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The relationship between
polycystic ovary syndrome and
insulin resistance from 1983 to
2022: A bibliometric analysis

Tong Chen'?!, Yue Yu'?', Fan Jia'?, Peijie Luan®and
Xinmin Liu'*

!Department of Gynaecology, Guang'anmen Hospital, China Academy of Chinese Medical
Sciences, Beijing, China, 2China Academy of Chinese Medical Sciences, Beijing, China, *Department
of Orthopedics, Linqu County Chinese Medicine Hospital, Shandong, China

Background: Polycystic ovary syndrome (PCOS) is a common clinical disease
often associated with insulin resistance (IR). The interaction between PCOS and
IR will promote the progress of PCOS and the risk of related complications,
harm women'’s physical and mental health, and increase the social and
economic burden.

Materials and methods: PCOS IR-related works of literature were retrieved
through the Web of Science Core Collection (WoSCC) Database and imported
into VOSviewer and CiteSpace, respectively, in plain text format to conduct the
literature visualization analysis of authors, countries, institutions, highly cited
works of literature, and keywords, aiming to reveal the hot spots and trends of
PCOS IR fields.

Results: A total of 7,244 articles were retrieved from 1900 to 2022.
Among them, the United States has made the largest contribution. Diamanti-
Kandarakis E was the author with the most publications, and the University of
Athens was the institution with most publications. Keyword analysis showed
that PCOS interacts with IR mainly through sex-hormone binding globulin,
luteinizing hormone, insulin-like growth factor, oxidative stress, and other
mechanisms. In addition, the complications of PCOS complicated with IR are
also the focus of researchers’ attention.

Conclusions: Through bibliometric analysis, this paper obtains the research
hotspot and trend of PCOS IR fields, which can provide a reference for
subsequent research.

polycystic ovary syndrome, insulin resistance, bibliometric analysis, CiteSpace,
VOSviewer
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Introduction

Polycystic ovary syndrome (PCOS) is a complex disease
with highly heterogeneous clinical manifestations, which affects
about 6-10% of women of reproductive age worldwide,
making them prone to infertility, adverse pregnancy outcomes,
endometrial cancer, and other diseases (1, 2). Studies have shown
that about 35-80% of PCOS patients have insulin resistance
(IR) (3, 4), which means researchers are paying more and more
attention to the role of IR in PCOS. IR can not only aggravate
the hormone disorder and ovulation disorder of PCOS but also
increase the incidence of type 2 diabetes and cardiovascular
disease (5-7), which greatly increases the social and economic
burden and endangers women’s physical and mental health.
Therefore, it is of great significance to clarify the pathological
mechanism between PCOS and IR and to prevent and treat it as
soon as possible.

Bibliometrics analysis is a comprehensive knowledge system
integrating mathematics, statistics, and philology with an
emphasis on quantification (8). It was first defined by
Pritchard in 1969 (9) and has developed rapidly in recent
years, providing great convenience for literature reading. The
CiteSpace V developed by Chaomei Chen of Drexel University
and VOSviewer developed by Van Eck NJ of Leiden University
are commonly used in bibliometrics. Through qualitative
and quantitative analysis of existing database literature, the
contribution of different countries, authors, and institutions,
as well as hotspots and trends in the research field can be
explored. By using the bibliometrics method, combined with
VOSviewer and CiteSpace software, this study has conducted
a visual analysis of the literature in the field of PCOS IR,
tracking research hot spots and trends, to provide a reference
for researchers.

Materials and methods

Data sources and search strategy

The data in this paper are retrieved through the Web
of Science Core Collection (WoSCC) Database, and the
retrieval strategy is as follows: TS = (“Polycystic Ovary
Syndrome” OR “Ovary Syndrome, Polycystic” OR “Syndrome,
Polycystic Ovary” OR “Stein-Leventhal Syndrome” OR “Stein
Leventhal Syndrome” OR “Syndrome, Stein-Leventhal”
OR  “Sclerocystic Ovarian Degeneration” OR “Ovarian
Degeneration, Sclerocystic” OR “Sclerocystic Ovary Syndrome”
OR “Polycystic Ovarian Syndrome” OR “Ovarian Syndrome,
Polycystic” OR “Sclerocystic Ovaries” OR “Ovary, Sclerocystic”
OR “Sclerocystic Ovary”) AND TS = (“Insulin resistance”).
The time was set to 1900-2022, and the language chosen was
English. Review and journal articles were included in this study.
The retrieved articles were exported to a plain text file.

Frontiersin Public Health

10.3389/fpubh.2022.960965

7806 literatures collected from Web Of
Science Core Collected

417 excluded literatures
| (Conference papers,book
chapters,online papers,
retracted article)

7389 literatures indentified

145 excluded literatures
(Non-english literatures)

7244 literatures indentified

FIGURE 1
Literature screening flow chart.

Bibliometric software

In this study, VOSviewer and CiteSpace were used for
bibliometric analysis of PCOS IR. VOS Viewer’s strong graphical
display ability can clearly show the cooperative relationship
between projects (10). In VOSviewer, the node size was
proportional to the co-occurrence times and the color represents
the cluster. Compared with VOSviewer, CiteSpace has a stronger
keyword outburst ability and highlights the trend and change of
research hotspots (8).

Data analysis

Plain text files were imported into VOSviewer software for
visual analysis of authors, institutions, and countries and were
also imported into the Citespace V 5.8 software for keyword
visualization analysis. The Citespace software was used to set the
following parameters: Time slicing (from 1983 to 2022), Node
types (keywords), Pruning (Pathfinder, pruning sliced networks,
pruning the merged networks), Selection Criteria (the value of K
in g-index is changed to 5), and other parameter settings follow
the initial software settings.

Results

Analysis of article numbers and trends

Through screening, a total of 7,244 articles were included in
this study (Figure 1). The first article on the PCOS IR field was
published in 1983. Since 1991, the number of articles published
in the PCOS IR field has continued to increase, reaching a peak
of 597 articles in 2021 (Figure 2). As of May 2022, there are
157 articles in the PCOS IR field, and this number will continue
to increase.
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FIGURE 2
Distribution trend of PCOS IR from 1983 to 2022.

Analysis of national cooperation

Through visual analysis, articles on PCOS IR came from
102 countries (Figure 3). The United States contributed the
most, with 1,630 articles (22.5%), followed by China (12.7%)
and Turkey (7.1%). The national cooperation visualization map
shows that the three countries have very little cooperation, with
the United States conducting in-depth cooperation with Poland,
France, and other Western countries.

Analysis of author cooperation

A total of 25,113 authors participated in PCOS IR
publications (Figure 4). Diamanti-Kandarakis E ranked first
with 64 publications, followed by Escobar-Morreale HF (61) and
Legro RS (59). Although Azziz R ranked sixth in the number
of articles published, Azziz R’s group was at the heart of the
network, working closely with other groups.

Analysis of institutional cooperation

A total 0f 4,991 institutions participated in PCOS IR, and the
top 10 institutions published 942 articles in total. The University
of Athens ranked first with 146 articles, followed by Monash
University and Aristotle University Thessaloniki (Figure 5).
University of Athens, Aristotle University Thessaloniki,

Frontiersin Public Health

University of Chile, and the University of Belgrade have
established close cooperation.

Top cited publications

The top 10 highly cited literature types include Guideline
(6), review (3), and clinical research (1) (Table 1). Due to
the heterogeneity of the clinical manifestations of PCOS, the
guidelines formulated by various medical associations are not
uniform. The high citation of the guidelines represents
the demand of researchers
of PCOS.

for consensus formulation

Analysis of keyword

As shown in the keyword visualization map (Figure 6),

“insulin  resistance” was the most frequent keyword,
followed by “women,” “polycystic ovary syndrome,” “pco,
“prevalence]  “obesity,”  “risk)  “metabolic  syndrome,

“impaired glucose tolerance,” and so on. LLR algorithm
in Citespace is used to cluster keywords. The top five

keywords clusters are “sex-hormone-binding globulin,”

» o«

“luteinizing hormone;

» o«

diabetes mellitus,” “quality of life,”
and “metformin.” (Figure 7). Keywords burst detection map
shows that recent focuses of researchers are “oxidative

stress,,  “consensus,”  criteria,)  and

(Figure 8).

“supplementation”
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Discussion

Polycystic ovary syndrome is a reproductive endocrine
disease with menstrual disorder, androgen excess, and polycystic
ovarian changes as the main clinical manifestations and is
the main cause of ovulation dysfunction and infertility. IR
and PCOS have a mutually promoting relationship, which
not only affects the physical and mental health of PCOS
patients but also increases the risk of type 2 diabetes and
cardiovascular disease and the social and economic burden.
Therefore, it is of great significance to clarify the pathological
mechanism between PCOS and IR, and early intervention
and treatment for the treatment of PCOS. Bibliometrics
analysis can excavate research hotspots in a certain field and
display them in the form of network co-occurrence maps,
enabling researchers to intuitively and quickly understand
the data. In this study, literature bibliometric analysis was
conducted on the research field of PCOS IR to explore
its development.
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The number of PCOS IR papers has shown a steady increase
to 2021, which indicates that IR, as an important pathological
link in the development of PCOS, continues to receive the
attention of researchers. In the first half of 2022, 157 articles
were published in the PCOS IR field, which may indicate the
number of publications in 2022 will be lower than before. This
may be due to incomplete publication or research bottlenecks.
While all countries are working together on PCOS IR, the
United States made the biggest contribution. This may be related
to the high incidence of PCOS in the United States. According
to statistics, the incidence of PCOS in the United States is
about 5-20%. The annual economic burden caused by PCOS
is as high as 3.7 billion dollars (11), and this figure will be
much higher if combined with insulin resistance and other long-
term complications (12). In addition, it should be noted that
the United States, China, Turkey, and other countries with a
large number of publications conduct in-depth cooperation to
promote the development of this field. Among the authors,
Diamanti-Kandarakis E is the author who has published the

frontiersin.org


https://doi.org/10.3389/fpubh.2022.960965
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

Chen et al. 10.3389/fpubh.2022.960965

-

koiou, “e_terin’i
pPapadakigjefstathios

4 yang, gangyi
5 X 4
fe li.rong b mali anuel
W hibu )
ql%jle ¥ =ity »rbar . @ yangldongzi

huddlestongheather g. pe(akn“mjfan sha,;z“;ﬁ . % eme‘.hu;yu
santoragnanette stanojlovie, OI‘VE"’ \ azizi, fﬁ{ﬁdoun stene‘-vi f , elisabet

/) obermayer-p’igsch, barbara

palomba, stefano
colao, aria

djohqnﬁnjﬂ e.

e grétﬁl’érol 8 -
shi,yuhua \

cher“

- N— e -
tlhi < , e’ © glintborg, dorte tegd "8
_tal 2 Y . - i o .,

aiiia - /
tapanainen, juhas. sho'raka&oul.maz

zhu,gining  @scobar-mo , hector f.

&VOSviewer

FIGURE 4
Author cooperation visualization map.

univ gdghenburg ° sha%ong univ

@
iran univ. med sci [
1/ pei diey hosp.

= s taipei vetgen hosp L

childrens nasp picisburgh 4 univ‘tehwmed 8i :

me sinakisch med . %

taipei med univ
3 .

C wniv tehran s comnglhuniv
hosp univ @on y ca o ) “ ¥ shahid béﬁe%uni\?‘med sci
RN, a4 ~ ’ w -
unl‘c’a‘l’? %
7 1 N univ hasp oulu
nanjing med univ « 7 ofth ¢ i i 4 > univ hgisinki
seoul natl univ Ny =ik ) | S U Uiy i al
univi a!de' W Iverawoljohm meores dnv king saliduniv X A - -%u S osp.
gaziuniv i 3 univhull unbulu
o : S A
i ick
_univ barcelona 3 unv‘m::“hm
< ¥ "
mon‘hl(h > . huliyorkmeo sch » 5 “ »
victotiguniv ‘:mv il
& VOSviewer
FIGURE 5
Institution cooperation visualization map.
Frontiers in Public Health frontiersin.org


https://doi.org/10.3389/fpubh.2022.960965
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

Chen et al.

TABLE 1 Top 20 cited references of PCOS IR fields.

10.3389/fpubh.2022.960965

Ranking Counts Centrality Publication year Author Journal Vol Page
1 338 0 2004 Rotterdam Hum. Reprod 19 41

ESHRE/ASRM-

Sponsored PCOS

consensus workshop

group
2 306 0 2004 Chang, | Fertil. Steril 81 19
3 235 0.02 2012 Diamanti-Kandarakis, E Endocr. Rev 33 981
4 216 0.02 2013 Legro, R.S J. Clin. Endocr. Metab 98 4565
5 203 0.06 2012 Fauser, B.C.J.M Fertil. Steril 97 28
6 191 0 2005 Ehrmann, D.A New. Engl. j. Med 352 1223
7 180 0 2004 Azziz, R J. Clin. Endocr. Metab 89 2745
8 179 0.02 2010 Wild, R.A J. Clin. Endocr. Metab 95 2038
9 168 0 2018 Escobar-Morreale, H.F Nat. Rev. Endocrinol 14 270
10 164 0.02 2009 Azziz, R Fertil. Steril 91 456
11 158 0 2016 Azziz, R Nat. Rev. Dis. Primers 2 16057
12 153 0.03 2016 Rosenfield, RL Endocr. Rev 37 467
13 153 0.09 2010 March, W.A Hum. Reprod 25 544
14 151 0.02 2006 Azziz, R J. Clin. Endocr. Metab 91 4237
15 147 0 1997 Dunaif, A Endocr. Rev 18 774
16 147 0.02 2013 Stepto, N.K Hum. Reprod 28 777
17 146 0.01 2016 Bozdag, G Hum. Reprod 31 2841
18 141 0.01 2005 Apridonidze T J. Clin. Endocr. Metab 90 1929
19 140 0.01 1999 Legro, R.S J. Clin. Endocr. Metab 84 165
20 134 0.01 2011 Goodarzi, M.O Nat. Rev. Endocrinol 7 219
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FIGURE 6

Keyword visualization map.
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FIGURE 7
Keywords cluster map

most, while Azziz R has cooperated the most with other author
groups and was in the core position. Surprisingly, educational
institutions such as universities are more interested in PCOS IR
research than hospitals.

Among the top 10 cited works of literature, there are six
works of literature about guidelines that were formulated by
Rotterdam European Society of Human Reproduction and
Embryology (ESHRE)/American Society for Reproductive
Medicine (ASRM)-Sponsored PCOS consensus workshop
group, Endocrine Society, Androgen Excess and Polycystic
Ovary Syndrome (AE-PCOS) Society. ESHRE/ASRM group
thinks
biochemical signs of hyperandrogenism, and polycystic ovaries
to be diagnostic of PCOS, but the role of IR in PCOS has not
been emphasized. Endocrine Society endorses ESHRE/ASRM
group’s diagnostic criteria for PCOS; the AE-PCOS Society
has a different opinion, it thinks clinical and/or biochemical

two Oligo—and/or anovulation, clinical and/or

signs of hyperandrogenism are the necessary criterion for
diagnosis. In addition, both the AE-PCOS Society and
the Endocrine Society pay attention to the role of insulin
resistance in PCOS and recommend routine screening of
glucose tolerance and early treatment. In addition, the only
clinical study with top 10 cited references was published by
Azziz R in 2004 (13). This clinical study included 400 women
aged 18-45 who participated in pre-employment physical
examination; the research found that the cumulative prevalence
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of PCOS was 6.6%, which provided an epidemiological basis
for PCOS.

Keyword analysis showed that the pathological mechanism
between PCOS and IR was one of the hot spots of researchers’
attention. “Sex-hormone-binding globulin,” and “luteinizing
hormone” are the top two clusters, representing two common
mechanisms of IR increasing PCOS free testosterone level
(14, 15): First, insulin receptors in the pituitary gland are
triggered to release luteinizing hormone, and second, the
synthesis of sex hormone-binding globulin (SHBG) in the
liver is inhibited. Increased androgen can also promote the
decomposition of adipose tissue, increase the production of
free fatty acids and inflammatory factors, and further aggravate
IR, causing a vicious cycle (16). According to Figures 6, 8,
“Obesity” and “body fat distribution” are also the focus of
researchers. Obesity aggravates hyperandrogenemia and insulin
resistance, which is the intermediate link between PCOS
and IR (17). It is worth noting that thin PCOS is also
accompanied by insulin resistance, and the occurrence of IR
resistance may be mainly related to visceral fat accumulation
(18, 19). According to Figure 8, the heat of “growth factor
i7 lasted from 1991 to 2006, and the burst intensity was
37.73. The research (20, 21) showed that the serum level of
free insulin-like growth factor-1(IGF-1) increases, and insulin-
like growth factor-binding protein-1(IGFBP-1) is low in PCOS
IR patients; such alternation may drive PCOS follicles to
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Top 25 Keywords with the Strongest Citation Bursts

1983 - 2022

Keywords Year Strength Begin End
hyperinsulinemia 1983 71.95 1991 2005
hyperandrogenism 1983 45.64 1991 2004
disease 1083 44.52 1991 2000
dependent diabetes mellitus 1983 41.85 1991 2006
hyperandrogenic women 1983 3028 1991 2006
acanthosis nigrican 1083 38.92 1991 2007
growth factor i 1983 37.73 1991 2006
hormone binding globulin 1983 22.25 1991 2008
body fat distribution 1083 22.19 1991 2006
secretion 1983 43.19 1992 2005
luteinizing hormone 1983 36.46 1992 2005
obese women 1983 36.88 1994 2006
coronary artery disease 1983 21.56 1994 2008
follicle stimulating hormone 1983 21.07 1994 2007
metformin therapy 1983 24.65 1998 2007
endocrine 1983 20.54 1999 2004
normal mense 1083 21.52 2000 2006
troglitazone 1083 19.06 2000 2008
impaired glucose tolerance 1983 32.49 2001 2007
term follow up 1983 20.32 2001 2008
young women 1983 18.74 2007 2012
oxidative stress 1983 3522 2018 2022
consensus 1983 22.21 2018 2022
criteria 1083 20.5 2018 2022
supplementation 1083 18.88 2018 2022
FIGURE 8
Keywords burst detection map.

produce excessive sheath androgen. The heat of “oxidative
stress” lasted from 2018 to now, and the burst intensity is
35.22. Oxidative stress is a common pathological mechanism
of PCOS and IR. Oxidative stress can reduce glucose uptake
in musculoskeletal muscle and insulin secretion in pancreatic
beta cells to induce IR (22, 23), increase androgen level (24),
destroy follicular microenvironment (25), and promote the
progress of PCOS and IR. Researchers found that antioxidant
therapy can significantly improve the reproductive metabolic
disorder of PCOS (26, 27). Metformin has been recommended
for these pathological mechanisms, not only because of its
ability to increase insulin sensitivity (28), but also because it
increases IGF-1 (21, 29), reduces oxidative stress, and partially
restores PCOS metabolic and hormonal disorders. Certainly, the
pathological mechanism and treatment of PCOS and IR are still
worthy of further exploration.
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Metabolic disorders and complications secondary to PCOS
IR are another hot topic of researchers attention. “Risk,
“metabolic syndrome,” and “impaired glucose tolerance” in
Figure 6, and “diabetes mellitus” and “cardiovascular disease”
in Figure7 are all associated with disease risk. Due to the
mutual promotion and crosstalk between IR and androgen
overload, patients with PCOS IR have significantly increased
risks of diabetes and cardiovascular diseases. It is well known
that chronic pancreatic stress under IR can cause impaired
glucose tolerance and damage to islet B cells, leading to the
occurrence of type 2 diabetes (30, 31). Excessive androgen of
PCOS can lead to abnormal vasoconstriction and relaxation
function (32, 33), resulting in vascular endothelial dysfunction
and aggravating the occurrence of cardiovascular diseases.
Guidelines developed by some medical associations began to pay
attention to the harm caused by PCOS complications, suggesting
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screening of glucose tolerance tests, glycated hemoglobin,
cardiometabolic risk factors, etc. (34-36). In addition, infertility,
irregular menstruation, acne, hirsuteness, obesity, and other
manifestations are more common in PCOS IR patients, which
makes patients easily complicated with anxiety and depression,
resulting in decreased quality of life (37, 38), which should also
be given importance by researchers. According to Figure 8, there

»

are also “consensus,” “criteria,” and “supplementation” that have
continued since 2018, which reminds researchers of the urgent
need for unified standards and consensus development in the
field of PCOS IR.

