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ABSTRACT
Statins are widely used lipid-lowering drugs that are relatively well-tolerated and have an estab-
lished safety profile. However, statin therapy has been reported to increase the risk of develop-
ing new-onset type 2 diabetes mellitus (NOD2). Although this side effect is rare, research on this
topic is still ongoing. This bibliometric study was performed to provide an overview of the dynam-
ics of research on statin-associated NOD2 and insulin resistance from the initial report to the year
2022. Original articles related to statin-associated NOD2 and insulin resistance were selected and
retrieved from the Web of Science database. A quantitative analysis of publication trends, the con-
tributions of different countries and funding agencies, and themost highly cited articles were then
tabulated. The citation networks and the co-occurrence analysis of keywords of the included arti-
cles were illustrated with VOSviewer. A total of 271 research articles were included and analysed.
The years 2012 to 2016 were prolific in research on statin-associated NOD2 and insulin resistance,
followed by a decreasing trend in publications on this topic in many countries, particularly from
2020 to 2021. However, researchers from South Korea and China seem to have had a continued
interest in this research area and the trend in publications increased again in 2022. Based on this
trend, it is predicted that the number of pertinent articles in the coming years will bemaintained or
will continue to rise. The co-occurrence analysis of keywords showed that ``atorvastatin'' occurred
more often than other statins. Among the thematic areas of research on statin-associated NOD2
and insulin resistance that were identified in this study were ``heterogeneity'', ``peripheral glucose
uptake and insulin sensitivity'', ``tissue inflammation and oxidative stress'' and ``targeted tissues''.
This is the first bibliometric study to predict the trends and provide an overview of the progress of
research on statin-associated NOD2 and insulin resistance.
Key words: Statin, New-onset diabetes mellitus, Insulin resistance, Bibliometric analysis, Web of
science

INTRODUCTION
Statins are lipid-lowering drugs widely used in the
primary prevention of atherosclerotic cardiovascu-
lar disease. Their benefits in reducing cardiovascu-
lar mortality and morbidity are remarkable1. Despite
their established safety profile, statins have been re-
ported to enhance the risk of developing new-onset
type 2 diabetes mellitus (NOD2) and worsen glucose
control in patients with diabetes2–4. Although an ear-
lier meta-analysis of 112 randomized controlled tri-
als and 64 cohort studies concluded that the over-
all prevalence of the side effects of statins, including
impaired glucose tolerance, was not significant, it re-
vealed the high heterogeneity between studies5, mak-
ing the conclusions uncertain. The risk of develop-
ingNOD2 is influenced by co-morbidities and genetic
variations1, whereas it was reported that the type of
statins used might not significantly alter the risk 5.

Based on a more recent systematic review and meta-
analysis involving 67 randomized controlled trials en-
rolling a total of 25,481 individuals, statins minimally
but significantly increase diabetic indexes in individ-
uals with adequate or altered glycemic control. The
diabetogenic effect of statins does not seem to be de-
termined by the type or dosage of statin prescribed6.
Studies have suggested that statins can increase in-
sulin resistance while reducing insulin sensitivity and
secretion from pancreatic β -cells7,8. A recent molec-
ular study using skeletal muscle tissues from patients
receiving statins demonstrated that statins aggravated
the risk of insulin resistance in the muscle tissues9.
Globally, many studies investigating the effects of
statin therapy on the development of NOD2 have
been conducted. However, bibliometric analysis of
the progress of research into statin-associated NOD2
and insulin resistance has not previously been carried

Cite this article : Kamisah Y, Nordin A H, Harafinova H, Nordin M L, Nurhidayah M, Muhammad N A, Qo-
driyah H M S, Abdullah A, Mohd-Fahami N A, Masbah N, Siti H N. Statin-associated new-onset diabetes 
mellitus and insulin resistance: a 30-year bibliometric study (1992- 2022). Biomed. Res. Ther. 2023; 
10(11):6035-6048.

