and functional
outcomes of CAMKID modulation. Taken together, col-
lected evidence may support the hypothesis that CAMK1D
exhibits complex feedback mechanisms with upstream
proteins,** sterol-binding regulatory sites*> and tissue spe-
cific factors, as well as other proteins involved in the
calcium/calmodulin pathway.®!

The integration of longitudinal study designs will
also be essential to clarify the temporal dynamics and
potential causal pathways underlying CAMKI1D-related
metabolic disturbances, as well as better elucidating
whether CAMKI1D’s association with diabetes may or
may not be independent from the concurrent association
with obesity-promoting traits.>’>> Preliminary evidence is
emerging on how treatments targeting diabetes, metabolic
syndrome and weight loss may at least partly exert their
effect through the inhibition of CAMKs.?° Given the likely
diverging effect in peripheral metabolism or central reg-

ulation of feeding behaviour," future investigations may
explore the therapeutic potential of CAMKID inhibitors*’
or modulators in preclinical models of conditions of
interest® while carefully delineating whether the observed
effects are mediated centrally or peripherally.

5 | CONCLUSIONS

This systematic review highlights the emerging signifi-
cance of CAMKID as a multifaceted regulator in dia-
betes, metabolism and feeding behaviours. Evidence from
genetic, molecular and preclinical studies supports its
involvement in key pathways of insulin signalling and
energy homeostasis. However, the heterogeneity of exper-
imental models and the limited scope of current inves-
tigations underscore the need for larger scale, possibly
longitudinal and clinical studies. Future research may
focus on one hand on a better elucidation of molecu-
lar pathways linking increased CAMKID expression to
diabetes and obesity, while on the other on longitudinal
analyses, as critical for validating CAMKID as a potential
molecular target for future translational purposes.
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