In conclusion, current research focuses on the pathological
mechanism between PCOS and IR and the prevention and
treatment of long-term risks. The mechanism of PCOS IR
is the mutual promotion of hyperandrogenemia and IR, the
increase of IGF-1 and the enhancement of oxidative stress,
etc. Among them, oxidative stress may be the focus of future
research on the mechanism between PCOS and IR. The long-
term complications of PCOS IR include diabetes, cardiovascular
disease, metabolic syndrome, etc. Early administration of
metformin may have positive effects on the treatment of PCOS
and the prevention and treatment of its complications, which
requires more rigorous clinical trials. It is still the goal of future
research to further explore the mechanism between PCOS and
IR and to develop therapeutic drugs that can take into account
both reproductive and metabolic disorders and psychological
abnormalities of PCOS. In addition, it is very necessary
to strengthen the cooperative relationship between authors
and regions and develop uniform standards and consensus
recognized by the industry, which has also been the focus of
research in the recent 4 years.

Through bibliometrics, this paper presents the cooperative
relationships among authors, countries, and institutions, as
well as research hotspots and trends in the field of PCOS
IR research, which provides benefits for many researchers.
Researchers should optimize their research according to research
hotspots, continue to explore the pathological mechanism of
PCOS IR, and make continuous efforts to block the disease
progression and related complications of patients, maintain the
physical and mental health of patients, and reduce the social and
economic burden.

However, some limitations of this article have to be
considered. First, Since WoS has the most complete citation
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Type B insulin resistance syndrome (TBIR) is a rare disease characterized by
refractory diabetes due to severe insulin resistance caused by anti-insulin
receptor autoantibodies, and a standard treatment regimen for TBIR has not
been established, leading to therapeutic difficulties and high mortality. Since
TBIR is known to be associated with autoimmune diseases such as systemic
lupus erythematosus (SLE), glucocorticoids are often used as key
immunosuppressive agents. However, glucocorticoids have the potential to
exacerbate the pathophysiology of TBIR by worsening insulin sensitivity, which
leads to hyperglycemia and muscle wasting. Here, we report a case history of a
66-year-old man who was diagnosed as having TBIR in combination with SLE
and Sjogren’s syndrome with marked hyperglycemia, ketosis, and muscle
wasting. He was successfully treated with combination therapy of double-
filtration plasmapheresis (DFPP) and administration of the anti-CD20
monoclonal antibody rituximab without induction of glucocorticoid therapy
while using a sensor-augmented insulin pump (SAP) to prevent hypoglycemia.
Remission of diabetes was achieved without severe hypoglycemic events and
his circulating insulin receptor antibodies became negative after seven months
of initiation of these treatments. Based on the successful clinical courses of this
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case, our report suggests the possibility of an effective therapeutic regimen
with DFPP and rituximab under the condition of the use of an SAP for a patient
with TBIR without induction of glucocorticoids.

KEYWORDS

type B insulin resistance (TBIR), double-filtration plasma apheresis, rituximab, sensor-
augmented pump (SAP), ketosis, catabolism, systemic lupus erythematosus,
Sjogren’s syndrome

Introduction

Type B insulin resistance syndrome (TBIR) is a disorder that
was originally reported by Kahn et al. in 1976 as three cases with
marked insulin resistance, melanosis nigricans, and the presence
of anti-insulin receptor antibodies in blood (1). TBIR is known
to be associated with underlying autoimmune diseases such as
systemic lupus erythematosus (SLE), Sjogren’s syndrome,
various connective tissue diseases, interstitial lung disease, and
skin-, blood-, and liver-associated disorders (2). The exact
prevalence of TBIR and the involvement of genetic
abnormalities remain unknown because of its extreme rarity
(3). However, it has been reported that the prognosis is poor if
no remission is achieved, resulting in uncontrolled glycemia,
muscle wasting and weight loss (4, 5).

A standard treatment for TBIR has not yet been established,
although spontaneous remission has been reported in some
cases (4). The presence of circulating anti-insulin receptor
antibodies underlies the pathogenesis of TBIR, and
immunosuppressive therapy is therefore essential for the
treatment. Indeed, it has been reported that combination
therapy with immunosuppressants such as rituximab,
glucocorticoids, cyclophosphamide, and azathioprine
contributes to reduction in mortality in patients with TBIR
(5).

immunosuppressant; however, glucocorticoid can exacerbate

Glucocorticoid is the most commonly used

insulin resistance, leading to hyperglycemia, which are central
to the pathophysiology of TBIR (6). Furthermore, long-term
maintenance therapy with glucocorticoids may be needed
because most reports have indicated that it takes 3 to 12
months to achieve remission defined as amelioration of
hyperglycemia and discontinuation of insulin (5, 7) and even
more than 2 years in some cases (8). Glycemic control in the
acute phase of TBIR is also important for preventing
uncontrolled glycemia-induced complications, muscle wasting,
and weight loss. Since it has been reported that insulin-like
growth factor 1 (IGF-1) treatment (9) and plasmapheresis (10,
11) were effective for controlling blood glucose levels in patients
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with TBIR, these treatments may be promising for the acute
phase of TBIR until immunosuppressive therapies exert effects.
It should be noted that in addition to refractoriness to the
treatment for hyperglycemia, hypoglycemia is another
important reason why treatment is difficult in patients with
TBIR. It has been reported that anti-insulin receptor antibodies
can act not only as antagonists at high titers but also as agonists
at low titers (3). Therefore, caution is needed for preventing
hypoglycemia during the treatment of TBIR, but no method to
prevent treatment-induced hypoglycemia with a reduced titer in
anti-insulin receptor antibodies has been established.

Considering the above-described facts, the following points are
required in a therapeutic strategy for TBIR: 1) immunosuppressive
therapies that can achieve rapid remission without worsening
insulin resistance, 2) management for glycemia-induced
complications such as acute muscle wasting and weight loss by
controlling glycemia, and 3) prevention of both hyperglycemia and
hypoglycemia events by monitoring blood glucose. Here, we
describe a history of a patient with newly diagnosed TBIR with
hyperglycemia, hyperinsulinemia and ketosis who was successfully
treated with double-filtration plasmapheresis (DFPP) and
administration of rituximab while using a recently developed
sensor-augmented pump (SAP), which is a device that combines
a continuous insulin infusion pump and real-time continuous
glucose monitoring (rtCGM). Compared to simple plasma
exchange, DFPP, a semi-selective blood-purification modality
derived from plasma exchange, has advantages in selectively
removing immunoglobulin fractions, minimizing substitution
fluid such as fresh frozen plasma or albumin solution, and
reducing cost (12). Since fresh frozen plasma, the major
substitution fluid in simple plasma exchange, is known to contain
high concentrations of glucose (13), we hypothesized that DFPP
would be more suitable for the treatment of TBIR than simple
plasma exchange. Notably, there was no need to use glucocorticoid,
which can exacerbate insulin resistance, until the TBIR was in
remission in this case. Our treatment regimen used in this patient
may open the way for the establishment of an effective therapeutic
strategy for TBIR.
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Case report

A 66-year-old Japanese man was referred to Sapporo
Medical University Hospital for treatment of newly developed
TBIR. He had suffered from discoid lupus with leucopenia,
hypocomplementemia, positive anti-nuclear antibody and anti-
Smith antibody. He was diagnosed with SLE at the age of 48
years and had been stable on only topical therapy for discoid
lupus. At the age of 65 years, his regular medical checkup did not
reveal any glucose intolerance. However, six months later, he
developed both polyuria and thirst and visited his local doctor.
He was diagnosed as having diabetes mellitus with blood glucose
of 300 mg/dl and HbAlc of 9.1%, and he was admitted to his
local hospital. He was initially treated with metformin and
multiple daily injections of insulin, but his hyperglycemia did
not improve even with a total insulin dose of 120 units/day
(insulin degludec of 30 units and insulin aspart of 30 units per
each meal). Addition of sulfonylureas and dulaglutide, a weekly
glucagon-like peptide 1 (GLP-1) receptor agonist, at 0.75 mg/
week also did not improve his hyperglycemia. In addition to
marked elevation in fasting serum insulin and C-peptide levels,
serum anti-insulin receptor antibody test was positive, leading to
the diagnosis of TBIR. He was transferred to our hospital for
further treatment of TBIR.

On admission, his body weight was 70.0 kg, body mass
index (BMI) was 24.2 kg/mz, blood pressure was 85/64 mmHg,
pulse rate was 107 bpm, and body temperature was 36.1°C.
Since he was suffering from hyperglycemia and anorexia,
decreased blood pressure with tachycardia on admission was
considered to be due to intravascular dehydration caused by
osmotic diuresis. There was no skin rash including melanosis
nigricans, erythema spheroids or discoid lupus. Achilles
tendon reflex was not decreased, but bilateral lower extremity
vibratory sensation was decreased. Results of laboratory tests
on admission revealed severe insulin resistance and ketosis:
fasting blood glucose level was 225 mg/dl, fasting serum insulin
level was 455 pIU/ml, fasting serum C-peptide level was 5.45
ng/ml, and B-hydroxybutyrate level was 1.8 mM (Table 1). The
activity of SLE was assessed by Systemic Lupus Erythematosus
Disease Activity Index-2K (SLEDAI-2K) (14) and it was 4
points for hypocomplementemia (2 points), thrombocytopenia
(1 point), and leukopenia (1 point). In addition, serum anti-
Sjogren’s-syndrome-related antigen A (anti-SS-A) and B (anti-
SS-B) antibodies were positive and the Schirmer test was
positive (right 3 mm/5 min, left 1 mm/5 min) together with
positive ocular surface staining by fluorescein, indicating a new
diagnosis of Sjogren’s syndrome (15). There was no diabetic
retinopathy on his eyes. Since pancytopenia was observed,
bone marrow aspirations and biopsies were performed and
revealed fatty marrow, resulting in a diagnosis of pancytopenia
secondary to autoimmune diseases. No malignancy was found
in his body.
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His clinical course after admission is shown in Figure 1A.
Results of intermittently-scanned CGM (isCGM, FreeStyle
Libre, Abbott Diabetes Care Inc., CA, U.S.A.) revealed severe
hyperglycemia throughout the day without evidence of
hypoglycemia (Figure 2A). In addition to persistent ketosis, his
body weight was progressively reduced, suggesting catabolic
state. Therefore, we decided to perform combination therapy
with DFPP (twice a week) and infusion of the anti-CD20
antibody rituximab (375 mg/m? once weekly for 4 weeks) as
previously reported (16), followed by administration of
hydroxychloroquine for reducing SLE activity. Furthermore,
an SAP (MiniMed 640G system, Medtronic, Dublin, Ireland),
which can detect rapid decline in interstitial glucose levels, was
introduced instead of isSCGM (Figure 2B) due to early detection
of hypoglycemic event. Following these combined treatment
strategies, hyperglycemia and ketosis improved, and he was
discharged on his 71st admission day. Thereafter, his HbAlc
gradually improved and no severe hypoglycemia occurred due to
glycemic monitoring and fine-tuning of insulin dosage using an
SAP. Additional rituximab administration (375 mg/mZ/week, 1
time) was performed six months after initial infusion. Anti-
insulin receptor antibodies became negative after seven months
of initiation of the therapy. Representative glucose profiling nine
months after these treatments is shown in Figure 2C. Soft lean
mass evaluated by bioelectrical impedance analysis was
increased from 46.5 kg at baseline to 50.7 kg after his anti-
insulin receptor antibodies became negative, suggesting an
improvement in the catabolic state (Figure 1B). Platelets
counts and hypocomplementemia were also recovered with an
improvement of glycemic control and SLEDAI-2K became 1
point seven months after the initiation of therapy (Figure 1B).
There were no remarkable adverse events including infusion
reaction, opportunistic infections, severe infections,
gastrointestinal symptoms, retinopathy and hemorrhagic
events throughout his clinical course.

Discussion

There are two salient points in this report: 1) A combination
therapy including DFPP and rituximab, followed by
hydroxychloroquine administration, led to successful remission of
TBIR without use of glucocorticoid therapy in a TBIR patient
complicated with SLE and Sjogren’s syndrome. 2) SAP was useful to
the monitoring and control of glucose levels during aggressive
TBIR therapy.

Since the patient had progressive weight loss and muscle
wasting, DFPP was used as an acute-phase therapy to prevent
catabolism by restoring insulin sensitivity via removal of anti-
insulin receptor antibodies. Actually, DEPP has been applied to
various conditions including autoimmune diseases and organ
transplantations (12, 17, 18). Since TBIR has been reported to be
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TABLE 1 Laboratory findings on admission.

<Complete blood count>

WBC
Neutrocyte
Lymphocyte
Monocyte
Eosinocyte
Basocyte
RBC

Hb

Ht

Plt

2200

68
20
5
5
2
400
12.1
36.3
9.8

/uL

%
x10*/uL
g/dL
%
x10*/uL

<Biochemistry measurements>

TP
Alb
T-bil
AST
ALT
ALP*
LDH
BUN
Cr
UA
Na

K

7.0
3.6
0.7
20
18
80
151
13
0.5
4.0
137
3.8

g/dL
g/dL
mg/dL
U
U
U
U
mg/dL
mg/dL
mg/dL
mEq/L
mEq/L

<Diabetes-related and Endocrinology measurements>

B-hydroxybutyrate

Glucose
HbAlc
Insulin
C-peptide

HOMA-IR

HOMA-B

C-peptide index
Anti-GAD antibody
Anti-TA-2 antibody

Anti-insulin antibody

Anti-insulin receptor antibody

TC

TG
HDL-C
LDL-C
TSH
FT3
FT4
ACTH

Cortisol

1.8

1.42
2.4
1.22
13.4
9.76

uM
mg/dL

%
ulU/mL
mg/dL

%

U/mL
U/mL
%

mg/dL
mg/dL
mg/dL
mg/dL
uIU/mL
pg/mL
ng/dL
pg/mL
pg/dL

10.3389/fendo.2022.997296

<Immunological tests>

CRP
IgG
IgA
IgM
C3
C4
CH50
ANA
RF

Anti-dsDNA antibody
Anti-SS-A antibody **
Anti-SS-B antibody **
Anti-CCP antibody
Anti-Sm antibody **
Anti-RNPantibody **
Anti-CL IgG antibody
Anti-CL IgM antibody

Anti-B2GPI IgG antibody
Anti-B2GPI IgM antibody

PA-IgG

Lupus anticoagulant test

Urine anti-HP antibody

<0.10
1843
435
44
57
12
38

<26
22
12.6
<11
48.6
)
(+)

mg/dL
mg/dL
mg/dL
mg/dL
mg/dL
mg/dL
/mL

folds

IU/mL
folds
folds
U/mL
folds
folds
IK/mL
IJ/mL
IJ/mL
IJ/mL
ng/107cells

WBC, white blood cell; RBC, red blood cell; Hb, hemoglobin; Ht, hematocrit; Plt, platelet; TP, total protein; Alb, albumin; T-bil, total bilirubin; AST, aspartate aminotransferase; ALT,
alanine aminotransferase; ALP, alkaline phosphatase; LDH, lactate dehydrogenase; BUN, blood urea nitrogen; Cr, creatinine; UA, uric acid; HbAlc, hemoglobin Alc; HOMA-IR,
Homeostatic Model Assessment - Insulin Resistance; HOMA-B, Homeostasis Model Assessment for B-cell function; Anti-GAD antibody, anti glutamic acid decarboxylase antibody; Anti-
IA-2 antibody, anti islet antigen 2 antibody; TC, total cholesterol; TG, triglycerides; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol-cholesterol;
TSH, thyroid-stimulating hormone; FT3, free thyroxine 3; FT4, free thyroxine 4; ACTH, adrenocorticotropic hormone; CRP, C-reactive protein; ANA, antinuclear antibody; RF,
rheumatoid factor; Anti-dsDNA antibody, double-stranded DNA antibody; Anti-SS-A antibody, anti Sjogren’s-syndrome-related antigen A; Anti-SS-B antibody, anti Sjégren’s-syndrome-
related antigen B; Anti-CCP antibody, anti-cyclic citrullinated peptide antibody; Anti-RNP antibody, anti-ribonucleoprotein antibody; Anti-Sm antibody, anti-Smith antibody; Anti-CL
antibody, anti-caldiolipin antibody; Anti-B2GPI antibody, anti-B2 glycoprotein 1 antibody; PA-IgG, platelet-associated IgG; Urine anti-HP antibody, urine anti-Helicobacter pylori
antibody.*, Tested by Japan Society of Clinical Chemistry method. **, Tested by Ouchterlony method.

FIGURE 1

Clinical course of the patient during hospitalization (A) and in the outpatient setting (B).
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Representative glucose profiles of CGM recordings. (A) Representative ambulatory glucose profile recorded by isCGM before treatment.
(B) Two-week glucose profiles recorded by rtCGM one month after the initiation of treatment. (C) Two-week glucose profiles recorded by

rtCGM nine months after the initiation of treatment.

an autoimmune disorder caused by polyclonal autoantibodies
(3), mechanical removal of such autoantibodies using DFPP is a
reasonable therapeutic approach. Indeed, some previous case
reports have shown rapid improvement in hyperglycemia after
plasmapheresis, suggesting the effectiveness in this acute phase
treatment (10, 11). Since albumin solution, rather than fresh
frozen plasma containing high concentrations of glucose (13), is
usually used as the substitution fluid in DFPP, DFPP might be an
optimal plasmapheresis for the treatment of TBIR, which is
characterized by severe insulin resistance. In contrast, we
acknowledge that DFPP has a possible disadvantage in loss of
high molecular weight coagulation factors that can lead to
hemorrhagic events (19). To avoid this side effect of DFPP, we
took the following actions in the present case: 1) levels of serum
fibrinogen, one of the high molecular weight coagulation factors,
were measured before DFPP and 2) only two DFPP sessions
were performed. Fortunately, in the present case, the levels of
fibrinogen never reached below 100 mg/dl, which we had set as a
criterion for discontinuation of DFPP. In addition, no
hemorrhagic events were found throughout his clinical course.
Thus, monitoring serum fibrinogen levels and performing fewer
DFPP sessions may lead to early detection or prevention of
coagulation factor depletion in DFPP, thereby preventing
hemorrhagic events.

One interesting aspect of this case is that blood f-
hydroxybutyrate became negative despite persistent
hyperglycemia after treatment with DFPP (Figure 1). Although
the precise reason for the differential effects of DFPP on blood
glucose and ketone metabolism in TBIR remains unknown,
insulin signaling is known to be different in organs or types of
cells including adipocytes, hepatocytes, and myocytes (20) and it
is possible that the temporary decrease in anti-insulin receptor
antibodies caused by DFPP preferentially improved insulin
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signaling only in adipocytes or hepatocytes. It should also be
noted that DFPP does not suppress the production of anti-
insulin receptor antibodies from abnormal B cells; therefore, its
efficacy is temporal. Taken together, DFPP may be specifically
effective for patients with TBIR who are suffering from extremely
high insulin resistance and progressive catabolism.