6035

History
• Received: Sep 30, 2023
• Accepted: Nov 26, 2023
• Published Online: Nov 30, 2023

DOI : 10.15419/bmrat.v10i11.845

Copyright

© Biomedpress. This is an open-
access article distributed under the 
terms of the Creative Commons 
Attribution 4.0 International license.

https://orcid.org/0000-0002-9363-8235
https://orcid.org/0000-0003-2966-6706
https://orcid.org/0000-0002-2780-1065
https://orcid.org/0000-0003-2381-1052
https://orcid.org/0000-0002-5019-8735
https://orcid.org/0000-0001-5075-6648
https://orcid.org/0000-0002-5043-3352
https://orcid.org/0000-0002-9977-2849
https://orcid.org/0000-0002-3584-2625
https://crossmark.crossref.org/dialog/?doi=10.15419/bmrat.v10i11.845&domain=pdf&date_stamp=2023-11-30


Biomedical Research and Therapy 2023, 10(11):6035-6048

out. Bibliometric analysis can provide an overview of
overall research trends and may also identify poten-
tial future directions for a particular field of study 10.
The current analysis aimed to portray: 1) the global
output of research into statin-associated NOD2 and
insulin resistance over a period of 30 years, with a pre-
diction of the trend of future studies; 2) the presence
of any bibliographic factors that may influence the re-
search on statin-associated NOD2 and insulin resis-
tance, such as countries and funding agencies; 3) the
countries/regions that have contributed the most to
this field of study; 4) the most cited articles on statin-
associated NOD2 and insulin resistance and the cita-
tion networks; and 5) a co-occurrence analysis of key-
words related to this research area. It is important to
declare that this bibliometric study does not challenge
the use of statins in any way, but rather illustrates the
research dynamics of statin-associated NOD2 and in-
sulin resistance over recent decades.

METHODS
Search strategy
A search was conducted on September 14, 2023 in the
Web of Science (WoS) database using the following
search string: ((TS=(hydroxymethylglutaryl-
coa reductase inhibitors)) OR TS=(statins))
OR TS=(statin)) OR TS=(pitavastatin)) OR
TS=(rosuvastatin)) OR TS=(pravastatin))
OR TS=(lovastatin)) OR TS=(simvastatin))
OR TS=(atorvastatin)) OR TS=(fluvastatin))
AND ((TS=(new onset diabetes mellitus)) OR
TS=(insulin resistance)) OR TS=(insulin-resistant))
OR TS=(impaired fasting blood glucose)) OR
TS=(impaired fasting blood sugar)) OR TS=(pre-
diabetic)) OR TS=(non-diabetic)), with a time span
ranging from 1991 to 2022.

Data collection
The search retrieved 2757 articles, which were then
screened for inclusion criteria by two independent in-
vestigators (H.N.S. and H-S.H.): any discrepancies
were solved by consensus. Only original articles, writ-
ten in English and covering both clinical and exper-
imental studies, were included. Those articles that
were included reported on the association of statins
with new-onset diabetes mellitus, the association of
statins with disease progression in pre-existing dia-
betes mellitus, the association of statins with the pre-
diction of insulin resistance, consisting of changes in
fasting insulin levels, fasting plasma glucose (FPG),
glycosylated hemoglobin (HbA1c), and the homeo-
staticmodel assessment of insulin resistance (HOMA-
IR) or β -cell function (HOMA-B), which is a marker

of basal insulin secretion by pancreatic β -cells. Re-
view articles, editorials, letters, meeting abstracts,
book chapters, errata, articles unrelated to statin-
associatedNOD2or insulin resistance, articles involv-
ing a combination of statins with other medications
that focused on the effect of the other medications
rather than the statins, articles involving compounds
without a separated statin group, articles on the effects
of statins on lipid profiles and liver enzymes with-
out statin-associated NOD2 or insulin-resistant indi-
cators, and articles on the effects of statins on pre-
existing diabetes mellitus without disease progression
were excluded.Figure 1 illustrates the flow chart of the
article retrieval process. Based on the inclusion and
exclusion criteria, only 271 documents were included
in the analysis.

Bibliometric analysis
The data analysis procedure was adapted from Wong
et al.10 and was divided into two parts. First, the
publication trends (global research output), the coun-
tries/regions and funding agencies that have con-
tributed the most to this field of study, and the most
cited articles were quantitatively analysed. This anal-
ysis was meant to illustrate the impacts and produc-
tivity of this field of study. Secondly, the full cita-
tion records of the selected documents were exported
from theWoS into “.txt” files for the construction of a
bibliometric network, which is a citation analysis by
documents to demonstrate the relationships among
articles that received high levels of citation and a co-
occurrence analysis of keywords to determine the re-
search focus. VOSviewer software (Centre for Science
and Technology Studies, Leiden University, Nether-
lands) was used to map these bibliometric networks.
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Figure 1: Flow chart of the article retrieval process.