As an alternative to DFPP, treatment with IGF-1 has been
reported to be an option for acute treatment of TBIR (9). IGF-1
can promote glucose uptake into cells via binding to IGF
receptors or insulin receptors. Thus, administration of
recombinant IGF-1 could theoretically activate intracellular
glucose uptake pathways via an alternative pathway rather
than insulin signaling that is inhibited by the anti-insulin
receptor antibody. However, a recent report indicated that the
effectiveness of IGF-1 for TBIR may be limited (21). This
limitation is due to the possibility that anti-insulin receptor
antibodies also have an affinity for the IGF-1 receptor (22) or
that IGF-1 itself is not effective for removing the anti-insulin
receptor antibodies that are the causative molecules of TBIR. Of
course, IGF-1 treatment may contribute to better outcomes for
TBIR by improving hyperglycemia, but we thought that DFPP
was likely to surpass the beneficial effects of administration of
recombinant IGF-1, and we chose DFPP as the treatment of
choice for the acute phase in the present case.

One of the important factors contributing to the successful
outcome of this case was that the patient achieved remission
with negative anti-insulin receptor antibody by rituximab
without glucocorticoid therapy. The effects of rituximab for
TBIR are controversial (7, 23, 24) and rituximab was
administered with concomitant use of glucocorticoids in
previous cases. In general, rituximab takes several weeks after
administration to exert its effect for suppression of antibody
production. Rapid remission induction is important in
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autoimmune diseases such as anti-neutrophil cytoplasmic
antibody-associated vasculitis or immune thrombocytopenic
purpura, and concomitant use of glucocorticoids and
rituximab is needed to achieve rapid remission induction. In
our case, we used DFPP instead of IGF-1 or glucocorticoids to
avoid acute phase complications and it worked well in our case.
Other immunosuppressants such as cyclophosphamide have
also been reported to be effective for TBIR, but glucocorticoids
were used in combination in those cases (7). In this case,
administration of cyclophosphamide was avoided due to
pancytopenia. It is still unclear if hydroxychloroquine
improved TBIR as an immunomodulatory drug; however,
hydroxychloroquine was added as a standard-of-care
treatment for SLE.

Autoantigens that may trigger the development of TBIR also
remain unknown. Imai et al. previously reported the association
between TBIR and Helicobacter pylori infection (25). Indeed, the
patient’s urine anti-Helicobacter pylori antibody was positive on
admission (Table 1), although he achieved remission without
Helicobacter pylori eradication treatment. Additionally, systemic
autoimmune diseases such as SLE and Sjogren’s syndrome are
known to be associated with TBIR. In the present case as well,
the patient was complicated with SLE and Sjogren’s syndrome.
The disease severity of SLE was mild at the onset of TBIR, but
platelet counts and hypocomplementemia recovered along with
a decrease in the titer of anti-insulin receptor antibodies,
suggesting that TBIR may be associated with concomitant
autoimmune diseases. Since TBIR is an extremely rare disease,
its detailed etiology remains unknown. Further studies will be
needed to clarify the detailed pathogenesis of TBIR.

The pattern of glycemic variability in TBIR has been
reported to include only hyperglycemia and a mixture of
hyperglycemia and hypoglycemia, although a recent report
recommended that a case showing hypoglycemia alone should
be excluded from the diagnosis of TBIR (26). Hyperinsulinemia
induced by increased endogenous insulin secretion in response
to severe insulin resistance is elicited in most cases of TBIR.
Thus, the development of significant hypoglycemia, whether
treatment-related or not, requires careful attention. Therefore,
an SAP may be the best tool for both treating TBIR and
monitoring blood glucose to prevent hypoglycemia as it allows
adjustment of insulin dosing while monitoring blood glucose
with rtCGM. In this case, because of increased endogenous
insulin secretion due to consistent severe insulin resistance,
the dose of insulin infusion was not increased according to
blood glucose levels, and a strategy that prioritizes the avoidance
of hypoglycemia was chosen. Whether increasing doses of
insulin infusion or using a closed-loop insulin delivery system
(27) such as a system that optimizes insulin doses according to
blood glucose would result in better outcomes in TBIR is
unknown and requires further studies.

In summary, we described a case history of a patient with
TBIR who presented hyperglycemia, hyperinsulinemia, and
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ketosis and who was successfully treated with an SAP in
combination with DFPP and rituximab. Our therapeutic
approach may provide an effective and novel treatment
strategy that could become a new insight for the care
of TBIR.
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Background: Patients with gallstone disease (GSD) often have highly co-
occurrence with metabolic syndrome (MetS) and Nonalcoholic fatty liver
disease (NAFLD) both associated with insulin resistance (IR). Meanwhile,
highly prevalence of NAFLD was found in patients who received
cholecystectomy. However, the associations of GSD with MetS, NAFLD is
inconsistent in the published literature. And risk of cholecystectomy on
NAFLD is unclear.

Methods: We searched the Medline EMBASE and WOS databases for literature
that met our study topic. To be specific, studies with focus on associations
between GSD and MetS/NAFLD, and risk evaluation on cholecystectomy and
NAFLD incidence were enrolled for further analysis. The random effect model
was used to calculate the combined relative ratio (RR) and odds ratio (OR)and
95% confidence interval (Cl).

Results: Seven and six papers with focus on connections between GSD and
NAFLD/MetS prevalence. Correspondingly, seven papers with focus on risk of
cholecystectomy on NAFLD occurrence were also enrolled into meta-analysis.
After pooling the results from individual study, patients with GSD had higher risk
of MetS (OR:1.45, 95%Cl: 1.23-1.67, 1> = 41.1%, P=0.165). Risk of GSD was
increased by 52% in NAFLD patients (pooled OR:1.52, 95%Cl:1.24-1.80). And
about 32% of increment on NAFLD prevalence was observed in patients with
GSD (pooled OR: 1.32, 95%Cl:1.14-1.50). With regard to individual MetS
components, patients with higher systolic blood pressure were more prone
to develop GSD, with combined SMD of 0.29 (96%Cl: 0.24-0.34, P<0.05).
Dose-response analysis found the GSD incidence was significantly associated
with increased body mass index (BMI) (pooled OR: 1.02, 95%Cl:1.01-1.03) in
linear trends. Patients who received cholecystectomy had a higher risk of post-
operative NAFLD (OR:2.14, 95%Cl: 1.43-2.85), P<0.05). And this impact was
amplified in obese patients (OR: 2.51, 95%Cl: 1.95-3.06, P<0.05).
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Conclusion: Our results confirmed that controls on weight and blood pressure
might be candidate therapeutic strategy for GSD prevention. And concerns
should be raised on de-novo NAFLD after cholecystectomy.

KEYWORDS

gallstone disease, metabolic syndrome, nonalcoholic fatty liver disease,
cholecystectomy, insulin resistance, meta-analysis

1 Introduction

Gallstone disease (GSD) is a significant burden in health care
around the world (1). GSD is the second largest digestive disease
after gastroesophageal reflux disease in the United States (2).
GSD caused great pain to adults (3). Although the incidence was
much higher than that of children, it tended to be younger (4).
Its incidence is also high in the worldwide population with a
prevalence of 5-25% in Westerners (5) and 3-15% in Asians (6).
In spite of lower mortality, much payment should be listed from
medical insurance for hospitalization and treatment for GSD
patients (7). Cholecystectomy is the most common surgical
procedure for the treatment of cholelithiasis and its
complications in the world, where laparoscopic surgery was
used in about 90% of cases (5). Risk factors for GSD such as
cholecystitis (acute/chronic), symptomatic cholelithiasis, biliary
dyskinesia, acalculous cholecystitis, gallstone pancreatitis and
gallbladder masses/polyps can be treated by cholecystectomy (8).
In addition to common bile duct injury, bile leakage (9),
bleeding, indigestion and vague non-colic abdominal pain
(10), cholecystectomy can further cause a series of metabolic
changes such as increased serum triglyceride, rising very-low-
density-lipoprotein levels (11, 12) and metabolic syndrome in
cardiovascular diseases like type 2 diabetes and hypertension.

Clinically, insulin resistance (IR) is defined as the inability of
insulin to keep blood glucose levels in a healthy range (13).
However, apart from regulating glucose metabolism, insulin was
also involved in other metabolic activities in the body (14). IR
played a crucial role in metabolic disorders such as metabolic
syndrome (MetS) and hepatic steatosis (14, 15). MetS and GSD
have common risk factors, and the greatest correlation is
abdominal obesity and insulin resistance (16). Nonalcoholic

Abbreviations: BMI, body mass index; CDS, Chinese Diabetes Society; CI,
confidence interval; FFA, free fatty acids; FXR, farnesoid X receptor; GB,
gallbladder; GSD, gallstone disease; HR: hazard ratio; IR, insulin resistance;
WOS, Web of Science; MetS: metabolic syndrome; NAFLD, nonalcoholic
fatty liver disease; NASH, nonalcoholic steatohepatitis; NCEP ATPIII,
National Cholesterol Education Program Adult Treatment Group III; NOS,
Newecastle-Ottawa Scale; OR, odds ratio; RR, risk ratio; SMD, standardized
mean differences; T2DM, type 2 diabetes mellitus; USG, Ultrasonogram.
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fatty liver disease (NAFLD) represents an excessive
accumulation of adipocytes in the liver as presentation of IR in
liver. It often coexisted with GSD (17). Current research showed
that insulin resistance and GSD can influence each other (18).
That is, IR promoted GSD, and GSD in turn aggravated IR (18).
Results from large cohort of non-diabetic Korean men found
systemic IR as independent predictor for GSD (19). The most
important way insulin resistance affected GSD was to disrupt the
metabolism of cholesterol in the body (20). A study shown that
both MetS and NAFLD can accelerate the increase of cholesterol
synthesis in the body, and the excessive secretion of bile
cholesterol was related to the increase of bile lithogenicity (20).

Conversely, systemic glucose and lipid metabolism can be
regulated by gallbladder (21). The gallbladder helps to maintain
glucose, lipids and homeostasis (21). When GSD occurred,
cholesterol in bile was increased with lowered phospholipids
and bile acid (21). Both cholecystectomy and GSD had adverse
effects on insulin sensitivity (22). Moreover, there were
persistent defects in the regulation of liver lipid metabolism in
patients undergoing cholecystectomy (22). Therefore,
cholecystectomy particularly influenced the occurrence and
development of NAFLD.

In view of the tight relationship between GSD and metabolic
derangements, many studies were performed with topics on
associations between GSD and MetS/NAFLD occurrence (23—
36). Otherwise, the impacts of cholecystectomy on post-
operative NAFLD were also assessed in previous studies (12,
31, 37-41). However, the above relationships were still
controversial with difference across individual studies. Several
EBM papers were published to illustrate the associations
between GSD and metabolic derangements (42, 43). After
careful evaluation, we found several defects for these reviews.
To be specific, in literature by Veeravich (42) and Jiang (43) etc,
authors only calculated the quantitative correlations between
GSD and NAFLD/MetS without considerations on direction of
these two covariates, which can’t avoid potential bias inevitably.
Otherwise, Jiang et al. (42) only referred patients with higher
BMI had higher susceptibility to develop GSD. But in-depth
dose-response analysis was not performed in prior EBM study to
illustrate the continuous effects of BMI variations on GSD
incidence. Hence, to timely update assessment, literature
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involved on GSD and NAFLD/MetS need to be categorized by
directions to analyze the bidirectional relationship between GSD
and NAFLD/MetS. And in-depth dose-response analysis should
be performed to show the continuous risk of quantitative
metabolic variables on GSD risk. We conducted systematic
review and meta-analysis based on the existing literature for
more effective evidence on prevention of GSD and post-
cholecystectomyic metabolic complications.

2 Materials and methods
2.1 Search strategy

A Meta-analysis was conducted according to the guidelines
of the Preferred Reporting Items for Systematic Reviews and
Meta-analyses (PRISMA) (see checklist S1, flow diagram S1 and
abstract checklist S1) (44). A relevant literature search was
conducted using Medline, Embase, and Web of Science (WOS)
databases from the date of inception to 24 July 2022 (without
language restrictions). The following terms were used to search
literatures: “gallstones disease”; “cholelithiasis”; “Metabolic
syndrome”; “syndrome X”; “insulin resistance syndrome;”
“MetS”; “Nonalcoholic fatty liver disease;” “nonalcoholic
Steatohepatitis”; “NAFLD”; “NASH”; “cholecystectomy”; and
“Laparoscopic cholecystectomy.” If relevant literatures were
omitted, additional manual retrieval was performed. The
search strategy for the database is available in Table S1.

2.2 Study selection and data extraction

Eligibility criteria: 1) Published retrospective, prospective
cohort studies and cross-sectional studies. 2) GSD / METS /
NAFLD was the testing group's endpoint. 3) MetS diagnostic
criteria for the study were given and the diagnosis of
cholelithiasis needed to be confirmed by imaging or surgery. 4)
The odds ratio (OR) / relative ratio (RR) / Hazard Ratio (HR) and
corresponding 95% confidence intervals (CI) may be derived from
studies or can be calculated. Studies were excluded if 1) literature
was not the above research type, or the unpublished; 2) The
subjects were not related to GSD/METS/NAFLD (no interest of
subjects); 3) The disease outcomes were not just GSD/METS/
NAFLD but with organic lesions, liver dysfunction or viral
hepatitis in the hepatobiliary system (no interest of outcomes).

The study characteristics were extracted from all the
literatures: first author; publication year; country and ethnicity
of data origin; study design type; enrolled study population
(including number of cases and total number); disease outcome;
definition of MetS and NAFLD; risk of disease; the mean + SD of
MetS components such as body mass index (BMI), blood
pressure (systolic pressure, diastolic pressure), waist
circumference (WC), triglyceride (TG), fasting blood glucose
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(FBG), high density lipoprotein cholesterol (HDL-C) in case and
control group; the calculation method of origin data; and
adjusted covariates (the risks with the most extensive covariate
adjusted were included to avoid potential bias).

2.3 Quality assessment

A preliminary assessment of the quality of each study was
evaluated by two authors (JTL and QHL), respectively using the
Newcastle-Ottawa Scale (NOS) (45). NOS consists of three main
components, including participant selection, interstudy
comparability and outcome assessment, corresponding to four,
three and two stars (Table S2). Nine stars represent the highest
quality paper, and a score of six stars is considered high-quality
research. Meanwhile, we also carried out GRADE evaluation to
assess our results quality (Figures S2, S3). When there are
differences between the two authors, the original paper is re-
evaluated by a third author (ZLX).

2.4 Statistical analysis

We initially combined the results of the included studies with a
random effect model (Inverse variance), and chose OR (for cross-
sectional study) and RR (for prospective cohort study))and 95%
confidence intervals to quantify the relationship between Gallstone
and MetS, gallstone and NAFLD, and cholecystectomy and
NAFLD. If heterogeneity is significant, the random-effects model
will be used, and heterogeneity will be assessed by I” statistics (Iow,
high and medium heterogeneity of I* are defined as 25%, 50% and
75%, respectively (46).

To explore the relationship between GSD and MetS/NAFLD,
we first compared the combined OR of end-stage (MetS/NAFLD)
with or without GSD and the combined OR of end-stage (GSD)
with or without GSD. Secondly, according to the different BMI
intervals provided in the two reports (29, 30), the midpoints of
each interval’s upper and lower bounds were set as approximate
median or mean. When the highest category was available, 1.2
times the category’s low value was allocated (47). Using generalized
least squares (GLST) calculations, BMI levels were estimated for
each lkg/m2 increase, and then OR increments from both studies
were combined to reflect the linear dose-response risk for GSD
incidence. On the basis of information from reviewed studies,
pooled standardized mean differences (SMD) of specific individual
MetS components connected to the GSD occurrence were
analyzed. In addition, a subgroup analysis was performed to
determine the impact of potential confounding factors.
Sensitivity analysis was carried out to look into the effects that a
single study could have had on the outcomes.

When discussing the relationship between cholecystectomy
and NAFLD, the combined RR and RR of NAFLD patients with
or without cholecystectomy were also compared. Subsequently,
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subgroup analysis and meta-regression were performed to
explore the heterogeneity of potential sources further.

To calculate any potential publication bias, Egger’s test was
employed. P<0.05 was deemed significance. All of the statistical
analyses were performed using Stata 15.0 version software (Stata
Corp, College Station, TX, USA).

Our study flow diagram was shown in Figure SI.

3 Results

3.1 Search results and quality
assessment results

The flow diagram of the meta-analysis registration study was
shown in Figure 1. After excluding 894 duplicates from three
databases (Medline, Embase, and WOS), we screened 3210
potentially relevant articles. The number of eligible articles
finally registered was 19 (seven for GSD-MetS, six for GSD-
NAFLD and six for cholecystectomy-NAFLD) with a high
degree of uniformity among the evaluators (Cohen’s Kappa
=0.766). A manual search of references and related reviews of
published studies revealed no additional studies. According to
the NOS rating system, all included studies were assessed to be of
good quality. Participants’ NOS scores ranged from 6 to 9, with
an average score of 7.84. The results of NOS quality assessment
scores are shown in Table S3. The results of GRADE evaluation
reported low level of our enrolled articles because they were
observational studies (Figures S2, S3).

3.2 Characteristics of the enrolled studies

The study characteristics are presented in Table 1. Seven
articles on the relationship between GSD and MetS were

10.3389/fendo.2022.1032557

included in the meta-analysis, of which two prospective cohort
studies reported the effect of MetS on the incidence of GS. Four
cross-sectional and one prospective cohort studies reported the
effect of GSD on the incidence of MetS. East Asians, Hispanics
and Caucasians participated in five, one and one studies. Sample
size varies widely between studies, with some fewer than 300
people and some as many as 200,000, for a total of 246,006
participants. Among the participants, 3,802 had GSD, with a
prevalence ranging from 1.41% to 4.77%, and 2,034 had MetS,
with a prevalence ranging from 6.09% to 35.02%. Three reported
whether a single MetS component would affect the incidence of
GSD and presented by standardized mean differences (SMD), we
merge the results as shown in Figure 2. Regarding to the
diagnostic criteria of MetS, the definition provided by the
National Cholesterol Education Program Adult treatment
Group IIT (NCEPATPIII) (48) in four studies and one used
modified NCEP-ATP III. Alternatively, Chinese Diabetes
Society (CDS) (49), the International Diabetes Federation
(IDF) (50), and Taiwan National Health Department criteria
(51) were used for the enrolled studies (Table S4). Four, one, and
one studies’ results were calculated using multivariate logistic
regression, the Chi-Square test, multiple GEE, and Cox
proportional hazard models.

There are six articles focusing on the relationship between
GSD and NAFLD, two articles were prospective cohort studies,
and four were cross-sectional studies. All patients were
diagnosed with GS and NAFLD using Ultrasonogram (USG)
Diagnosis. The total number of participants was as high as
322,630, including 215,497 patients with GSD, whose prevalence
ranged from 4.44% to 76.66%, and 5926 patients with NAFLD,
whose prevalence ranged from 1.86% to 34.43%. East Asians,
Hispanics and Caucasians participated in four, one and
one studies.

Six articles were included to explore the occurrence of
NAFLD after cholecystectomy. A total of 261002 people

FIGURE 1

Flow diagram of eligible literature selection (A) Literature on association between GSD and MetS; (B) Literature on association between GSD and
NAFLD; (C) Literature on association between cholecystectomy and NAFLD. GSD, gallstone disease; MetS, metabolic syndrome; NAFLD,

nonalcoholic fatty liver disease; IR, insulin resistance.
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TABLE 1 Characteristics of the nineteen studies included in meta-analysis.

First author, Country Ethnicity Study
publication design
year [ref]

Chen et al. 2012 China East Asian  Cross-

(25) sectional
Nahum et al. USA Hispanics ~ Cross-
2005 (29) sectional
Lin et al. China East Asian  Cross-
2014 (27) sectional

Enrolled Outcome  MetS NAFLD MetS
study popula- definition diagnose components
tion(case/
total)
918/7570 without MetS NCEP-ATP-
MetS IIT on the
Asia

BMI
wC
SBP
DBP
FBG
TG

65/245 without MetS NCEP-

MetS ATPIII
wC
BMI
SBP
734/12050 MetS Taiwan

without MetS criteria

wC
SBP
DBP

OR/RR/
HR

OR: 1.29
(1.09-
1.52)

OR:
2.79(1.46-
5.33)

OR:
3.61(1.95-
6.71)

OR:
1.61
(1.336-
1.898)

Mean + Calculation Adjusted
SD (case/ method covariates
control)
Multivariate Age
logistic
regression
model
263 +3.0
252 +34
91.6 +9.4
87.8 +10.7
123.6 + 14.3
119.8 + 14.5
74.1 £9.8
722 +104
539 +137
511 +1.04
201.1 +183.3
183.7 +182.7
Multivariate Age and sex
logistic
regression
model
284 +57
263 £ 4.8
157 £ 22
144 +£19
Multivariate Age and sex
logistic
regression
model
844 +10.1
81.2+99
127.8 +17.8
122.6 £ 17.1
81.0 = 11.1
78.8 +10.6

25
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TABLE 1 Continued
First author, Country Ethnicity Study

publication design
year [ref]

Naim et al. Turkey = Caucasian  Cross-
2011 (28) sectional
Amit et al. India East Asian  Prospective
2019 (24) cohort
Kim et al. Korea East Asian  Prospective
2021 (23) cohort
Zhu et al. China East Asian  Prospective
2016 (26) cohort
Kim et al. Korea East Asian  Cross-
2009 (30) sectional
Koller et al Slovakia Northern  Cross-
2012 (32) European  sectional
Koller et al Slovakia Northern  Cross-
2012 (9) European  sectional
Chang et al Korea East Asian  Prospective
2018 (31) cohort

Enrolled Outcome  MetS NAFLD MetS
study popula- definition diagnose components
tion(case/
total)
HDL-C
TG
217/217 MetS NCEP-
without MetS ATPIII
100/200 Met$S NCEP-
without MetS ATPIII
2929/ GSD IDF
207850
without GSD
873/18291 GSD CDS
without GSD
6085/ MetS NCEP- BP

34574 ATPIII
without MetS

198/482 GSD USG
without GSD

166/482 NAFLD USG
without NAFLD

214446/ GSD USG
283446
without GSD

OR/RR/

HR

OR:
1.434
(1.222-
1.846)

RR:
1.313
(1.107-
1.556)

HR:
1.39(1.05-
1.85)

RR:
1.25(1.06-
1.49)

OR:
1.67(1.58-
2.00)

OR:
1.78(1.16-
2.73)

OR:
1.92(1.24-
2.96)

HR:
1.26(1.17-
1.35)

Mean = Calculation Adjusted
SD (case/ method covariates
control)
46.1 + 12.1
49.2 +£12.8
126.8 + 111.9
115.1 + 105
Multivariate  Age, MetS, DM, large WC, HOMA-IR,
logistic gallstone size and BMI
regression
model
Chi- Square test
model
Cox Age, sex, eGFR, GGT, smoking, alcohol
proportional intake and physical activity
hazard model
Multiple GEE Age
model
Multivariate ~ Age, MetS, DM, large WC, HOMA-IR,
logistic gallstone size and BMI
regression
model
Multivariate Age, gender, BMI, smoking, alcohol
logistic drinking, regular exercise,
regression
model
and DM, hypertension, eGFR and HDL-C
Multivariate Age, gender, BMI, smoking, alcohol
logistic drinking, regular exercise,
regression
model
and DM, hypertension, eGFR, total
cholesterol, triglyceride, and HDL-C
Multivariate BMI, smoking, alcohol intake, exercise,
logistic total calorie intake, hypertension,
regression
model
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TABLE 1 Continued

First author, Country Ethnicity

publication

year [ref]

Young et al. Korea
2019 (36)

Liu et al. China
2014 (34)

Qiao et al. China
2017 (35)

Lee et al. China
2014 (33)

Yun et al. USA

2016 (41)

Kwak et al. China
2015 (12)

Yue et al. Britain
2019 (40)

Ruh et al. USA

2012 (38)

Carmen et al. USA

2009 (37)

East Asian

East Asian

East Asian

East Asian

Hispanics

East Asian

Hispanics

Hispanics

Hispanics

Study
design

Cross-
sectional

Prospective
cohort

Cross-
sectional

Cross-
sectional

Cross-
sectional

Cross-
sectional

Cross-
sectional

Cross-
sectional

Prospective
cohort

Enrolled

study popula-

tion(case/
total)

4073/
218519
without NAFLD

355/7886
without GSD

498/11200
without GSD

919/7583
without NAFLD

768/12033
without NAFLD

50/82
without NAFLD

149/
17612
without NAFLD

772/10074
without NAFLD

265/
12232
without NAFLD

795/4307without
NAFLD

Outcome

NAFLD

GSD

GSD

NAFLD

NAFLD

NAFLD

NAFLD

NAFLD

NAFLD

NAFLD

MetS NAFLD MetS
definition diagnose components

USG

USG

UsG

USG

USG

USG

UsG

USG

USG

USG

27

OR/RR/
HR

HR:
1.14(1.07-
1.22)

OR:
1.48
(0.875-
1.485)

RR:
1.33(1.00-
1.53)

OR:
1.28(1.07-
1.52)

OR:
1.32(1.04-
1.69)

OR:
2.4(1.8-
3.3)

OR:
1.35(1.03-
1.77)

OR:
2.61(1.89-
3.61)

OR:
2.4(1.8-
3.3)

OR:
1.04(0.62-
1.77)

Mean =  Calculation
SD (case/ method
control)

Binary logistic
regression
model

Multiple GEE
model

Multivariate
logistic
regression
model
Binary logistic
regression
model

Multivariate
logistic
regression
model

Multivariate
logistic
regression
model

Cox
proportional
hazard models

Cox
proportional
hazard models

Multivariate
logistic
regression
model

Adjusted
covariates

and diabetes, dyslipidemia, LDL-C, HDL-
C, triglycerides and HOMA-IR

Age, sex, grade of fatty liver disease, BMI,
fasting blood glucose, and total
cholesterol, LDLs, HDLs, triglycerides

Age, BMI, SBP, ALB, GLO, TG and GLU

BMI>24, hyper-
lipidaemia, and hypertension

Age, gender, and BMI, smoking, alcohol
drinking, DM and HDL-C

Age, sex, hypertension, diabetes, BMI,
smoking, physica.l activity, total
cholesterol, triglycerides
and HDL-C cholesterol

Age, sex, ethnicity, smoking and drinking
status, SBP, total cholesterol, and HDL-C

Age, sex, ethnicity, BMI, WC, diabetes,
HDL-C, SBP, DBP, smoking, smoking,
alcohol intake and physical activity

Age, sex, education level, physical activity,
total energy intake,
hypertension, DM and BMI

(Continued)
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participated, and the probability of suffering from NAFLD after
the operation was as high as 60.97% Those who were East Asian
or Hispanics engaged in just two and four studies respectively.
Alcohol intake and physical activity were adjusted as covariates
in three studies and only two study excluded patients with type
1 diabetes.

3.3 Quantitative analysis

3.3.1 Risk of GSD on MetS occurrence

The pooled OR of incident MetS was 1.45 (95%CI: 1.23-1.67)
with low heterogeneity (I°=41.1%, P=0.165; Figure 3A) for the
yes versus no category of GSD in four enrolled cross-
sectional studies.

3.3.1.1 Subgroup, Sensitivity Analyses and Publication
bias analysis

We attempt to assess the probable causes of heterogeneity
using subgroup analysis due to the considerable variability in the
overall study. Subgroup analysis was classified according to
sample size, ethnicity, GSD incidence and calculation method.
Among them, the subgroup analysis of GSD incidence, sample
size and ethnicity could change heterogeneity. The merger OR of
high GSD incidence is 1.76 (95%CI:0.62-2.90), which is the same
as that of Westerners and low sample size (Table 2).
Furthermore, the combined SMD of a single MetS component
was specifically analyzed in four studies. Of the five components,
hypertension was the only potential MetS component associated
with increased prevalence of MetS. The combined SMD of 0.29
(95%CI:0.24-0.34) (Figure 2).

In order to further explore the causes of overall
heterogeneity, we carried out a sensitivity analysis. After
omitting one study in turn and re-evaluating the summary OR
of other studies, it is found that the heterogeneity is eliminated
by excluding Chen’s study (Figure 4A). The larger sample size is
the cause of this phenomenon.

Each study’s SE of the log OR was placed against the log OR
for visual examination on the Egger’s funnel plot (Figure 5A).
Egger’s test did not reveal any publication bias despite the funnel
plot’s minor asymmetry (P = 0.148).

3.3.2 Risk of MetS on GSD occurrence

The results of comprehensive analysis suggested that
patients with MetS have an increased risk of developing GSD.
The two studies included in the analysis are highly
heterogeneous. (RR:1.28; 95%CI: 1.09-1.47; I’ = 0%,
P=0.546) (Figure 3B).

3.3.2.1 Dose-response analysis
The original data of OR value and 95% confidence interval of
GS disease in different intervals of BMI were given by Nahum
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Study %
D SMD (95% Cl)  Weight
high SBP S
Chen (2012) =] 0.26 (0.19, 0.33) 52.29
Nahum (2005) _——— 0.66(0.37,0.94) 298
Lin (2014) —— 0.30 (0.23,0.38) 44.73
Subtotal (l-squared =70.7%, p = 0.033) < 0.29 (0.24, 0.34) 100.00
high DBP
Chen (2012) —o— 0.18 (0.11,0.25) 53.91
Lin (2014) —— 0.21 (0.14, 0.28) 46.09
Subtotal (l-squared = 0.0%, p = 0.617) Lo 0.20 (0.15, 0.25) 100.00
WC ——
Chen (2012) == 0.36 (0.29, 0.43) 53.83
Lin (2014) == 0.33 (0.25, 0.40) 46.17
Subtotal (l-squared = 0.0%, p = 0.521) (o3 0.34 (0.29, 0.40) 100.00
high TG
Chen (2012) —— 0.10 (0.03, 0.16) 53.92
Lin (2014) == 0.11 (0.04,0.19) 46.08
Subtotal (l-squared = 0.0%, p = 0.761) < 0.10 (0.05, 0.15) 100.00
BMI
Chen (2012) —— 0.33(0.26, 0.40) 52.21
Nahum (2005) — 0.42(0.13,0.70) 3.06
Lin (2014) —— 0.33(0.25, 0.40) 44.73
Subtotal (l-squared = 0.0%, p = 0.837) 5 0.33(0.28, 0.38) 100.00
T T
-.945 0 .945
FIGURE 2

The influence of single MetS component on GSD risk. GSD, gallstone disease; MetS, metabolic syndrome; SBP, systolic blood pressure; DBP,
diastolic blood pressure; WC, waist circumference; TG, triglyceride; BMI, body mass index.

et al. and Jonguk et al. When calculating and analyzing a single
study, the results of both studies showed that the risk increase
rate for every lkg/m> up in BMI was from 1% to 4%. We tried to
combine the results of the two calculations and found that for
every lkg/m* growth in BMI, the risk of GSD increased by 2%. If
we specified the upper limit range of 35 and the lower limit range

A
Study %
D OR (95% C Weight
Nahum (2005) 279(146,533) 125
Lin (2014) - 161(134,190 3119
Ata (2011) -— 143(122,185 2784
Chen (2012) - 129(109,152 3072
Overall (I-squared = 41.1%, p = 0.165) O 145(123,167)  100.00

NOTE: Weigts ae rom random efects anaiysis

of 18.5, it could be seen that there is a positive linear relationship
between them (P=0.0091, Figure 6).

3.3.3 Risk of NAFLD on GSD occurrence

Two prospective cohort and two cross-sectional studies
reported the risk of NAFLD associated with elevated GSD.

Study %
D RR (95% CI) Weight
2Zhu (2016) —-— 1.25 (1.06, 1.49) 77.59
Kim (2021) —e—— 1.30(1.05,1.85) 241

Overall (-squared = 0.0%. p = 0.546) <> 128(109,147) 10000

'NOTE: Weights ae om random efects analysis

FIGURE 3

Forest plot on association between GSD and MetS (A) Pooled odds ratios of comparing the prevalence of MetS between GSD and non-GSD
population (cross-sectional studies); (B) Pooled odds ratios comparing the prevalence of GSD between MetS and non-MetS population(cross-
sectional studies); Pooled relative ratios of comparing the prevalence of GSD between NAFLD and non-NAFLD population; Pooled relative ratios
of comparing the prevalence of NAFLD between GSD and non-GSD population. GSD, gallstone disease; MetS, metabolic syndrome; NAFLD,

nonalcoholic fatty liver disease.
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TABLE 2 Subgroup analysis assessing different variables for the risk of metabolic syndrome caused by gallstone disease in included cross-

sectional studies.

Heterogeneity
Variables Number OR [95% Conf. Interval] I-squared (%) P
sample size
<300 2 1.76 (0.62-2.90) 45.6% 0.175
>300 2 1.44 (1.12-1.75) 68.2% 0.076
P=0.165
incidence rate(%)
>15 2 1.76 (0.62-2.90) 45.6% 0.175
<15 2 1.44 (1.12-1.75) 68.2% 0.076
P<0.05
Ethnicity
Others (Caucasian, Hispanics) 2 1.76 (0.62-2.90) 45.6% 0.175
East Asian 2 1.44 (1.12-1.75) 68.2% 0.076
P=0.165
calculation method
Multivariate logistic regression 3 1.55 (1.31-1.78) 12.4% 0.319
Chi- Square test 1 1.29 (1.07-1.78) NA NA
P=0.165
NA, Not applicable.
A given B Meta-analysis estimates, given named study is omitted
| Lower CI Limit © Estimate | Upper CI Limit | Lower CI Limit o Estimate 1 Upper CI Limit
KOLLER (2012)
Lin (2014) -1
LEE (2014)
Ata (2011)
Chen (2012) @0
113 123 145 167 183 090 114 132 150 202
c Meta-analysis estimates, given named study is omitted D Meta-analysis estimates, glven named study Is omitted
| Lower CI Limit oEstimate | Upper Ci Limit | Lower CI Limit oEstimate | Upper i Limit
Min-Sun Kwak (2015) o m—e Min-Sun Kwak (2015) I o S
Wenzhu Yue (2019)
Wenzhu Yue (2019) |1 1
Ruh (2012) 1
Constance E. Ruh (2012)
Sangchul Yun (2016) | Sangchul Yun (2016) | ol
130 151 230 309 33 138 182 180 209 29
FIGURE 4
Sensitivity analyses of association between GSD and MetS as well as cholecystectomy and NAFLD. (A) Represents eliminated heterogeneity
excluding a study of association between GSD and MetS in cross-sectional studies. (B) Represent eliminated heterogeneity excluding studies of
association between GSD and NAFLD in cross-sectional studies. (C, D) Represent eliminated heterogeneity excluding studies of association
between cholecystectomy and NAFLD in cross-sectional studies. GSD, gallstone disease; MetS, metabolic syndrome; NAFLD, nonalcoholic fatty
liver disease.
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Egger's publication bias plot
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Egger's funnel plot analysis of publication bias (A) Prevalence of MetS between GSD and non-GSD population, Egger’s test: P = 0.148. (B)
Prevalence of GSD between NAFLD and non-NAFLD population, Egger’s test: P = 0.117. (C) Prevalence of NAFLD between GSD and non-GSD
population, Egger's test: P = 0.813. (D) Prevalence of NAFLD after cholecystectomy, Egger’s test: P = 0.873. GSD, gallstone disease; MetS,

metabolic syndrome; NAFLD, nonalcoholic fatty liver disease.

The pooled risk effects between groups with and without
NAFLD was RR=1.27 (1.18-1.35) without heterogeneity,
P=0.624 (Figure 7B) and OR=1.52 (95%CI: 1.24-1.80) without
heterogeneity, P=0.485 (Figure 7A).

Odds Ratio

Body Mass Index(kg/m?)

FIGURE 6
Dose-response relations between BMI levels and risk of GSD.
GSD, gallstone disease; BMI, body mass index.
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3.3.3.1 Publication bias analysis

To assess the publication bias, Egger’s test was used. No
significant publication bias was observed (Egger’s P =
0.813; Figure 5B).

3.3.4 Risk of GSD on NAFLD occurrence

Three cross-sectional studies showed that NAFLD was
associated with 1.3 times GSD risk (OR:1.32;95%CI:1.14-1.50),
without heterogeneity, P=0.370 (Figure 7C).

Subgroup, Sensitivity Analyses and Publication bias analysis
Subgroup analysis was classified by sample size, ethnicity,
NAFLD incidence and calculation method. No subgroup
caused significant heterogeneity (Table 3).

We did sensitivity analysis by deleting one research at a time
from the meta-analysis. Koller et al. ‘s study could significantly
change the OR and heterogeneity of the aggregate. It may be related
to the low sample size (Figure 4B). Use of Egger’s test was made.
There was no evidence of publication bias (P =0.873; Figure 5C).

3.3.5 Risk of NAFLD after cholecystectomy
Comprehensive analysis of all cross-sectional literature
manifested that the risk of NAFLD events after cholecystectomy
was higher than that without cholecystectomy intervention
(OR:2.14;95%CI:1.43-2.85), with high heterogeneity (I’=79.1%,
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Liu (2014)
Chang (2018)

Overal (-squared = 0.0%, p= 0.624)

s

10.3389/fendo.2022.1032557

% stugy %

D OR (@5% CI)
RR (85% C)

; KOLLER (2012) 0220 a2
——+— 1.33(1.00, 1.53) H
H LEE (2014) —_ 1.32(1.04, 1.69)

= 120117139

ORERTRE

Qio (2016) » 128(1.07.152) 6461

10000
Overal (squared = 0.0%, p = 0370) 132 (1.14,1.50)

FIGURE 7

Forest plot on association between GSD and NAFLD. (A) Pooled odds ratios of comparing the prevalence of GSD between NAFLD and non-
NAFLD population (cross-sectional studies); (B) Pooled relative ratios of comparing the prevalence of GSD between NAFLD and non-NAFLD
population (prospective cohort studies); (C) Pooled relative ratios of comparing the prevalence of NAFLD between GSD and non-GSD
population (cross-sectional studies). GSD, gallstone disease; NAFLD, nonalcoholic fatty liver disease.

P < 0.05; Figure 8A). But the prospective cohort literature indicated
an opposite result (RR:0.96,95%CIL:0.56-1.36) (Figure 8B).

3.3.5.1 Subgroup, meta-regression analyses,
Sensitivity Analyses and Publication bias analysis
Subcomponent analysis included ethnicity, sample size,
adjusted alcohol intake, adjusted physical activity, BMI and
Excluded 1 diabetes in cross-sectional study. Hispanics,
BMI>25kg/m’, adjusted physical activity, excluded 1diabetes
and adjusted alcohol intake lowered the heterogeneity (Table 4).

Meta-regression analyses showed that study design and
ethnicity were the two causes of high heterogeneity (P <
0.05) (Figure 9).

Sensitivity analysis showed that the heterogeneity of
cross-sectional study was affected by Kwak et al’s study
and Carmen et al. ‘s study could significantly change the
RR and heterogeneity of the aggregate (Figures 4C, D).
It may be related to the high sample size. Egger’s test was
used. No significant publication bias was observed
(P =0.873; Figure 5D).