Figure 2: The number of original articles related to statin-associated new-onset diabetes mellitus and in-
sulin resistance.
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Figure 3: Citation analysis of documents with more than 50 citations per document related to statin-
associated new-onset diabetes mellitus and insulin resistance. Node size represents the number of citations
while the colors represent the publication year. Among the top 15 most cited documents with node labels not
visible in the figure but connected with other documents are Caparros-Martin et al. (2017)11 , Cederberg et al.
(2015) 12, Koh et al. (2005) 13, Koh et al. (2010) 14, Koh et al. (2009) 15, Henriksbo et al. (2014) 14, Sathyapalan et al.
(2009) 16and Abe et al. (2008) 17.

Figure 4: Network visualization of the co-occurrence analysis of keywords related to the research on statin-
associated new-onset diabetes mellitus and insulin resistance. The colors in the map represent the clusters–
“heterogeneity” (in blue), “peripheral glucose uptake and insulin sensitivity” (in red), “tissue inflammation and
oxidative stress” (in green), and “targeted tissue” (in yellow).
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Table 1: Top 10 funding agencies involved in research on statin-associated new-onset diabetes mellitus and
insulin resistance

Funding agencies Record count Percentage
National Institutes of Health (NIH) USA 19 7.01%
United States Department of Health Human Services 19 7.01%
National Natural Science Foundation of China 10 3.69%
Canadian Institutes of Health Research 7 2.58%
Pfizer Inc. 7 2.58%
Fundacao De Amparo A Pesquisa Do Estado De São Paulo
Fapesp

6 2.21%

AstraZeneca plc 5 1.85%
Research Council of Finland 5 1.85%
Conselho Nacional De Desenvolvimento Cientifico E Tecno-
logico

4 1.48%

Coordenacao De Aperfeicoamento De Pessoal De Nivel Superior
Capes

4 1.48%
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Table 2: Top 10most productive countries for publishing articles on statin-associated new-onset diabetes
mellitus and insulin resistance

Countries/
regions

Total
publication

H-
index

Citations 1992-
1997

1998-
2002

2003-
2007

2008-
2012

2013-
2017

2018-
2022

Number of documents

USA 48 26 1992 2 0 4 11 24 7

South Ko-
rea

37 17 811 0 0 1 4 17 15

Japan 29 18 1057 0 0 7 11 7 4

China 27 12 578 0 0 0 4 12 11

England 14 11 1183 0 1 0 4 6 3

Canada 14 13 782 0 1 3 3 4 3

Greece 13 11 332 0 0 1 5 5 2

Taiwan 13 8 163 1 1 1 3 5 2

Brazil 13 9 327 0 0 2 6 3 2

India 11 7 159 0 0 0 1 4 6
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Table 3: Top 15most cited articles related to statin-associated new-onset diabetes mellitus and insulin
resistance research

Article title Authors Source title Year of publi-
cation

Total
citations

Average ci-
tations per
year

Citations in
last 5-year
(2018-
2022)

Pravastatin and the development of diabetes mellitus - Evi-
dence for a protective treatment effect in theWest of Scotland
Coronary Prevention Study

Freeman et al.18 Circulation 2001 671 30.5 56

Statin use and risk of diabetes mellitus in postmenopausal
women in the women’s health initiative

Culver et al.19 Archives of Internal Medicine 2012 314 28.5 66

Effects of statins on the adipocyte maturation and expression
of glucose transporter 4 (SLC2A4): implications in glycaemic
control

Nakata et al.20 Diabetologia 2006 226 13.3 60

Increased risk of diabetes with statin treatment is associated
with impaired insulin sensitivity and insulin secretion: a 6-
year follow-up study of the METSIM cohort

Cederberg et al.12 Diabetologia 2015 206 25.8 112

Atorvastatin causes insulin resistance and increases ambient
glycemia in hypercholesterolemic patients

Koh et al.14 Journal of the American Col-
lege of Cardiology

2010 169 13.0 37

CirculatingmicroRNA-122 is associatedwith the risk of new-
onset metabolic syndrome and type 2 diabetes

Willeit et al.21 Diabetes 2017 156 26.0 149

Effect of torcetrapib on glucose, insulin, and hemoglobin
A(1c) in subjects in the Investigation of Lipid Level Manage-
ment to Understand its Impact in Atherosclerotic Events (IL-
LUMINATE) trial

Barter et al.22 Circulation 2011 137 11.4 55

Effects of simvastatin and atorvastatin administration on in-
sulin resistance and respiratory quotient in aged dyslipidemic
non-insulin dependent diabetic patients