TABLE 3 Subgroup analysis assessing different variables for the risk of nonalcoholic fatty liver disease caused by gallstone disease in included

cross-sectional studies.

Variable Number
Ethnicity

East Asian 2
Northern Europe 1
P=0.0370

sample size

<8000 2
>8000 1
P=0.370

incidence rate

<30 2
>30 1
P=0.370

calculation method

multivariate logistic regression 2
Binary logistic regression 1

P=0.370

NA, Not applicable.

Frontiers in Endocrinology

Heterogeneity
OR [95% Conf. Interval] I-squared (%) P
1.29 (1.11-1.48) 0.00% 0.843
1.92 (1.06-2.78) NA NA
1.46 (0.92-2.02) 49.8% 0.158
1.32 (1.00-1.64) NA NA
1,29 (1.11-1.48) 0.00% 0.843
1.92 (1.06-2.78) NA NA
1.46 (0.92-2.02) 49.8% 0.03
1.32 (1.00-1.64) NA NA
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FIGURE 8

Forest plot of association between cholecystectomy and NAFLD. (A) Pooled odds ratios of comparing the prevalence of NAFLD between
cholecystectomy and non-cholecystectomy population (cross-sectional studies). (B) Pooled odds ratios of comparing the prevalence of NAFLD
between cholecystectomy and non-cholecystectomy population (prospective cohort studies).NAFLD, nonalcoholic fatty liver disease.

4 Discussion

Long-term research was conducted on both the MetS/
NAFLD and GSD connection, as well as the relationship
between cholecystectomy and NAFLD. The purpose of this

meta-analysis was to conduct a complete examination of all

the currently available data and to integrate that information to

arrive at conclusive findings about this possible link. There were

two primary outcomes. Firstly, there was a complex association
between GSD and metabolic disorders including NAFLD and

TABLE 4 Subgroup analysis assessing different variables for the risk of nonalcoholic fatty liver disease after cholecystectomy in included cross-

sectional studies.

Variables

BMI

<25

>25

P <0.05

ethnicity

Asian

Hispanics

P <0.05

Sample size

<10000

>10000

P <0.05
Adjusted-alcohol intake
No

Yes

P <0.05
Adjusted-Physical activity
No

Yes

P <0.05

Excluded 1 diabetes
No

Yes

P <0.05

Number

OR [95% Conf. Interval]

1.82 (0.80-2.85)
251 (1.95-3.06)

1.35 (0.98-1.72)
2.47 (2.02-2.92)

2.40 (1.65-3.15)
2.07 (1.18-2.96)

1.35 (0.98-1.72)
247 (2.02-2.92)

2.49 (1.93-3.06)
1.84 (0.79-2.90)

2.49 (1.93-3.06)
1.84 (0.79-2.90)

Heterogeneity
I-squared (%) P

83.5% 0.014
0.00% <0.05

NA NA
0.00% 0.929

NA NA
82.7% <0.05

NA NA
0.00% 0.929
0.00% 0718
84.9% <0.05
0.00% 0718
84.9% <0.05

NA, Not applicable.
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selogrr of study design (cross-sectional or prospect cohort)

Meta-regression analyses assessing the heterogeneity of between cholecystectomy and NAFLD (A) Impact of ethnicity on associations between
NAFLD between cholecystectomy. (B) Impact of study design on associations between NAFLD and cholecystectomy. NAFLD, nonalcoholic fatty

liver disease.8

MetS. Secondly, NAFLD was probably related to
cholecystectomy. After we performed subgroup analyses, meta-
regression analyses and dose-response analyses, some new
results were obtained to support the primary outcomes. To be
specific, Hypertension may increase the incidence of GSD. And
approximate 2% increment was observed on the GSD incidence
per 1 kg/m? of BMI elevation. Furthermore, obese GSD patients
who have undergone cholecystectomy were more likely to
develop NAFLD than non-obese GSD patients.

After pooling previous studies, we found that MetS could
cause GSD (without heterogeneity). And GSD was a risk factor
of MetS with low heterogeneity. However, we still performed
subgroup analyses and the results showed that the heterogeneity
was strengthened by sample size, GSD incidence and ethnicity.
So we supposed that the epidemiological evidence of MetS could
make sense. Prevalence among white adults in developed
countries was as high as 10% to 15% (52). And The National
Health and Nutrition Examination Survey in the United States
pointed to an overall MetS prevalence of 23.7% (53).
Nevertheless, the popularity of GSD in China did not exceed
15% (54). By 2000, the prevalence of MetS was 15.1% (54),
significantly lower than that in the United States. The results of
the subgroup analysis did not confirmed that Hispanics and
Caucasians could affect MetS incidence and we think it was
caused by low enrolled population.

A liver condition known as nonalcoholic fatty liver disease
(NAFLD) can range from moderate hepatic steatosis to
nonalcoholic steatohepatitis (NASH) (55). NASH can
subsequently develop into advanced liver fibrosis, cirrhosis, or
hepatocellular carcinoma (55). The prevalence of NAFLD in the
general population worldwide is as high as 20% (56). We found
that NAFLD patients were 15 times more likely to develop GSD
than non-NAFLD patients (without heterogeneity), whereas
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GSD patients were 1.3 times more likely to develop NAFLD
than non-GSD patients (without heterogeneity). Some studies
have demonstrated a bidirectional and independent association
between GSD and NAFLD (57). A longitudinal cohort Asian
study followed 11200 participants for 6 years and found NAFLD
was an independent risk factor for GSD (RR=1.2381, 95%
CI:1.003-1.528), especially in women (RR=1.707,95CI%: 1.245-
2.341) (34). Similar results were observed by Loria et al. (58) ina
cohort with a greater frequency of GSD than the general
community. Despite adjusting the factors significantly related
to GSD for NAFLD patients in their investigation, Yilmaz et al.
(59) could not find a correlation between the diagnosis of GSD
and nonalcoholic steatohepatitis. (OR=1.03; 95% CI 0.5-2.1),
indicating that GSD was not an independent risk factor for
NAFLD. However, a “chicken and egg” dispute is now going on
over the temporal association between NAFLD and GSD, and
there is no explicit agreement on the topic (60). Our results only
demonstrated a temporal association of NAFLD affecting GSD.

Given the analysis of individual MetS components, only high
systolic blood pressure was significantly associated with high
GSD prevalence and it raised the heterogeneity (Figure 2).
Perhaps due to insufficient data in the included studies, it was
inconsistent with previous meta-analyses that all components of
the metabolic syndrome were positively associated with GSD
prevalence (43). Recently, Zhang et al. (61)conducted a cross-
sectional research in a Chinese population from Liaoning
Province with the purpose of examining the effects of systolic
and diastolic blood pressure on GSD. They achieved findings
that were comparable with ours. As one of the diagnostic criteria
for MetS, its association with gallstones can be explained by
insulin resistance (62). Worsening insulin resistance can trigger
mechanisms that increase renal sodium reabsorption and
sympathetic nervous system activity (62, 63), ultimately
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leading to hypertension in patients with MetS. In addition, high
blood pressure may also be inseparable from obesity according
to our results. Liew et al. (55) put forward that Asian obese
patients had higher diastolic blood pressure with cholelithiasis.
But the mechanism is unclear, and perhaps it is related to insulin
resistance. Furthermore, Hsu et al. (64)discovered that obesity
represented by high waist circumference and BMI is the main
risk factor for GSD. But few studies compared its detailed degree
of influence. We hypothesized that BMI might be a useful
marker for predicting and screening for GSD based on the
positive linear dose-response relationship. It is well known
that BMI is a specific parameter for overweight and obesity
(65). On the one hand, high BMI incurred larger gallbladder and
higher cholesterol synthase activity (66). On the other hand,
mature adipocytes, a bridge between obesity and GSD, could
secrete leptin (67). Such fat factor played an irreplaceable role in
regulating the motility of gallbladder (GB) (68) and promoting
the secretory function of stone formation (69). For this, obese
patients often had the phenomenon of insufficient contractile
ability of GB and supersaturated cholesterol in bile (69). And IR
could promote stone formation in normal and overweight
people (70). It is worth noting that obesity related to MetS was
more about highlighting abdominal obesity caused by high
waists (71). Tsai et al. (71) proved that the abdominal
circumference and waist-to-hip ratio are related with an
increased risk of cholecystectomy, irrespective of BMI in
Western women. For men, using BMI alone may mask excess
fat (72). And it is easier to measure waist circumference than
BMI. However, none of the registered studies reported a dose-
response of high waist circumference in our meta-analysis.
Accordingly, it is essential to strengthen the study on the
incidence of GSD in the degree of high waist circumference.
NAFLD has traditionally been considered the hepatic
manifestation of the metabolic syndrome because NAFLD is
often associated with repertoire of MetS features (73). Leite et al.
(74) found that about two-thirds of obese and type 2 diabetic
patients had hepatic steatosis. About 50% of patients with
hyperlipidemia (75) and 50% of patients with essential
hypertension (76) also had hepatic steatosis. That’s why
experts emphasized changing NAFLD to MAFLD in recent
years (77). MAFLD more accurately reflects the current
understanding of fatty liver disease associated with metabolic
dysfunction (77). According to the findings of epidemiological
research, the rise in the prevalence of obesity was the primary
cause of the increase in the death rate from NAFLD (78).
Although the increased incidence of NAFLD was often
attributed to the obesity epidemic, NAFLD was detected in
non-obese individuals (79). So it is a more complex disease
process. The relationship between abnormal glucose metabolism
and fatty liver disease has been agreed upon (36). Fasting blood
glucose levels were proven to be wholly associated with the
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presence of gallstones in NAFLD patients in a research
comparing those with simple NAFLD to those with NAFLD
complicated by GSD (36). That is, NAFLD might promote GSD
through metabolic syndrome factors. However, Lu et al. (80)
highlighted that type 2 diabetes mellitus (T2DM) predisposed to
GSD more than NAFLD. Meanwhile, T2DM can aggravate the
course of NAFLD (81). Therefore, the diagnosis and treatment
of NAFLD cannot be ignored in patients with both diabetes
and GSD.

A growing number of studies suggested in multivariate
adjustment analyses that gallstones were no longer
independently associated with NAFLD but cholecystectomy
was the independent risk factor for NAFLD (12, 42). Though
the combined results of the cross-sectional studies showed
cholecystectomy is related to NAFLD but the heterogeneity
was high. Furthermore, we can’t confirm their causality after
combining from the results from prospective studies. Otherwise,
potential defects of these two enrolled prospective studies (31,
37) on GSD and NAFLD should be considered. To be specific,
Carmen et al. only mentioned one ultrasound during the follow
up which was not qualified to prove that the NAFLD is posterior
to the surgery because at least two ultrasounds are necessary.
And Chang et al. showed a slight independent relationship
between GSD and NAFLD in their multivariate analysis. But
this association was only observed in males but not in females.
All in all, more prospective studies are worthy on further
investigation to explore whether cholecystectomy could cause
NAFLD independently.

High heterogeneity can be caused by racial factors.
According to our subgroup analysis and regression analysis,
the phenomenon in Hispanics is about twice as common as than
risks in Asians. Global figures showed that while NAFLD
prevalence in Asia is only 27% (82), it is approximately 30% in
the United States (83). According to research by Golabi et al.
(84), the prevalence of NAFLD among Asian American adults
was almost three times lower than it is among Hispanic
Americans (47 vs. 26%, respectively). And obesity also might
be a reasonable explanation for potential heterogeneity. We
discovered that obese patients with gallstones had a greater
chance of developing NAFLD following cholecystectomy than
non-obese patients did when we compared the degree of BMI as
a confounding variable. Non-obesity individuals did not have
gallstones (Figure 8B). It suggested that cholecystectomy may
aggravate the disorder of lipid distribution in some way and
promote the accumulation of fat in the liver. The fact that
Hispanic patients who undergo non-obesity cholecystectomy
had significantly higher levels of NAFLD than non-Hispanic
patients supports this conclusion (85). A study by Amigo et al.
(86) found that cholecystectomy in mice increased bile
cholesterol and energy consumption, leading to an increase in
triglyceride and very low density lipoprotein levels and
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worsening NAFLD in mice. It provided strong evidence for the
effect of cholecystectomy on lipid metabolism (86). In addition,
Kakati et al. (87) found that the median time to diagnosis of
NAFLD after cholecystectomy was approximately 6.2 years. But
the timing of cholecystectomy was not associated with disease
progression in patients with preoperatively diagnosed NAFLD
(87). Tt indicated that it was indispensable to check NAFLD
regularly after cholecystectomy. And in the future, more clinical
studies should be put into this direction.

In fact, IR provides a key link between MetS, NAFLD,
increased susceptibility to gallstones, and cholecystectomy
(88). The core of lipid metabolism disorder is insulin
resistance (89). Lipolysis could be induced by peripheral
insulin resistance (90). A large amount of free fatty acids
(FFA) entered the liver from the peripheral tissue to produce
more fat (89). Meanwhile, lowering activity of the peripheral
lipoprotein lipase predisposed an increase in chylomicron (89).
The process affected the regulation of triglycerides in the liver,
resulting in the accumulation of triglycerides, which further
aggravated liver insulin resistance (89). The increase of
triglycerides accelerated the synthesis of endogenous
cholesterol. It may have something to do with the obesity (91).
However, Scragg et al. (92) explained that the phenomenon that
the increase of plasma insulin concentration aggravates the
incidence of GSD is independent of obesity but is related to
women and age. At present, some researchers also showed that
obesity is neither necessary nor sufficient for the pathogenesis of
GSD (18). Therefore, there may be an indirect relationship
between obesity and insulin resistance to regulate GSD jointly.
Other studies had explained the molecular mechanism (93, 94).
When the liver develops insulin resistance on its own, the
nuclear heterodimeric receptor farnesoid X receptor (FXR)

10.3389/fendo.2022.1032557

gene was down-regulated and the corresponding receptor
expression decreased (93). And then bile acid transporter
protein Abcbl1l and phospholipid transporter Abcb4 reduced
(93). Finally, bile acid could not be transferred and accumulated,
and the content of bile acid in bile decreased (93). In another
pathway, up-regulated cholesterol secretion genes ABCG5 and
ABCGS8 promoted more expression of cholesterol transporters
and finally increased cholesterol secretion (94). Inhibition of 7o
-hydroxylase contributed to the conversion of cholesterol to bile
acids, resulting in cholesterol supersaturation (95). Combined
with our data, Figure 10 summarizes and quantitatively
demonstrates the underlying mechanisms of IR and
GSD association.

It is important to note the reliability and usefulness of our
findings. We evaluated the association between GSD and
NAFLD/MetS by consideration of risk direction. To be
specific, the pooled GSD risk in subjects with/without
NAFLD/MetS, and risk of metabolic derangements based on
GSD status were evaluated respectively in different models.
Based on the positive linear dose-response relationship, using
BMI to predict GSD has a high cost-effectiveness (64). In the
future, a perfect and standardized prediction model (96) can be
made for clinical use and even help people to perform self-
prevention. This model allows patients to compare their risk of
GSD based on BMI measurements when they are in the hospital
or at home. Weight loss treatments, such as more activity and a
restricted diet, should be used in patients with higher risk of
GSD (97). Due to the potential causal relationship between IR
and GSD, reducing modifiable risk factors for MetS and NAFLD
is expected to be a future target for drug design (98). For
example, try coming up with some medicines that can boost
transporter efficiency and enzyme activity (98). We found that
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obesity may increase the incidence of NAFLD in GSD patients
who have undergone cholecystectomy. So we presumed that
subsequent studies should investigate whether GB-preserving
cholecystolithotomy is preferable to cholecystectomy from the
standpoint of metabolic regulation (99). And it would improve
the prognosis, reduce the risk of postoperative complications,
and lower the cost of medical insurance.

We noted that there were certain limitations even though the
majority of the included research were of high quality. First of
all, we were unable to conclude with certainty that the observed
outcomes were not attributable to NAFLD/MetS itself or to any
of the other possible confounding variables. Second, only a small
number of prospective cohort studies were included in each
analysis, which limited the ability to obtain more conclusive
evidence and the conclusions need to be confirmed in more and
larger cohort studies. Third, it is necessary to state the drawbacks
of combining data from different recruited research, such as the
lack of consistency in risk measurements and statistical
methodologies. RR and OR from different statistical models
exhibited discrepant meaning, suggesting the presence of
heterogeneities if the two were combined. Fourth, very few
included studies could support the dose-response analysis of
BMI, so the relationship between BMI and GSD would be
compared later. Fifth, this study is not a mechanism study, so
the potential mechanism of IR affecting GSD has not been well
described. We will follow up on animal experiments to explore
this process. Sixth, due to the lack of data on relevant risk factors
provided in the registered articles, we cannot probe into the
detailed biological interaction between NAFLD and BMI after
cholecystectomy. Therefore, we are planning to collect more
information based on information from our center to evaluate
the quantitative relationship between cholecystectomy and
NAFLD incidence in patients with different BMI categories
(100, 101). In addition, omic data played crucial roles in
exploring the mechanism of complex disease (102). And
multi-omics data was confirmed to disclose the function of
genes based on network analysis (103). Actually, the temporal
relationship between GSD and NAFLD is an interesting study
topic and we are planning to clarify this causal-effect interaction
between these two covariates based on cohort study. Currently,
we are collecting gallbladder samples from sample who received
cholecystectomy which might provide more reliable evidence to
reveal the mechanism of complex associations between GSD and

insulin resistance.

5 Conclusion

This meta-analysis provided evidence that the close
relationship between GSD and MetS/NAFLD, or insulin
resistance, and the close relationship between cholecystectomy
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and NAFLD. No matter what kind of disease, geographical
differences in the risks are greater in the America, compared
to Europe and Asia. We also observed that calculating BMI
might be a useful and customized technique for determining the
likelihood of developing GSD. Paying attention to the control of
blood pressure and blood sugar is helpful in alleviating GSD. In
the future, well-designed and high-quality prospective studies
are needed to confirm these effects and to further study
cholecystolithotomy through metabonomics.
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Instruction/Aims: It is unknown whether variability in the triglyceride-glucose
index (TyG-index) is associated with the risk of diabetes. Here, we sought to
characterize the relationship between TyG-index variability and incident
diabetes.

Methods: We performed a prospective study of 48,013 participants in the
Kailuan Study who did not have diabetes. The TyG-index was calculated as n
[triglyceride (TG, mg/dL) concentration x fasting blood glucose concentration
(FBG, mg/dL)/2]. The TyG-index variability was assessed using the standard
deviation (SD) of three TyG-index values that were calculated during 2006/07,
2008/09, and 2010/11. We used the Cox proportional hazard models to
analyze the effect of TyG-index variability on incident diabetes.

Results: A total of 4,055 participants were newly diagnosed with diabetes
during the study period of 8.95 years (95% confidence interval (Cl) 8.48-9.29
years). After adjustment for confounding factors, participants in the highest and
second-highest quartiles had significantly higher risks of new-onset diabetes
versus the lowest quartile, with hazard ratios (95% Cls) of 1.18 (1.08-1.29) and
1.13 (1.03-1.24), respectively (P trend< 0.05). These higher risks remained after
further adjustment for the baseline TyG-index.

Conclusions: A substantial fluctuation in TyG-index is associated with a higher
risk of diabetes in the Chinese population, implying that it is important to
maintain a normal and consistent TyG-index.
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Introduction

Owing to socioeconomic advances and rising standards of
living, the prevalence of diabetes mellitus in China has risen
sharply over the past four decades, from 0.67% in 1980 to 12.8%
in 2018 (1, 2). There were 140.9 million people in China with
diabetes in 2019, and in 2045, the number is predicted to reach
174.4 million (3). Furthermore, diabetes is a risk factor for
cardiocerebrovascular events, renal dysfunction, and overall
morality (4-7), which have a major impact on society and the
economy. Insulin resistance is a key pathogenetic feature of
diabetes (8, 9), which is characterized by various metabolic
disorders, including hyperglycemia and hypertriglyceridemia
(10). Thus, it is essential to identify and control insulin
resistance early to prevent diabetes.

The assessment of insulin resistance in the clinical setting is
challenging because the gold standard method of the euglycemic
clamp is expensive and relatively complex (11). Instead, the
triglyceride-glucose (TyG) index, which is the product of the
fasting blood glucose (FBG) and the fasting triglyceride (TG)
concentration, has become established as reliable surrogate
marker of insulin resistance (12, 13). Several studies have
shown a link between a high TyG-index and diabetes (14-16).
Furthermore, cohort studies conducted in European, Korean,
and Chinese populations have revealed that a high TyG-index
level is also associated with subsequent incident cardiovascular
disease (CVD) (17-19). Although most previous studies of this
index considered single measurements, it can be affected by
several factors, such as age, diet, and exercise (20). The
variability of the TyG index can reflect the long-term level of
fluctuation (21). Therefore, in the present study, we aimed to test
the hypothesis that high TyG-index variability is associated with
the risk of diabetes-related outcomes in the Chinese population.

Materials and methods
Study sample

We studied data from the Kailuan Study, an ongoing
prospective cohort study (22). This comprised information
regarding 101,150 individuals who were enrolled to participate
in a biennial questionnaire-based interview, which covered their
demographic characteristics, medical history, and lifestyle; to
undergo clinical examinations; and to undergo the measurement
of laboratory parameters between 2006 and 2007. For the
present study, the participants were required to have
undergone two consecutive medical examinations during
2008/09 and 2010/11 to be eligible. Participants were excluded
if they had diabetes in or prior to 2010, or if their FBG or TG
data were missing for any of the examinations. After the
application of these criteria, 48,013 participants remained for
enrollment in the present study (Figure 1). The first survey,
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during 2006/07, was defined as the baseline survey, and the third
survey (2010/11) as the starting point of the follow-up period.
All the participants gave their written informed consent and
the study protocol was approved by the Ethics Committee of the
Kailuan General Hospital (approval number: 2006-05).

TyG index and the calculation of TyG
index variability

The TyG index was calculated as In [TG (mg/dL) x FBG
(mg/dL)/2] (23). TyG index variability was defined as the intra-
individual variability of the TyG index, calculated using data
collected during the three physical examinations. Four indices of
variability were used:

(1) standard deviation (SD): SD = /=3 (x; - %)%

(2) coefficient of variation (CV): CV = (SD/mean x 100%);

(3) variation independent of the mean (VIM) (24, 25): VIM =
SD/mean*, where “mean” is the average of the mean TyG index
values for the participants, and ) is derived from non-linear
regression analysis in the PROC NLIN procedure of the SAS
package (SAS Institute Inc., Cary, NC, USA);

N1 (4) average real variability (ARV) (21): ARV = ﬁ
> |Valuey,, — Valuey|.; and

K=1(5) Slope of the TyG index change: regression lines were
created using the three sets of TyG index data, and the slope of
this regression line represented the overall trend in TyG index.
This was used as an index of the long-term change in the TyG
index. In the present study, a slope of the change in TyG index >
0 indicated overall positive variation, and a slope <0 indicated
overall negative variation.

As previously described (26, 27), we placed the participants
into four groups according to quartiles of the baseline SD of the

Participants enrolled in baseline survey at 2006
(N=101,510)

10,808 participants were excluded:

- 1,354 participants with missing data on FBG
or TG at bascline.

- 9,454 participants with diabetes before
2006-2007 survey.

Participants met the inclusion criteria at baseline
(N=90,702)
’ Excluded:
37,967
l 2008 and 2010

did not finish the survey at

Participants met the inclusion criteria at 2008
and 2010 (N=52,735)

4,722 participants were excluded:

-797 participants with missing data on FBG or
TG at any of these time points

-3,925 participants with diabetes during 2006
and 2010

e—

Median follow-up duration 8.95(8.48,9.29) years

Participants included in present analysis follow-
up Until December 31 2019 (N=48,013)

FIGURE 1
Flow chart for the inclusion of participants in the study.
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TyG index: a Q1 group,<0.18; a Q2 group, 0.18-0.30; a Q3
group, 0.30-0.44; and a Q4 group, =0.44.

Outcome events

The outcome of the present study was new-onset diabetes,
which has been defined previously in detail (28). Briefly, diabetes
(29) was defined using an FBG of 27.0 mmol/L, the use of
glucose-lowering drugs, or a self-reported history of diabetes.
Participants were followed from their third examination, during
2010/11, to the first of the date on which diabetes was first
diagnosed, the date of death or December 31, 2019.

Assessment of covariates

The demographic data (e.g., age, sex, and educational
background), lifestyle (smoking, alcohol consumption, and
physical activity habits) and medical history (hypertension and
diabetes) of the participants were collected using questionnaires
completed at face-to-face interviews. BMI was calculated as body
mass (kg) divided by the square of height (m). Height, body
mass, and blood pressure were measured by trained physicians
using a standardized protocol.

Participants were instructed to visit the testing site in the
morning after at least 8 hours of fasting and blood samples were
collected from a cephalic vein by a trained laboratory technician.
An automatic biochemical analyzer (7600-020, Hitachi, Tokyo,
Japan) was used to measure the FBG, TG, low-density
lipoprotein-cholesterol (LDL-C), high-density lipoprotein-
cholesterol (HDL-C), and high-sensitivity C-reactive protein
(hs-CRP) concentrations. A current smoker was defined as
someone who had smoked a mean of > 1 cigarette per day
during the preceding year, and participants were categorized as
non-smokers or current smokers. An alcohol consumer was
defined as someone who drank a mean of > 100 mL of alcohol
per day for at least the preceding year, and participants were
categorized as non-drinkers or current drinkers. Participants
were categorized as undertaking physical exercise if they
performed exercise > 3 times per week for > 30 min on each
occasion (30). Education was classified as high school or above
vs. below high school level. Hypertension (31) was defined as a
blood pressure >140/90 mmHg, the use of antihypertensive
medication, or a self-reported history of hypertension.

Statistical analysis

Normally distributed, continuous data are expressed as mean
+ standard deviation (X * s) and non-normally distributed data as
median (25%, 75% percentile), and were analyzed using one-way
ANOVA or the Kruskal-Wallis rank sum test, respectively.
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Categorical data are expressed as absolute number and
percentage and were analyzed using the chi-square test.

We used the Kaplan-Meier method to calculate the
cumulative incidence of the primary outcome in each group and
then compared the groups using the log-rank test. We also used
univariate and multivariate Cox regression models to identify
potential risk factors for diabetes. The relationship between TyG
index variability and diabetes was characterized using Cox
proportional hazards regression models. In model 1, we
adjusted for age (continuous) and sex (categorical) at baseline.
In model 2, we further adjusted for LDL-C (continuous), HDL-C
(continuous), hs-CRP (continuous), BMI (continuous), smoking
status (categorical, yes/no), alcohol consumption status
(categorical, yes/no), physical exercise habits (categorical, yes/
no), educational level (categorical), hypertension (categorical,
yes/no), and the use of lipid-lowering medication (categorical,
yes/no) at the start of the follow-up period. In model 3, we further
adjusted for the TyG index at baseline.

We further conducted stratified analyses by the sex, age, and
slope of the change in the TyG index of the participants. Several
sensitivity analyses were conducted as follows: (1) after the
exclusion of participants in whom diabetes developed within
the first year of follow-up; (2) after the exclusion of participants
who were taking lipid-lowering or antihypertensive medication;
(3) after the exclusion of participants with a TG concentration >
2.3 mmol/L at baseline; (4) adjusting for the baseline TG and
FBG concentrations and without the inclusion of the baseline
TyG-index; and (5) using other indices of TyG-index variability
(ARV, CV, and VIM) instead of SD. We also repeated the
analyses using Cox proportional hazards models. A two-sided
P< 0.05 was considered to be statistically significant. We used
SAS (version 9.4, SAS Institute Inc.) for the statistical analyses.

Results

Baseline characteristics of the
study sample

A total of 48,013 participants were selected for the study. Their
mean age was 48.78 + 12.05 years and 36,356 (75.72%) were male.
Compared with the Q1 group, the Q2 and Q3 groups had much higher
BMI, SBP, DBP, TG, FBG, hs-CRP; and had higher prevalences of
smoking, drinking, and hypertension (P<0.01; Table 1).

Results of the univariate and multivariate
Cox regression analyses to identify risk
factors for diabetes

Univariate Cox proportional-hazards regression showed that

TyG index variability, age, sex, SBP, DBP, TyG-index, LDL-C,
HDL-C, hs-CRP, BMI, smoking status, educational level,
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TABLE 1 Baseline characteristics of participants by TyG index variability quartiles (SD).

Total Q1

Participants 48013 12003
Age(years) 48.78 + 12.05 50.09 + 12.31
Male, N (%) 36356 (75.72) 8805(73.36)
BMI (kg/m?) 24.84 + 3.12 24.76 + 3.15
SBP (mmHg) 128.55 + 16.75 128.36 + 16.93
DBP (mmHg) 83.19 +9.18 82.82 £9.15
HDL-C (mmol/L) 1.54 +0.32 1.55 £ 0.32
LDL-C (mmol/L) 2.48 £ 0.63 2.50 + 0.63
FBG (mmol/L) 524 £+ 0.52 5.09 £ 0.32

TG (mmol/L)
Hs-CRP (mg/L)

1.30 (0.96-1.87)
1.42 (0.76-2.83)

1.21(0.88-1.58)
1.37 (0.73-2.70)

TyG indexz006 8.55 + 0.63 8.49 + 0.50
TyG indexg0s 8.57 + 0.62 8.51 + 0.50
TyG indexz19 8.61 £ 0.61 8.50 + 0.51
Smoking, N (%) 18360 (38.24) 4296.0 (35.79)
Drinking, N (%) 16957 (35.32) 3948 (32.89)
Physical activity, N (%) 6906 (14.38) 1944 (16.20)
Hypertension, N (%) 22072 (45.97) 5391 (44.91)
Antihypertensive drugs, N (%) 6944 (14.46) 1654 (13.78)
Lipid-lowering drugs, N (%) 728 (1.52) 186 (1.55)

High school or above, N (%) 6217 (12.95) 1599 (13.32)

P, comparison of baseline characteristics between different TyG index variability groups.

Q2 Q3 Q4 P
12003 12004 12003

49.36 + 12.09 48.85 + 12.05 46.82 + 1151 <01
8978(74.80) 8989 (74.88) 9584 (79.85) <01
24.81 +3.18 24.87 +3.15 24.92 + 3.00 <01
128.44 + 16.91 128.66 + 16.92 128.73 + 16.22 0.07
82.94 + 9.15 8325 + 9.25 83.77 +9.15 <01
1.55 + 0.32 1.54 + 031 1.53 +0.32 <01
250 + 0.63 248 + 0.64 244 +0.63 <01
5.14 + 0.60 535+ 0.38 549 + 0.47 <01
1.27(0.95-1.81) 1.32 (1.01-1.75) 1.69 (1.14-2.48) <0.01
1.40 (0.76-2.71) 1.43 (0.77-2.92) 1.46 (0.78-3.06) <0.01
8.52 + 0.54 8.52 + 0.60 871 +0.77 <01
8.49 +0.53 8.56 + 0.60 8.69 + 0.80 <01
8.56 + 0.53 8.64 +0.59 8.90 + 0.75 <01
4423 (36.85) 4680 (38.99) 4961 (41.33) <01
4101 (34.17) 4188 (34.89) 4720 (39.32) <01
1817 (15.14) 1697 (14.14) 1448 (12.06) <01
5444 (45.36) 5563 (46.34) 5674 (47.27) <01
1715 (14.29) 1738 (14.48) 1837 (15.30) <01
178 (1.48) 165 (1.37) 199 (1.66) 033
1606 (13.38) 1583 (13.19) 1429 (11.91) <01

TyG index, triglyceride-glucose index; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; TG, triglyceride; HDL-C, high-density lipoprotein cholesterol;
LDL-C, low-density lipoprotein cholesterol; FBG, fasting blood glucose; hs-CRP, high-sensitivity C reactive protein.

physical activity habits, hypertension, and the use of lipid-
lowering drugs were significantly associated with diabetes (P<
0.05, Table 2).

Relationship between TyG-index
variability and incident diabetes

During the mean follow-up period of 8.95 years (95%
confidence interval (CI) 8.48-9.29 years), 4,055 (8.45%) of the
participants developed diabetes. The incidence of diabetes
increased with increasing TyG-index variability quartile, from
8.80 in QI to 11.70 per 1,000 person-years in Q4 (Tables 2, 3).
Figure 2 shows that the participants in Q4 had a higher
cumulative incidence of diabetes than those in QI (log-rank
test, P<0.01). Tables 2, 3 shows the risk of incident diabetes
according to the category of TyG-index variability, and the
hazard ratio (HR) (95% CI) for Q4 versus Q1 was 1.34 (1.23-
1.47) after adjustment for potential confounding factors. This
association remained even after adjustment for the baseline
TyG-index (HR 1.18, 95% CI 1.08-1.29). Each 1-SD increase
in the SD of TyG-index variability was associated with a 4%
higher risk of diabetes (HR 1.04, 95% CI, 1.01-1.07). In addition,
similar results were obtained when the variability in the TyG-
index was assessed using the ARV, CV, and VIM (Figure 3).
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Results of the stratified and
sensitivity analyses

Table 4 shows the results of the stratified analyses. In
general, high TyG-index variability (group Q4) was
significantly associated with a higher risk of diabetes across the
various stratified groups. There were no significant effects of age,
sex, or the slope of the change in the TyG index on the
association between TyG-index variation and incident diabetes.

With respect to the sensitivity analyses, the results of
excluding outcome events occurring within the first year of
follow-up, individuals taking lipid-lowering or antihypertensive
medication, or individuals with TG > 2.3 mmol/L at baseline
were consistent with the results of the principal analysis. Because
the SD may depend upon the mean value for each person, we
also reanalyzed the data using other indices of TyG-index
variability (ARV, CV, and VIM) in place of SD, but the
findings were unaffected (Table 5).

Discussion

In the present study, we have shown that high variability in
the TyG-index is an independent risk factor for incident
diabetes, even in individuals who are not taking
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TABLE 2 Risk factors for diabetes were analyzed by univariate and multivariate Cox regression analysis.

Univariate Cox regression analyses

Multivariate Cox regression analyses

HR (95%CI) P value HR (95%CI) P value

TyG index variability 1.08 (1.07,1.10) <0.01 1.06 (1.03,1.09) <0.01
Age 1.01 (1.01,1.02) <0.01 1.01 (1.00,1.01) <0.01
Gender 1.22 (1.13,1.32) <0.01 0.98 (0.90,1.07) 0.68
BMI 1.16 (1.15,1.17) <0.01 1.12 (1.10,1.13) <0.01
SBP 1.04 (1.04,1.05) <0.01 / /

DBP 1.06 (1.05,1.06) <0.01 / /

HDL-C 0.63 (0.56,0.70) <0.01 0.82 (0.74,0.92) <0.01
LDL-C 1.24 (1.19,1.30) <0.01 1.11 (1.06,1.16) <0.01
hs-CRP 1.03 (1.02,1.03) <0.01 1.01 (1.00,1.02) <0.01
TyG index,06 1.95 (1.87,2.05) <0.01 1.82 (1.72,1.91) <0.01
Current smoking 1.06 (1.00,1.13) <0.01 1.03 (0.95,1.11) 0.50
Current drinker 1.02 (0.95,1.08) 0.12 0.96 (0.89,1.04) 031
Physical activity 0.94 (0.90,0.98) <0.01 0.94 (0.86,1.03) 0.17
Hypertension 1.90 (1.79,2.02) <0.01 1.29 (1.21,1.38) <0.01
education 0.74 (0.69,0.78) <0.01 0.80 (0.75,0.85) <0.01
Lipid-lowering drugs 1.85 (1.53,2.24) <0.01 1.22 (1.00,1.48) 0.04

—1 ---03

Log-rank. P<0.01

Cumulative incidence (%)

0

Number at risk

QI 12003 11958
Q2 12003 11947
Q3 12004 11949
Q4 12002 11944

Follow-up. years
11646 11510 11253
11676 11549 11249
11661 11559 11277
11641 11510 11263

11086 10689 10412
10914 10658 10244
10958 10601 10239
10902 10546 10160

5743
5651
5629
5204

FIGURE 2
Kaplan-Meier incidence rate of diabetes by TyG-index variability
(SD).

antihypertensive or lipid-lowering medication and do not have a
TG concentration > 2.3 mmol/L by means of a longitudinal
cohort study.Several previous studies have evaluated the
relationship of a single TyG-index value with diabetes in the
general population (32-36). For example, a 9-year follow-up
study showed that individuals with the highest TyG indexes were
at a 2.30-fold higher risk of developing diabetes (37). In the
China Health and Retirement Longitudinal Study, which
involved 3.4 years of follow-up, every 1-SD increase in TyG
index was associated with a 22% increase in the risk of
developing diabetes (HR 1.22, 95% CI 1.14-1.31) in Chinese
people of 45 years or above (36). In addition, TyG-index is
positively associated with CVD in patients with diabetes (38).
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The results of the present study extend these findings by showing
that visit-to-visit fluctuation in TyG-index is positively
associated with the incidence of diabetes in the general
population, independent of conventional risk factors for
diabetes and the baseline TyG index. This implies that both
the absolute value and the fluctuation in the TyG-index
influence the risk of incident diabetes in the general population.

We have previously shown that the risk of diabetes is lower
after antihypertensive and lipid-lowering therapy (39, 40).
Therefore, we repeated the analysis after excluding individuals
who were taking antihypertensive or lipid-lowering drugs, but this
did not affect the findings. In addition, because metabolic
abnormalities, including a high circulating TG concentration,
increase the risk of diabetes (41), we excluded participants with

ARV cv VIM

Hazard Ratio

FIGURE 3

Sensitivity analysis of the association of TyG index variability with
incident diabetes according to other indices of TyG-index
variability (Average Real Variability, Coefficient of Variation,
Variability Independent of the Mean) replacing Standard
Deviation the in all the models. Model adjusted for age, sex,
LDL-C, HDL-C, hs-CRP, BMI, smoking status, alcohol
consumption status, physical exercise habits, educational level,
hypertension, the use of lipid-lowering drugs, and TyG index.
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TABLE 3 Hazard ratios and 95% Confidence intervals of incident diabetes of TyG index variability (SD).

Case/Total Incidence rate, per 1000 person-years Model 1 Model 2 Model 3
Q1 891/12003 8.80 1.00 1.00 1.00
Q2 933/12003 9.18 1.05(0.96,1.15) 1.04(0.95,1.14) 1.04(0.95,1.14)
Q3 1042/12004 10.28 1.19(1.09,1.30) 1.16(1.06,1.27) 1.13(1.03,1.24)
Q4 1189/12003 11.70 1.39(1.27,1.51) 1.34(1.23,1.47) 1.18(1.08,1.29)
1-SD increase (0.22) 1.20(1.09,1.15) 1.11(1.08,1.15) 1.04(1.01,1.07)
P for Trend <0.0001 <0.0001 <0.0001

Model 1: adjusted for age (continuous variable, years) and sex (categorical variable, men or women) in 2010.

Model2: included variables in model 1 and further LDL-C (as a continuous variable), HDL-C (as a continuous variable), hs-CRP (as a continuous variable), BMI (as a continuous variable),
smoking status (as a categorical variable, yes or no), alcohol consumption status (as a categorical variable, yes or no), physical exercise habits (as a categorical variable, yes or no), educational
level (as a categorical variable, high school or above vs. below high school level), hypertension (as a categorical variable, yes or no), and the use of lipid-lowering drugs (as a categorical
variable, yes or no) in 2010.