Paolisso et al.23 Atherosclerosis 2000 136 5.9 8

Vascular and metabolic effects of combined therapy with
ramipril and simvastatin in patients with type 2 diabetes

Koh et al.13 Hypertension 2005 125 6.9 10

Continued on next page
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Table 3 continued
Article title Authors Source title Year of publi-

cation
Total
citations

Average ci-
tations per
year

Citations in
last 5-year
(2018-
2022)

The effect of atorvastatin in patients with polycystic ovary
syndrome: a randomized double-blind placebo-controlled
study

Sathyapalan et
al.16

Journal of Clinical En-
docrinology & Metabolism

2009 102 7.3 31

Statin therapy causes gut dysbiosis in mice through a PXR-
dependent mechanism

Caparros-Martin
et al.11

Microbiome 2017 97 16.2 96

Differential metabolic effects of pravastatin and simvastatin
in hypercholesterolemic patients

Koh et al.15 Atherosclerosis 2009 92 6.6 12

Fluvastatin causes NLRP3 inflammasome-mediated adipose
insulin resistance

Henriksbo et
al.24

Diabetes 2014 90 10.0 50

A 52-week, randomized, open-label, parallel-group compar-
ison of the tolerability and effects of pitavastatin and atorvas-
tatin on high-density lipoprotein cholesterol levels and glu-
cose metabolism in Japanese patients with elevated levels of
low-density lipoprotein cholesterol and glucose intolerance

Sasaki et al.25 Clinical Therapeutics 2008 87 5.8 14

Effects of statins on adipose tissue inflammation their in-
hibitory effect on MyD88-independent IRF3/IFN-beta path-
way in macrophages

Abe et al.17 Arteriosclerosis Thrombosis
and Vascular Biology

2008 77 5.1 29
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RESULTS
Publication trends
The total number of original research articles related
to statin-associated NOD2 and insulin resistance in-
creased from 1 article in 1994 to 10 articles in 2007,
and peaked at 26 articles in 2015 (Figure 2). Although
there was a decreasing trend of publications until
2017, the number of relevant studies increased again
until the year 2019, duringwhich 21 articleswere pub-
lished. From 2020 to 2021, the total number of orig-
inal articles dramatically decreased to 10 articles in
2021. However, the studies again increased in trend
to 18 articles in the year 2022. Clinical studies were
more frequent than experimental studies throughout
the years. From 1994 until 2022, 192 clinical stud-
ies and 79 experimental studies on statin-associated
NOD2 and insulin resistance were published. Until
the end of year 2022, the 271 articles that were in-
cluded were cited a total of 7,260 times (including 707
self-citations). Thus, the average number of citations
per article was 26.79.

Contributions of funding agencies
Research funding agencies significantly influenced
the growth and direction of statin-associated NOD2
and insulin resistance research. Table 1 presents the
top 10 funding agencies that were involved in this re-
search area. The National Institutes of Health (NIH)
of theUnited States and theUnited States Department
of Health and Human Services were the top two fun-
ders, being acknowledged in 38 documents (14.0%).
The National Natural Science Foundation of China
was acknowledged in 10 documents (3.7%), followed
by the Canadian Institutes of Health Research in 7
documents (2.6%). The two pharmaceutical compa-
nies that contributed most to the research were Pfizer
Inc. in 7 documents (2.6%) and AstraZeneca plc in 5
documents (1.9%). Other funding agencies in the top
10 list included the Fundação de Amparo à Pesquisa
do Estado de São Paulo of Brazil (2.2%), the Research
Council of Finland (1.9%), and the Conselho Na-
cional De Desenvolvimento Cientifico E Tecnologico
andCoordenacaoDeAperfeicoamentoDe Pessoal De
Nivel Superior Capes (1.5%).

Contributions of countries
The 10 countries that contributed most to research
on statin-associated NOD2 and insulin resistance un-
til the end of 2022 are shown in Table 2. ‘Publica-
tion by country’ refers to the affiliation country of
the authors. The United States was the most pro-
ductive country and began relevant research in 1994,

which then increased steadily. South Korea was the
second-most productive country, while the third and
fourth were Japan, which boosted its research on this
issue between 2008 and 2012, followed by China.
Based on the observed trend, the 2013 to 2017 pe-
riod was the most productive in research related to
statin-associated NOD2 and insulin resistance. After
that, the majority of the countries produced less re-
search on statin-associated NOD2 and insulin resis-
tance over the final 5 years (2018 to 2022). However,
researchers from South Korea and China seemed to
maintain their enthusiasm in this research area and
their productivity was minimally reduced, by only 1-
2 publications, after the prolific period.

The most highly cited articles and citation
analysis by documents
Table 3 lists the 15 most cited articles on statin-
associated NOD2 and insulin resistance until Decem-
ber 2022. The short-listed articles were published in
the period between 2000 and 2017. The most cited
article was by Freeman et al.18, who reported that
pravastatin reduced the risk of diabetes mellitus in
5,974 middle-aged men by 30%, while the second
most cited article was by Culver et al.19, who re-
ported that statin therapy augmented the risk of di-
abetes among 153,840 postmenopausal women. The
third most cited article was by Nakata et al.20. In
contrast to the previous two articles, Nakata et al.20

conducted an experimental study showing that ator-
vastatin mitigated adipocyte maturation and down-
regulated soluble carrier 2A4 (SLC2A4) expression,
leading to insulin resistance and glucose tolerance im-
pairment. Based on the 10 most cited articles, clini-
cal studies were cited most, followed by experimental
studies that investigated themolecularmechanisms of
statin-associated NOD2. In terms of their continued
relevance, the top articles related to research in statin-
associated NOD2 and insulin resistance were still be-
ing cited within the last 5 years.
Our citation analysis by documents investigated the
relationships between articles that received the high-
est levels of citation (Figure 3). In this figure, each
document is represented by a node and labeled as the
first author’s name, followed by the year. The node
size represents the citation number. The paper by
Freeman et al.18 had the greatest number of citations,
followed by Culver et al.19 and Nakata et al.20, and
this is reflected by their node size. The distance be-
tween nodes roughly indicates the relatedness of the
documents in terms of their citation links. The fur-
ther apart two documents are, the weaker their relat-
edness. The citation link between two documents is

6042



Biomedical Research and Therapy 2023, 10(11):6035-6048

represented by a line. However, some of the linked
nodes were scarcely visible in their labeling because
the image overlapped unless the figure was zoomed
in. The isolated nodes indicate no collaboration. No-
tably, studies by Willeit et al.21, Barter et al.22 and
Sasaki et al.25 were considered isolated despite hav-
ing relatively large node sizes for their high citation
numbers.

Co-occurrence analysis of keywords
A total of 1096 keywords (all keywords) were
extracted from the 271 original articles using
VOSviewer. From these, 121 keywords met the
threshold of five occurrences, meaning that a key-
word was used at least five times in all the articles.
Incomplete or irrelevant keywords or repetition of
keywords were excluded from the map, leaving a total
of 35 nodes of keywords. As shown in Fig. 4, each
node represents a keyword, and its size illustrates the
number of occurrences: the bigger the size is, the
more the keyword was being used. The connecting
line between two nodes indicates that these keywords
have co-occurrence link or a potential relationship
between them. “Atorvastatin” had the highest
frequency of occurrence (107), indicating that it
was the most frequently used keyword,followed by
“statins” (92 occurrences) and “insulin resistance” (79
occurrences). The nodes “atorvastatin”, “simvastatin”,
“pravastatin”, “statins”, “rosuvastatin” and “pitavas-
tatin” were relatively large, were located at the center
of the map and were more densely connected to
other nodes in comparison with other statin-related
keywords, namely “fluvastatin”, “lovastatin” and
the class “HMG-CoA reductase inhibitor”, Among
the statin-related keywords, “atorvastatin” had the
highest keyword occurrence, followed by simvastatin
(72), pravastatin (70), rosuvastatin (51), pitavastatin
(10), lovastatin (6) and fluvastatin (6). “HMG-CoA
reductase inhibitor” had an occurrence frequency of
five.
The co-occurrence analysis of keywords is also ben-
eficial in revealing thematic areas in the research on
statin-associated NOD2 and insulin resistance. Four
themes (clusters) were recognized, and are repre-
sented by colors in Figure 4. The 8 nodes in the
blue-colored cluster includes “atorvastatin”, “rosuvas-
tatin”, “pitavastatin”, “risk” (71 occurrences), “new-
onset diabetes mellitus” (10), “prediabetes” (7), “im-
paired fasting glucose” (6) and “insulin secretion”
(6), which could represent the theme “heterogene-
ity” in the diabetogenic risk of different statins in
different subgroup of patients. The 12 nodes in