Model 3: included variables in model 2 and further the TyG index (continuous variable) in baseline.

TABLE 4 Hazard ratios and 95% Confidence intervals of incident of TyG index in subgroup ratio variability (SD).

Age (P for interaction 0.33) Sex (P for interaction 0.16) TyG index change slop

(P for interaction 0.74)

<45 years > 45 years Female Male >0 <0

Quartiles

Q1 1.00 1.00 1.00 1.00 1.00 1.00
Q2 1.09 (0.92,1.30) 1.02 (0.93,1.12) 1.07 (0.88,1.30) 1.03 (0.93,1.15) 0.93 (0.81,1.05) 1.16 (1.01,1.32)
Q3 1.23 (1.06,1.50) 1.07 (0.96,1.19) 1.18 (0.98,1.43) 111 (1.01,1.24) 0.98 (0.94,1.01) 1.28 (1.13,1.46)
Q4 1.25 (1.06,1.46) 1.11 (1.00,1.24) 1.36 (1.12,1.65) 1.14 (1.02,1.25) 1.06 (1.01,1.11) 1.50 (1.32,1.70)

P for trend <0.01 0.04 0.02 <0.01 <0.01 <0.01

Adjusted for age (continuous variable, years), sex (categorical variable, men or women), LDL-C (as a continuous variable), HDL-C (as a continuous variable), hs-CRP (as a continuous
variable), BMI (as a continuous variable), smoking status (as a categorical variable, yes or no), alcohol consumption status (as a categorical variable, yes or no), physical exercise habits (as a
categorical variable, yes or no), educational level (as a categorical variable, high school or above vs. below high school level), hypertension (as a categorical variable, yes or no), the use of
lipid-lowering drugs (as a categorical variable, yes or no) in 2010, and TyG index (continuous variable) in baseline.

TABLE 5 Sensitivity analysis of the association of TyG index variability with incident diabetes.

Sensitivity analysis 1 Sensitivity analysis 2 Sensitivity analysis 3 Sensitivity analysis 4
Q1 1.00 1.00 1.00 1.00
Q2 1.04 (0.95,1.14) 1.02 (0.93,1.12) 1.11 (0.98,1.26) 1.03 (0.94,1.13)
Q3 1.13 (1.03,1.24) 1.13 (1.03,1.24) 1.17 (1.03,1.33) 1.13 (1.03,1.23)
Q4 1.18 (1.08,1.29) 1.19 (1.06,1.28) 1.42 (1.25,1.62) 1.22 (1.12,1.34)
P for Trend <0.0001 0.0002 <0.0001 <0.0001

Adjusted for age (continuous variable, years), sex (categorical variable, men or women), LDL-C (as a continuous variable), HDL-C (as a continuous variable), hs-CRP (as a continuous
variable), BMI (as a continuous variable), smoking status (as a categorical variable, yes or no), alcohol consumption status (as a categorical variable, yes or no), physical exercise habits (as a
categorical variable, yes or no), educational level (as a categorical variable, high school or above vs. below high school level), hypertension (as a categorical variable, yes or no), the use of
lipid-lowering drugs (as a categorical variable, yes or no, except sensitivity analysis 2), and TyG index (continuous variable) in baseline.

Sensitivity analysis 1: the exclusion of participants in whom diabetes developed within the first year of follow-up.

Sensitivity analysis 2: the exclusion of participants who were taking lipid-lowering or antihypertensive medication.

Sensitivity analysis 3: the exclusion of participants with TG > 2.3 mmol/L in baseline.

Sensitivity analysis 4: adjusting for the baseline TG and FBG and without the inclusion of the baseline TyG-index.

TG 2 2.3 mmol/L, but the results obtained were similar. Although the mechanism linking high TyG-index variability
Therefore, our findings emphasize the importance of regular with the development of diabetes has not been identified, there
monitoring and the maintenance of an appropriate TyG-index are several possible candidates. First, TyG is an index created
to prevent diabetes in the general population, even in individuals using the fasting TG concentration and FBG (17, 23); therefore,
who are not taking antihypertensive or lipid-lowering medication high variability in TyG may be derived from large fluctuations in
and in those who do not have a TG concentration > 2.3 mmol/L. serum TG and/or FBG, which are associated with vascular
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endothelial cell dysfunction, oxidative stress, and inflammation
(42-45), all of which are key pathophysiological features of
diabetes (46). In addition, B-cell dysfunction is a key defect in
the pathogenesis of diabetes (47), and aberrant glucose and lipid
metabolism can lead to the apoptosis of B cells (48), which
causes a deterioration of glycemic control and ultimately the
development of diabetes.

The strengths of the present study include that it represents the
first assessment of the relationship between the fluctuation in TyG
index between clinic visits and the risk of developing diabetes,
performed using data from a large, prospective cohort study.
However, the study also had some limitations. First, we did not
distinguish type 1 and type 2 diabetes mellitus in the present study.
However, the Chinese diabetes guidelines state that type 2 diabetes
currently accounts for 95% of all cases of diabetes (29) and that type
2 diabetes is more common in older people. Given that the mean age
of the study participants was 48.78 years, the present findings are
likely to be largely representative of the risk type 2 diabetes. Second,
the observational design of the study prevents the confirmation of a
causal relationship between the variability in TyG index and
diabetes. However, when we excluded individuals who developed
diabetes within a year, the results were similar. Third, we did not
assess the changes in blood glucose using other methods, such as the
measurement of glycated hemoglobin or continuous blood glucose
monitoring. Fourth, despite adjusting for potential risk factors for
cardiovascular disease, because the study was an observational
cohort study, other sources of residual or unmeasured
confounding may still have existed, such as differences in diet.

In conclusion, we have shown that TyG-index variability is
an independent risk factor for new-onset diabetes, which implies
that TyG-index should be maintained to prevent the
development of diabetes.
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Background: It is reported that insulin resistance widely exists in non-diabetic
patients with a recent history of transient ischemic attack (TIA) or ischemic
stroke. There is currently strong evidence to prove the bidirectional effect of
glucose metabolism disorders and stroke events. Therefore, it is necessary to
retrospectively tease out the current status, hotspots, and frontiers of insulin
resistance and ischemic cerebrovascular disease through CiteSpace.

Materials and methods: We searched the Web of Science (WOS) for studies
related to insulin resistance and ischemic cerebrovascular disease from 1999 to
April 2022, then downloaded the data into CiteSpace to generate a knowledge
visualization map.

Results: A total of 1,500 publications relevant to insulin resistance and ischemic
cerebrovascular disease were retrieved. The USA had the most articles on this
topic, followed by PEOPLES R CHINA and JAPAN. WALTER N KERNAN was
the most prolific author, whose research mainly focused on insulin resistance
intervention after stroke (IRIS) trial. The most common keywords were myocardial
ischemia, metabolic syndrome, ischemic stroke, cerebral ischemia, association,
oxidative stress, inflammation, and adipose tissue. Major ongoing research trends
include three aspects: (1) the association between insulin resistance and ischemic
cerebrovascular disease in non-diabetic patients, (2) the intrinsic pathological
mechanism between insulin resistance and ischemic cerebrovascular disease, and
(3) early intervention of insulin resistance to improve the prognosis of stroke.

Conclusion: The results of this bibliometric study provide the current status
and trends of clinical research publications in the field of insulin resistance and
ischemic cerebrovascular disease. Insulin resistance is strongly associated with the
occurrence of ischemic stroke, early neurological deterioration in stroke patients,
post-stroke depression, and cerebral small vessel disease. Early treatment of
insulin resistance can be an effective way to prevent the onset of ischemic stroke
and improve stroke prognosis. This study may help researchers to identify hot
topics and explore new research directions.

KEYWORDS

insulin resistance, ischemic cerebrovascular disease, association, oxidative stress,
inflammation, CiteSpace
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1. Introduction

Stroke is the second leading cause of death and the third
leading cause of disability worldwide (1). An estimated 6.6 million
Americans over the age of 20 have a stroke, occurring on average
every 40s and dying every 4min (2, 3). In China, the mortality
rate of stroke is as high as 149.49 per 100,000 (about 1.57 million
deaths), accounting for 22.33% of the total deaths (4). Over the
past decade, great advances have been made for cerebrovascular
disease, many risk factors such as hypertension, diabetes, atrial
fibrillation, smoking, alcohol abuse, obesity, and carotid stenosis
have been found (5), and many effective methods have emerged
for prevention and treatment, which include controlling blood
pressure, blood lipids, blood sugar, anti-thrombotic therapy,
smoking cessation, regular physical activity, etc. It does reduce the
incidence, recurrence, and mortality rate of stroke events. However,
about 790,000 individuals in the United States still have stroke
events every year, with ischemic stroke accounting for 87% of all
stroke events. Projections show that by 2030, an additional 3.4
million people aged >18 years will have had a stroke, a 20.5%
increase in prevalence from 2012 (2, 3). This reminds us that some
unrecognized and unappreciated vascular risk factors still need to
be intervened early.

Insulin resistance is clinically defined as a decrease in glucose
uptake and utilization capacity by exogenous or endogenous
insulin when compared to the normal population (6). There
is currently strong evidence to prove the bidirectional effect of
glucose metabolism disorders and stroke events. Insulin resistance
can be used as an early predictor and independent risk factor
of cardiovascular and cerebrovascular events (7, 8), and stroke
can aggravate glucose metabolism disorders and lead to insulin
resistance (9). Some researchers have observed that rats with
middle cerebral artery occlusion show decreased insulin secretory
capacity and insulin sensitivity after 1 day of cerebral ischemia,
accompanied by elevated fasting glucose and fasting insulin
levels (10). The American Heart Association/American Stroke
Association guidelines for the Prevention of Stroke in Patients with
Stroke and Transient Ischemic Attack (TIA) published in 2021
state that ~ 30% of ischemic stroke patients are pre-diabetic and
50% of non-diabetic ischemic stroke patients have insulin resistance
(11-13). Another study has shown that impaired insulin sensitivity
is very prevalent in non-diabetic patients with a recent TIA or
non-disabling ischemic stroke (12). Such abnormalities in glycemic
traits persist even after the stressful state has disappeared and
can exacerbate neurological damage, leading to a poor prognosis.
This reminds us that combing the relationship between insulin
resistance and ischemic cerebrovascular disease can provide more
therapeutic approaches for early intervention and reduce the
incidence of stroke, as well as post-stroke adverse events. Therefore,
it is necessary to analyze the current status, hotspots, and frontiers
of insulin resistance and ischemic cerebrovascular disease visually
by using CiteSpace (14).

CiteSpace is an information visualization software developed
by Professor Chaomei Chen using Java language (15, 16), which
is mainly used to explore the frontiers of discipline development
and research status. This study included the literature related
to insulin resistance and ischemic cerebrovascular disease, and
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analyze the research direction and hotspots knowledge by using
CiteSpace software.

2. Materials and methods

2. 1. Search strategy

We searched for relevant studies using the following terms:
(Lacunar infarction®) OR (Ischemic cerebrovascular disease™) OR
(Ischemic*) OR (Brain Ischemia®) OR (Ischemic Encephalopathy*)
OR (Cerebral Ischemia®) OR (Ischemic Stroke*) OR (Cryptogenic
Stroke*) OR TIA OR (Cerebral Infarctions®) OR (Subcortical
Ischemic Attack and
resistance®). The type of literature is limited to “article” or

Infarction®) OR Transient (Insulin
“review,” the language is limited to English, and the citation index
is selected from the Web of Science Core Collection for the period
1999 to April 2022. Finally, a total of 1,905 articles were obtained.

2.2. Analysis tool-CiteSpace

Set up the CiteSpace folder with four subfolders: input, output,
data, and project. The complete records and references of 1,905
articles retrieved from WOS were exported in plain text format,
named “download_XX.txt} and then imported into the input
folder for analysis in CiteSpace 5.8 R3 software. After eliminating
the duplicate literature, 1,500 articles were left. Time slicing was
performed from January 1999 to April 2022, years per slice was
set to one, selection criteria top N was set to 50, pruning selected
pathfinder, pruning sliced networks simplified atlas, node types
selected author, institution, country, keywords, and reference.

The output results mainly include the annual publication
analysis, countries and institutions cooperation analysis, co-
authors analysis, co-occurring keywords and cluster analysis,
keywords with citation bursts, and co-cited reference analysis.
Relevant contents are visualized as knowledge maps, and key
nodes and links in different maps are interpreted and analyzed
(17). The node represents the analyzed research object. The
higher the frequency of occurrence, the larger the range of nodes.
The color and thickness of the node inner circle represent the
frequency of occurrence in different periods. If the node has a
purple outer circle, it represents a high betweenness centrality.
Centrality reflects the role of the nodes in the knowledge network,
nodes with high centrality (>0.1) were usually considered turning
points or pivotal points in a field (15, 16). The links between
the nodes represent the co-occurrence relationship, and the
thickness of the links represents the strength of the co-occurrence.
The more the links, the thicker, and the closer relationship
between the nodes. CiteSpace provides module value (Q value)
and average silhouette value (silhouette, S value) based on the
network structure and clustering results. It is generally believed
that a Q value > 0.3 (empirical value) means that the cluster
structure is significant, an S value at 0.7 clusterings has certain
significance and credibility, and above 0.5 that clustering is
generally reasonable. The larger the cluster structure, the smaller
the cluster ID (18).
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FIGURE 1
Annual trend chart of publications.

3. Results

3.1. Annual publications analysis

In this study, 1,500 included documents (publications in 2022
were not fully included) were statistically analyzed according to the
published time, and the annual publication trends are shown in
Figure 1. The overall number of documents showed a fluctuating
upward trend. In the initial stage, the publication volume increased
slowly from 1999 to 2011; from 2011 to 2015, there were temporary
fluctuations, with a slight continued upward trend in the overall
amount of publications; from 2015 to 2021, the growth rate of
publications increased significantly and at a faster pace, reaching
two peaks in 2018 and 2021.

3.2. Countries and institutions analysis

Generate co-occurrence network analysis of countries and
Node N = 708, link E = 2,299,
module value Q = 0.5984, S value = 0.878. Each node
represents a country or institution. The top 10 countries are
the United States, China, Japan, England, Italy, Canada, South
Korea, Germany, Australia, and France, and those with high
centrality (>0.10) are the United States, China, England, Italy,
Germany, and Australia, which indicate that these countries

institutions (Figure 2).

have a certain influence in the study of the correlation between
insulin resistance and ischemic cerebrovascular disease. The top
three countries contributed 850 articles, accounting for 56.6%
of all the included documents. The top five institutions are
mainly universities, including Harvard University, Capital Medical
University, Brown University, Brigham and Women’s Hospital, and
Boston University (Table 1). There is active cooperation between
various countries and institutions, especially in the USA, China,
and Japan.
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3.3. Co-authors analysis

Generate co-occurrence network analysis of authors (Figure 3).
The results show the number of nodes N = 753, link E = 1,043,
Q = 09449, S = 1, representing a total of 753 authors
included and 1,043 collaborations between authors. The top 10
authors can be grouped into two main categories (Table 2). The
first category is a collaboration cluster diagram consisting of
WALTER N KERNAN (21 articles), CATHERINE M VISCOLI
(18 articles), SILVIO E INZUCCHI (13 articles), KAREN L
FURIE (12 articles), LAWRENCE H YOUNG (11 articles), MARK
GORMAN (10 articles), and ROBIN CONWIT (eight articles).
The second category is the cooperative cluster diagram composed
of YONGJUN WANG (10 articles), XINGQUAN ZHAO (eight
articles), and YILONG WANG (seven articles).

In the first cooperative relationship cluster map, the author
with the most publications was WALTER N KERNAN (21
articles). From 2003 to 2005, WN KERNAN’s research team
recognized the association between insulin resistance and
increased risk of ischemic vascular events, that decreased insulin
sensitivity and impaired glucose tolerance widely existed in
patients with a recent history of TIA or ischemic stroke, using
pioglitazone intervention can improve post-stroke insulin
resistance (19-21). Subsequently, they initiated an international,
multicenter, randomized, double-blind, placebo-controlled
study IRIS trial (22). The results were published from 2016 to
2019, demonstrating that treatment with pioglitazone improves
cardiovascular outcomes of non-diabetic, insulin-resistant
patients with stroke or TIA (23). In the second cooperative
relationship cluster map, the most published author was
YONGJUN WANG (10 articles). Y] Wang’s study began in
2017, to investigate the impact of insulin resistance on the
prognosis of non-diabetic ischemic stroke patients through
cross-sectional studies and cohort studies based on the Chinese

population (24).
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TABLE 1 Top 10 countries and top five institutes publishing research on insulin resistance and ischemic cerebrovascular disease.

Country/ region Centrality Institution Centrality
1 USA 470 0.39 Harvard University 34 0.09
2 Peoples R China 251 0.11 Capital Med University 32 0.03
3 Japan 139 0.03 Brown University 24 0.06
4 England 109 0.17 Brigham and Womens Hospital 23 0.02
5 Ttaly 107 0.16 Boston University 16 0.05
6 Canada 84 0.09
7 South Korea 61 0.00
8 Germany 51 0.13
9 Australia 42 0.11
10 France 40 0.02

3.4. Co-cited references analysis

Generate co-cited references analysis network map (Figure 4).
The results show the number of nodes N = 1,190, link E = 3,996,
Q = 0.8795, and S = 0.9375. Each node represents a co-cited
reference, the larger the node, the higher the citation frequency, and
the links represent the co-citation relationship between different
articles. The purple outer circle of the node represents that the

Frontiersin Public Health

53

references have high betweenness centrality, which is of great
research significance in the development process of this field (25).
The top 10 co-cited references ranked according to frequency
are listed in Table 3, and they were co-cited more than 200 times.
Most of the articles involved are original research papers, laying
the knowledge basis for further research on insulin resistance and
ischemic cerebrovascular disease. The first high-frequency co-cited
reference was the article published in the New Engl ] MED by
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TABLE 2 Top 10 authors with the most publications on insulin resistance
and ischemic cerebrovascular disease.

Rank Author N Year
1 Walter N. Kernan 21 2003
2 Catherine M. Viscoli 18 2002
3 Silvio E. Inzucchi 13 2016
4 Karen L. Furie 12 2016
5 Lawrence H. Young 11 2017
6 Yongjun Wang 10 2017
7 Mark Gorman 10 2016
8 Robin Conwit 8 2017
9 Xingquan Zhao 8 2016
10 Yilong Wang 7 2017

WN Kernan et al. (23), with high centrality, which demonstrated
that the application of pioglitazone can benefit patients without
diabetes who had insulin resistance along with a recent history of
ischemic stroke or TIA through a multicenter, double-blind and
randomized controlled trial study of 3,876 patients with ischemic
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stroke or TIA. The third co-citation article (26), published in 1996,
identified fasting insulin concentration as an independent risk
factor for ischemic heart disease through a prospective cohort study
of Canadian men. The fourth co-cited reference was published on
STROKE by Jing et al. (24), which investigated the relationship
between insulin resistance and outcome in non-diabetic patients
with first-ever acute ischemic stroke through a cross-sectional
survey of 1,245 Chinese, and concluded that insulin resistance
was associated with an increased risk of death, stroke recurrence,
and adverse outcome but not dependence in non-diabetic patients
with acute ischemic stroke. The eighth co-citation reference (27)
demonstrated that insulin resistance was independently associated
with poor functional outcomes in patients with acute ischemic
stroke, apart from the risk of short-term stroke recurrence or death.