the red-colored cluster include “simvastatin”, “pravas-
tatin”, “statins”, “lovastatin”, “fluvastatin”, “HMG-
CoA reductase inhibitor”, “insulin sensitivity” (17
occurrences), “glucose-uptake” (10), “muscle” (7),
“GLUT4” (5), and “mitochondrial dysfunction” (5),
which could represent the theme “peripheral glucose
uptake and insulin sensitivity” after statin treatment.
The 10 nodes in the green-colored cluster includes
“metabolic syndrome” (32 occurrences), “inflam-
mation” (28), “C-reactive protein” (19), “oxidative
stress” (15), “glucose metabolism” (15), “liver” (9),
“beta-cell function” (6), “adiponectin” (23), adipocy-
tokines” (5) and “non-diabetic patients” (6). This
could represent the theme “tissue inflammation and
oxidative stress” which could be related to ametabolic
condition, in particular diabetes. The 5 nodes in the
yellow-colored cluster includes “insulin resistance”
(79 occurrences), “adipose-tissue” (13), “skeletal-
muscle” (13), “PPAR-gamma” (6) and “hepatic steato-
sis” (5). This could represent the theme “targeted
tissues” involving liver, adipocytes and skeletal mus-
cle in statin-associated NOD2 and insulin resistance.
These 4 clusters have multiple connections to each
other.

DISCUSSION
Research on statin-associated NOD2 and insulin re-
sistance started in the 1990s—a few years after the first
statin, lovastatin, was approved by the United States
Food and Drug Administration in 1987. This was
followed by other semi-synthetic (simvastatin and
pravastatin) and synthetic (fluvastatin, atorvastatin,
rosuvastatin, and pitavastatin) statins. However, the
magnitude of the research on statin-associated NOD2
and insulin resistance over a 30-year analysis period
is relatively small when compared to other research
areas concerning the benefits of statins26,27, which is
probably because this adverse effect of statin is rela-
tively rare. The studies, which were predominantly
clinical (70.8%), were extensively published in influ-
ential journals categorized under “cardiovascular sys-
tem & cardiology” such as the American Journal of
Cardiology and Atherosclerosis. The number of ar-
ticles related to statin-associated NOD2 and insulin
resistance increased steadily from 1994 to 2020, with
its peak in 2015, indicating continuous research in-
terest in the field. The period 2013 to 2017 was the
most prolific period, possibly driven the fact that re-
search in many top countries was boosted in the pre-
vious 5 years (2008 to 2012), which was already more
than double that of previous years. However, based on
the number of articles published in a particular year,
the trend in global publications actually decreased
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in 2017. Therefore, 2012 to 2016 should be taken
as the most prolific period of research in this field.
These data illustrate the fluctuation and extent of the
research on this issue, about 30 years after the in-
troduction of statins to the market. From 2020 on-
ward, there was a dramatic drop in the number of
new publications in many countries, especially the
United States, which is likely due to fact that the coro-
navirus disease (COVID-19) pandemic significantly
affected scientific research. Starting in early 2020,
lockdowns were implemented worldwide to help curb
the contagion, and this forced many research institu-
tions and laboratories to cease operation. The pan-
demic has changed the direction of research and re-
shaped the allocation of funding, with COVID-19-
related research being prioritized. Thus, research
not focusing on the COVID-19 issue has suffered
enormously 28,29. Moreover, major pharmaceutical
companies and funding agencies involved in research
on statin-induced NOD2 (e.g., Pfizer Inc. and As-
traZeneca plc) are mostly located in the United States
and Europe, where the focus on COVID-19 vaccine
development was intense. However, as the number of
published studies increased in trend again in 2022, it
is predicted that the number of related articles in the
coming years will be sustained or will continue to rise,
further suggesting that research on statin-associated
NOD2 and insulin resistance remains relevant.
Over the past three decades, the United States has
been the leading country in this field of study in terms
of the proportion of publications (18%), followed by
South Korea (14%) and Japan (11%). The credibil-
ity of the United States as the leader was further sup-
ported by its highest H-index and citation number,
reflecting highly impactful and quality research by
its scholars. Although England was ranked fifth in
terms of the number of related articles published, it
had the second-highest number of citations after the
United States, indicating the high academic impact
of the two countries. The citations received by Eng-
land were mainly attributable to an article by Free-
man et al.18, which remains relevant in the field. This
is evidenced by its continuous yearly citations, with
a good number of citations in the last 5 years, 20
years after publication. Notably, the United States
and Taiwan started research in this field relatively
early, and the former progressed steadily in studying
statin-associated NOD2, with the highest impact ob-
served in 2016. Among the 10 most active countries,
it is worth mentioning that five were from Asia, with
SouthKorea taking the lead, followed by Japan, China,
Taiwan, and India. The incidence of statin-induced

NOD2 may be higher in Asian populations, thus pro-
moting more research in this field within Asia. How-
ever, no published data were found to support this
idea. In the era of pharmacogenetics and pharma-
cogenomics, this hypothesis could be tested in future.
Developed countries have dominated global contri-
butions to the field of study since sufficient funding, as
well as advanced facilities and techniques, are better
in these countries. The National Institute of Health,
United States Department of Health Human Services,
NIH National Heart Lung Blood Institute, and Pfizer
Inc. were among the top funding agencies located in
the United States.
A good citation number is commonly followed by a
good link to other research works. Therefore, most of
the 15 most cited articles were connected. However,
some research works stand on their own, for instance
the papers byWilleit et al.21, Barter et al.22 and Sasaki
et al.25, which had good citation numbers even with-
out a citation network. The article by Willeit et al.21

demonstrated a strong association between miRNA-
122 and the risk of new-onset metabolic syndrome
and NOD2 in the Anglo-Scandinavian Cardiac Out-
comes Trial and Bruneck Study. The article by Barter
et al.22, on the other hand, reported the post hoc anal-
ysis of a clinical trial on the comparative effects of
torcetrapib plus atorvastatin and atorvastatin alone on
glycemic control in patients with type 2 diabetes mel-
litus. Meanwhile, the article by Sasaki et al.25 was a
randomized controlled trial evaluating the tolerability
and effects of pitavastatin and atorvastatin on glucose
metabolism in Japanese patients with glucose intoler-
ance. There are many possible reasons for the solitary
nature of these three articles, which could be due to
a research focus or findings that are not related to the
other articles.
Based on the bibliometric analysis of keywords, ator-
vastatin has been a significant interest in this area of
research, followed by simvastatin, pravastatin, rosu-
vastatin, and pitavastatin. This indicates that these
statins—especially atorvastatin—have received more
attention when compared to other statins in the re-
search on statin-associated NOD2 and insulin resis-
tance. The analysis of keywords summarised by this
bibliometric study may help other researchers find
suitable keywords in their literature searches. In this
bibliometric study, we tried to blend the gathered key-
words into the postulated mechanisms that had been
reported, making the themes or clusters linked to-
gether in a more sensible way.
In the 1990s, the effects of statins on lipid profiles
in patients with diabetes mellitus were investigated.
Although their lipid profiles improved, worsening

6044



Biomedical Research and Therapy 2023, 10(11):6035-6048

insulin resistance was observed in these patients30.
These findings led to studies on the effect of statins
on insulin resistance and its association with glucose
metabolism over the next decade. However, the find-
ings of these studies were inconsistent. Some statins
showed no effects on plasma adiponectin (a glucose-
regulating hormone), leptin, and insulin sensitivity in
healthy individuals31,32, while others showed deteri-
oration33,34, and a few demonstrated some beneficial
effects of statins on these parameters13,35, both in pa-
tients with type 2 diabetes mellitus and in those with-
out diabetes. Furthermore, adiponectin level is pos-
itively associated with insulin sensitivity 36. Experi-
mental studies were conducted to elucidate the pos-
sible mechanism of atorvastatin in inducing NOD2.
This drug was demonstrated to increase glucose in-
tolerance and attenuate solute carrier SLC2A4 gene
expression, which encodes the glucose transporter 4
(GLUT4) in adipocytes20. This may explain the im-
pairment of peripheral glucose uptake and insulin
sensitivity, which is especially observed in diabetic
subjects.
While studies on the effects of statins on peripheral
glucose uptake and insulin sensitivity continued, the
research trend over the following decades also inves-
tigated the effects of statins on pancreatic beta cell
function in vitro17,37 and the progression of pancre-
atic fibrosis in diabetic rats38,39, in an attempt to ex-
plain the impairment of insulin secretion induced by
statins. Some studies showed that pravastatin im-
proved insulin secretion17 and decelerated the pro-
gression of pancreatic fibrosis in diabetic rats38,39. In
contrast, a recent study reported that rosuvastatin im-
paired insulin secretion in a pancreatic cell line37. It
was obvious that the different methods and types of
cells might partly explain the discrepancies between
studies. Other than that, predicted by the keywords
“hepatic steatosis” and “liver”, the effect of statins on
the liver structure is another noteworthy subarea of
this research field, since non-alcoholic fatty liver dis-
ease contributes to the development of type 2 diabetes
mellitus40.
Skeletal muscle is another targeted tissue involved
in the mechanism of insulin resistance and im-
paired glucose uptake. It was reported that long-
term statin treatment induces prolonged activation
of 5′-adenosinemonophosphate–activated protein ki-
nase (AMPK) α subunit (AMPKα) and reduction in
protein kinase B/Akt activation, which consequently
leads to metabolic inflexibility and insulin resistance
in human skeletal muscle tissue after some time9.
Throughout the years, glucose metabolism and in-
sulin signaling pathways have been the focus of re-
search on statin-induced NOD2 to understand the

possible mechanisms better. Based on keyword oc-
currence, the roles of at least two related proteins have
been studied regarding the effects of statins in glucose
metabolism and insulin signaling: the glucose trans-
porter (GLUT) (especially GLUT4)41–43 and peroxi-
some proliferator-activated receptor gamma (PPAR-
γ)44,45. Rosuvastatin was reported to improve pe-
ripheral insulin sensitization by increasing the ex-
pression of PPAR-γ and GLUT-4 in the white adi-
pose tissue of hyperlipidemic rats44,45. However, a
more recent study using hyperlipidemic mice showed
that rosuvastatin did not improve insulin sensiti-
zation, while pitavastatin showed minor attenua-
tions in insulin signaling in adipocytes by promot-
ing GLUT4 translocation to the plasma membrane of
adipocytes41. Therefore, this collected information
could support the link between the cluster “targeted
tissues” and the cluster “peripheral glucose uptake
and insulin sensitivity” in the co-occurrence analysis
of keywords.
Over the last decade, the pleiotropic effects of statins
on inflammatory and oxidative stress status have
emerged, with inflammation, C-reactive protein and
oxidative stress often appearing as keywords. Some
studies have reported a reduction in C-reactive pro-
tein and TNF-α in statin-treated patients with di-
abetes46,47, while other studies reported no signifi-
cant changes in proinflammatory cytokines in statin-
treated prediabetic patients48,49. A recent study
by Henriksbo et al.24 showed that atorvastatin pro-
moted inflammasome-mediated adipose tissue in-
flammation and interleukin-1β -dependent insulin
resistance. The discrepancies in these findings sug-
gest the existence of an independent phenomenon be-
tween inflammation and NOD2 in their relationship
to statin therapy.
Finally, the statin of choice in prescriptions for differ-
ent subgroups of patients is predicted to be a future
direction of studies in this field aimed at investigat-
ing the heterogeneity of the tested statins-simvastatin,
atorvastatin, pravastatin, and rosuvastatin- and the
heterogeneity in patient subgroups (e.g., non-diabetic,
prediabetic, impaired fasting glucose, overt diabetes,
and other metabolic syndromes) as supported by the
cluster “heterogeneity” proposed in the bibliometric
analysis of keywords.
A limitation of this bibliometric study is the use of
only a single database. TheWoSwas selected to ensure
that only peer-reviewed and credible journals were in-
cluded in the sample. However, there is a possibility
that a few articles were not included in our sampling.
In contrast to other frequently used analytical review
methods, such as systematic reviews, which aremeant
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to answer a specific clinical research question, a bib-
liometric study may not represent a comprehensive
clinical understanding of this topic. However, it may
give an overview of the research dynamics relevant to
this topic and therefore may predict future trends of
research.

CONCLUSIONS
After the decreasing trend in global publications be-
tween 2020 and 2021, research on statin-associated
NOD2 and insulin resistance seemed to be gaining
momentum again in 2022. It is expected that the
research on this issue will persist or even increase
in coming years, since Eastern researchers, especially
from South Korea and China, seem to have continued
enthusiasm. Furthermore, the mechanism of statin-
induced diabetes and insulin resistance has not been
fully elucidated. Risk stratification represents a way
forward for statin-associated NOD2 and insulin re-
sistance that may predict individuals at risk of devel-
oping this rare side effect. This does not necessarily
discourage adherence to statin therapy in patients but
may help give patients more objective reassurance.

ABBREVIATIONS
AMPK: 5′-adenosine monophosphate–activated
protein kinase, GLUT4: glucose transporter 4,
NOD2: new-onset type 2 diabetes mellitus, PPAR-γ :
peroxisome proliferator-activated receptor gamma,
SLC2A4: soluble carrier 2A4, TNF-α : tumour
necrosis factor alpha
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