The top 10 co-cited references ranked according to betweenness
centrality are listed in Table 4, serving as a turning point and
bridge for the key nodes of this study. The article types mainly
include original research papers and reviews. The first co-cited
reference (28) with the highest centrality through a cohort study of
1,509 non-diabetic patients in North Manhattan, found that insulin
resistance could be used as a predictor of increased risk of incident
stroke in non-diabetic individuals. The second co-cited reference
(29) used acute ischemic brain injury rat models induced by ligating

frontiersin.org


https://doi.org/10.3389/fpubh.2023.1021378
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

Zhou et al. 10.3389/fpubh.2023.1021378

CiteSpace, v. 5.8.R3 (64|
April 68,2022 2 6 PM CS =

WoS: C:\Users\# {2\Desktop\d BWOS bxaf Fr R\data

Timespan: 1999-2022 (Slice Length=1)

Selection Criteria: g-index (k=25), LRF=3.0, L/IN=10, LBY=5, e=1.0
Network: N=1190, E=3996 (Density=0.0056)

Largest CC: 883 (74%)

Nodes Labeled: 1.0%

Pruning: None

Modularity Q=0.8795

Weighted Mean Silhouette $S=0.9375

Harmonic Mean(Q, SF0.9076

Shi WR (2020)
Deng XL (2017)
Ago T (2018)
Jing J (2017)
Kerna (2016)

. ViscollCM (2014)
* Kernan WN (2014)
Marso SP (2016)

FIGURE 4
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TABLE 3 Top 10 co-cited references with the highest frequency on insulin resistance and ischemic cerebrovascular disease.

Rank Co-cited reference Impact factor Frequency Centrality

1 Kernan WN, 2016, NEW ENGL ] MED, V374, P1321, 91.245 60 0.42
doi: 10.1056/NEJMoal506930

2 Cleeman JI, 2001, JAMA-] AM MED ASSOC, V285, P2486, 56.272 28 0.15
doi: 10.1001/jama.285.19.2486

3 Despres JP, 1996, NEW ENGL ] MED, V334, P952, 91.245 28 0.00
doi: 10.1056/NEJM199604113341504

4 Jing J, 2017, STROKE, V48, P887, 9.910 26 0.13
doi: 10.1161/STROKEAHA.116.015613

5 Ford ES, 2002, JAMA-] AM MED ASSOC, V287, P356, 7.914 24 0.07
doi: 10.1001/jama.287.3.356

6 Lakka HM, 2002, JAMA-] AM MED ASSOC, V288, P2709, 7.914 21 0.03
doi: 10.1001/jama.288.21.2709

7 Viscoli CM, 2014, AM HEART J, V168, P823, 4.749 17 0.01
doi: 10.1016/j.ahj.2014.07.016

8 Ago T, 2018, NEUROLOGY, V90, PO, 9.910 16 0.05
doi: 10.1212/WNL.0000000000005358

9 Isomaa B, 2001, DIABETES CARE, V24, P683, 19.112 14 0
doi: 10.2337/diacare.24.4.683

10 Grundy SM, 2005, CIRCULATION, V112, P2735, 29.690 14 0.01
doi: 10.1161/CIRCULATIONAHA.105.169404
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TABLE 4 Top 10 co-cited references with the highest centrality on insulin resistance and ischemic cerebrovascular disease.

Rank Co-cited reference Impact Factor Centrality Frequency

1 Rundek T, 2010, ARCH NEUROL-CHICAGO, V67, P1195, 0.53 14
doi: 10.1001/archneurol.2010.235

2 Wang YY, 2011, AM ] PHYSIOL-ENDOC M, V300, PO, 4310 0.5 6
doi: 10.1152/ajpendo.00301.2010

3 Kernan WN, 2016, NEW ENGL ] MED, V374, P1321, 91.245 042 60
doi: 10.1056/NEJMo0a1506930

4 Nissen SE, 2007, NEW ENGL ] MED, V356, P2457, 91.245 0.34 7
doi: 10.1056/NEJMo0a072761

5 Dormandy JA, 2005, LANCET, V366, P1279, 79.321 0.29 10
doi: 10.1016/S0140-6736(05)67528-9

6 Boden-Albala B, 2008, STROKE, V39,P30, 9.910 0.19 8
doi: 10.1161/STROKEAHA.107.496588

7 Haffner SM, 1998, NEW ENGL ] MED, V339, P229, 91.245 0.16 13
doi: 10.1056/NEJM199807233390404

8 Bonora E, 2003, DIABETES CARE, V26, P1251, 19.112 0.16 8
doi: 10.2337/diacare.26.4.1251

9 Cleeman JI, 2001, JAMA-J AM MED ASSOC, V285, P2486, 56.272 0.15 28
doi: 10.1001/jama.285.19.2486

10 Jing J, 2017, STROKE, V48, P887, 9.910 0.13 26
doi: 10.1161/STROKEAHA.116.015613

the right middle cerebral artery and bilateral common carotid
arteries, to examine the relationship between adipocytokines and
poststroke hyperglycemia. It was found that stroke rats developed
glucose intolerance on days 1 and 2 after cerebral ischemic injury,
and fasting blood insulin levels and insulin resistance index were
higher in stroke rats than in the sham group. Eventually, it proved
that sympathetic system excitation after cerebral ischemia and
inducing the secretion of proinflammatory cytokines (TNF-a and
MCP-1) from adipose tissue may be an underlying mechanism for
the disorder of glucose metabolism in rats. The fourth co-cited
reference (30) using meta-analysis concluded that rosiglitazone
treatment for type 2 diabetes may increase the incidence of
myocardial infarction and cardiovascular adverse events. The
fifth co-cited reference (31) proved that applying pioglitazone
as agonists of peroxisome proliferator-activated receptor gamma
(PPAR gamma) can reduce the incidence of macrovascular events
in patients with type 2 diabetes. The sixth co-cited reference
(32), as part of the North Manhattan study, identified metabolic
syndrome as an important risk factor for ischemic stroke through
a prospective cohort study. The eighth co-cited reference (33)
found an increased risk of progressive carotid atherosclerosis and
coronary heart disease in subjects with metabolic syndrome.

3.5. Co-occurring keywords and cluster
analysis

Generate co-occurring keywords analysis network map
(Figure 5). Results showed that node N = 729, link E = 2805,
Q=0.4331, S = 0.7318. A total of 729 keywords were included,
with a high degree of correlation between them. Keywords can
represent the hotspot and trend of research (34). As shown in
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Table 5, hotspot keywords are listed based on the frequency of
occurrence and mediation centrality (>0.1). Keywords of diseases
related to insulin resistance mainly include myocardial ischemia,
disease, coronary artery disease, metabolic
syndrome, ischemic stroke, diabetes mellitus, hypertension,
cerebral ischemia et al. The hotspot keywords of the research
direction are association, risk, and prevalence, and the mechanism
involved is mainly oxidative stress and inflammation. Among
them, adipose tissue, blood pressure, and coronary artery disease
have better centrality.

Clustering analysis of co-occurrence keywords was performed,
and cluster labels revealed major themes in the research field
(Figure 6). We eventually obtained 11 clusters, each with a
silhouette value above 0.6, indicating that the clustering results
are reliable and meaningful. The cluster label keywords were
extracted: #0 oxidative stress, #1 prevalence, #2 adiponectin, #3
low density lipoprotein, #4 therapy, #5 secondary prevention, #6
diabetic cardiomyopathy, #7 physical activity, #8 family history,
#9 stroke mortality, #10 thyroid function, and #11 minimal model
(Table 6).

cardiovascular

3.6. Keywords with citation bursts

The top 20 keywords with the strongest citation burst from
1999 to 2022 are shown in Figure 7. The blue line indicates the time
interval, and the red line indicates the period when the keyword
burst occurs. “Burst words” refer to words that are frequently cited
over a period of time (35). It can predict the migration and changes
in research frontiers according to the distribution of keywords
with the strongest citation burst. In the previous period, the
relationship between glucose metabolism disorders and ischemic
cardiomyopathy, hypertension, and coronary artery disease was
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TABLE 5 Top 10 keywords in frequency and top 5 keywords in centrality on insulin resistance and ischemic cerebrovascular disease.

Rank Frequency Keywords Centrality Keywords
1 930 Insulin resistance 0.11 Coronary artery disease
2 379 Risk 0.11 Disease

3 369 Myocardial ischemia 0.11 Blood pressure
4 251 Cardiovascular disease 0.10 Muscle

5 243 Coronary artery disease 0.10 Adipose tissue
6 211 Ischemic stroke

7 184 Metabolic syndrome

8 136 Association

9 126 Diabetes mellitus

10 114 Oxidative stress

mainly studied; from 2000 to 2011, research focused on the
mechanisms of intrinsic associations between diseases, including
plasminogen activator inhibbitorl, adiponectin, cholesterol, and ¢
reactive protein; in the past 6 years, more attention has been paid
to the association between insulin resistance and TIA, ischemia-
reperfusion injury and Alzheimer’s disease. The pathological
mechanisms have focused on oxidative stress and inflammation,
and more emphasis is placed on the relationship between insulin
resistance and other diseases. The emerging research keywords in
recent years represent the current research trends and hotspots in
this field.
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4. Discussion

4.1. Research progress in insulin resistance
and ischemic cerebrovascular disease

Our results show that from 1999 to 2022, a growing number
of studies confirm the strong link between insulin resistance and
ischemic cerebrovascular disease, indicating that the field has
attracted lively discussion and widespread concern in recent years.
The United States, China, and Japan are the largest contributors
to the number of publications and have played an important
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TABLE 6 Keywords cluster analysis.

Cluster-ID Size Silhouette Coverage Label

0 142 0.616 Oxidative stress; gene expression; cerebral ischemia; nitric oxide synthase; Oxidative stress
Alzheimer’s disease

1 111 0.736 Prevalence; hyperinsulinemia; cardiovascular disease; population; risk factor Prevalence

2 82 0.715 Adiponectin; resistin; ischemic stroke; inflammation; ¢ reactive protein Adiponectin

3 80 0.787 Low density lipoprotein; cardiovascular risk factor; coronary artery disease; von Low density lipoprotein
willebrand factor; risk

4 78 0.627 Therapy; hyperglycemia; stroke severity; interleukin-1; tissue plasminogen Therapy
activator

5 56 0.799 Secondary prevention; pioglitazone; clinical trial; transient ischemic attack; Secondary prevention
obesity

6 46 0.791 Diabetic cardiomyopathy; heart failure; trimetazidine; fatty acid oxidation; Diabetic cardiomyopathy
cardiomyopathy

7 44 0.774 Physical activity; randomized controlled trial; cardiac rehabilitation; fatty acid; Physical activity
neuroscience

8 31 0.877 Family history; hemostasis; factor alpha; thrombosis; plasminogen activator Family history
inhibitor 1 (pai-1)

9 25 0.899 Stroke mortality; transplantation; renal failure; kidney; cardiovascular disease Stroke mortality
(CVD)

10 7 0.987 Thyroid function; turner syndrome; PKC delta; puberty; genes Thyroid function

role in the development of the field. However, there are not
enough collaborative relationships between authors from different
countries and regions, and there is an urgent need to strengthen
cooperation between countries, institutions, and authors to
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conduct relevant research. Major ongoing research trends include
three aspects: (1) the association between insulin resistance and
ischemic cerebrovascular disease in non-diabetic patients, (2) the
intrinsic pathological mechanism between insulin resistance and
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Top 20 Keywords with the Strongest Citation Bursts
Keywords Year Strength Begin End 1999 - 2022
myocardial ischemia 1999 T 1 ——
hyperinsulinemia 1999 12.34 1999 2005 mme———————————————————
dependent diabetes mellitus 1999 BT L 1 ——
glucose tolerance 1999 551999 200] cmeee—————————
hypertension 1999 4.87 1999 2009 s —————————— ———————————
niddm 1999 B T e 1] ——
plasminogen activator inhibitor 1 1999 4.35 2000 2007 e o mn———————— —— e e s s s s s e
cholesterol 1999 0 G 11—
¢ reactive protein 1999 0.78 2003 2000 e o s s s s e e e e e e e e e e e e
men 1999 5.21 2004 2013 e ——————————
coronary artery disease 1999 4.64 2006 2008 T
adiponectin 1999 44 2007 2011 ————— e e e e e e e e e e
transient ischemic attack 1999 4.18 2016 2010 o ——— e
brain 1999 549 2017 2020 mememes
ischemia reperfusion injury 1999 4.6 2017 2020 ———
oxidative stress 1999 14.04 2018 2022 e e
inflammation 1999 522018 2020 e ——
alzheimers disease 1999 454 2018 2022 e [ ——
association 1999 477 2019 2022 e [R—
hyperglycemia 1999 6.34 2020 2022 e [E——
FIGURE 7
Top 20 keywords with the strongest citation bursts.

ischemic cerebrovascular disease, and (3) early intervention of
insulin resistance to improve the prognosis of stroke.

4.2. Hot issue of insulin resistance and
ischemic cerebrovascular disease

4.2.1. Association

The association between insulin resistance and ischemic
cerebrovascular disease has received hot attention in recent years.
In clinical studies of insulin resistance, evaluation indexes are more
mixed, mostly assessed by Homeostasis Model Assessment-Insulin
Resistance (HOMA-IR) index (36), or triglyceride-glucose(Ty-G)
index (37).

4.2.1.1. Insulin resistance and silent lacunar infarction

Two studies from Korea (38) and Japan (39) evaluated the
association between insulin resistance and silent lacunar infarction
(SLI), and found that insulin resistance was an independent
risk factor for SLI and was positively associated with the
incidence and severity of SLI. In elderly patients, impaired insulin
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sensitivity and decreased muscle strength jointly increased the high
risk of SLL.

4.2.1.2. Insulin resistance and cerebral small vessel disease

A TJapanese study (40) evaluated the association between
insulin resistance and cerebral white matter lesions in non-diabetic
patients with ischemic stroke. Insulin resistance was defined as
HOMA-IR index > 2.5, the degree of periventricular hyperintensity
(PVH), as well as deep and subcortical white matter hyperintensity
(DSWMH) were measured using brain MRI. The results revealed
that insulin resistance was closely related to cerebral white matter
lesions in non-diabetic patients with non-cardiac ischemic stroke,
with higher HOMA-IR index in patients with heavier PVH
and DSWMH. Another study prospectively recruited older, non-
diabetic, healthy subjects to assess the association between insulin
resistance and the overall cerebral small vessel disease (CSVD)
burden (41). The HOMA-IR index > 2.80 was defined as Insulin
resistance. The results of the study ultimately showed that Insulin
resistance, independent of other clinical risk factors, is positively
associated with increased severity of overall CSVD burden in a
dose-dependent manner.

frontiersin.org


https://doi.org/10.3389/fpubh.2023.1021378
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

Zhou et al.

4.2.1.3. Insulin resistance and post-stroke depression

Two prospective cohort studies in China demonstrated that
prediabetes (impaired fasting glucose, impaired glucose tolerance,
or HbAlc 5.7-6.4%) was associated with post-stroke depression
and could serve as an early predictor (42). In addition, insulin
resistance estimated by the HOMA-IR index may have potential
clinical significance in identifying stroke patients at risk of
developing depression, independent of recognized predictive
factors (43).

4.2.1.4. Insulin resistance and risk stratification of
ischemic stroke

Triglyceride-glucose index (Ty-G) is considered to be a simple
and reliable practical surrogate indicator of insulin resistance. A
cross-sectional study from rural areas of northeast China (44)
aimed to explore the relationship between Ty-G and ischemic
stroke. When Ty-G was divided into quartiles, the risk of ischemic
stroke in the top quartile was 1.776 times higher than in the bottom
category. Eventually, this finding demonstrates the potential value
of Ty-G index in optimizing ischemic stroke risk stratification
in the general population. Another retrospective observational
multicenter study on the eICU database investigated the prognostic
value of the Ty-G index in patients with critically ill stroke (45).
The results showed that Ty-G was associated with increased in-
hospital mortality in patients with severe ischemic stroke, but
not in patients with hemorrhagic stroke. It is therefore concluded
that Ty-G may be a potential predictor of hospital and ICU
mortality in critically ill stroke patients, especially in ischemic
stroke patients. A study in Jiangxi, China, proved that the Ty-G
index is potentially useful in the early identification of elderly
hypertensive patients at high risk of experiencing a first stroke (46).
A recent meta-analysis of Ty-G and stroke risk (47), including 11
cohort studies, found that the risk of ischemic stroke was positively
associated with the Ty-G index, and the elevated Ty-G index was
an independent risk factor for stroke occurrence, particularly in
ischemic stroke.

4.2.1.5. Insulin resistance and the prognosis of ischemic
stroke

Two studies from Yongjun Wang’s team used the HOMA-IR
index and the Ty-G index representing insulin resistance to
determine whether it was associated with an adverse clinical
outcome of ischemic stroke. One study (48) proved that the Ty-G
index was associated with an increased risk of stroke recurrence,
all-cause mortality, and neurological deterioration in patients with
ischemic stroke. Another explored relationship between insulin
resistance and the risk of early neurological deterioration (END) in
patients with non-diabetic acute ischemic stroke (49). Ultimately
this study provides strong evidence that insulin resistance may be
an independent risk factor for END in non-diabetic patients with
acute ischemic stroke. However, whether insulin resistance can be
used as an independent risk factor for poor prognosis within urgent
3 months remains controversial. Research from Fukuoka, Japan
enrolled 4,655 patients with acute ischemic stroke, finding that
HOMA-IR was not associated with stroke recurrence or mortality
within 3 months of onset (27).
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4.2.1.6. Insulin resistance and atherosclerosis

Metabolic syndrome(MetS) is a group of risk factors associated
with insulin resistance (50) and is present in about half
of the patients with symptomatic intracranial atherosclerotic
stenosis (51). The components of MetS interact to affect
vascular thickness synergistically and promote the development
of subclinical atherosclerosis (52). Atherosclerosis is the main
putative mechanism between insulin resistance and ischemic
stroke. One study enrolled 1,523 ischemic stroke patients with
Ty-G index and carotid artery imaging data (53). Carotid
atherosclerosis was measured by common carotid artery intima-
media thickness (cIMT). The result demonstrates that a higher
Ty-G index was associated with carotid atherosclerosis in patients
with ischemic stroke, suggesting that Ty-G could be a promising
atherosclerotic marker.

4.2.2. Oxidative stress and inflammation

Since 2018, more attention has been paid to the pathological
processes of oxidative stress and inflammatory response between
insulin resistance and ischemic cerebrovascular disease.

When insulin binds to insulin receptors on the plasma
membrane, the insulin signaling pathway is activated (54),
promoting glucose transport and utilization. In the pathological
stage of insulin resistance, glucose utilization and uptake by skeletal
muscle, adipose tissue, liver, and other organs are weakened, and
the liver function of inhibiting gluconeogenesis and promoting
glycogen synthesis is decreased, resulting in an increase in
peripheral glucose in the blood. Defective inhibition of lipolysis by
insulin leads to increased levels of triglycerides (TG), free fatty acids
(FFA), and low-density lipoprotein (LDL), and decreased levels of
high-density lipoprotein (HDL) (55). Increased level of FFA induce
ROS generation through activation of NADPH oxidation and
increased ROS induce oxidative stress and ER stress, stimulating
adipose tissue to synthesize and secrete a large number of
biologically active substances, such as proinflammatory cytokines,
acute phase reactants, angiotensin II, leptin, resistin, adiponectin,
and plasminogen activator inhibitor-1(PAI-1) (56). Adipose
tissue activates the canonical proinflammatory NF-kB pathway,
resulting in increased expression of several proinflammatory
cytokines, including NLRP3, TNF-o, IL-1f, IL-6, and MCP-1
(57). All the mechanisms contribute to endothelial dysfunction,
atherosclerosis, and thrombosis, leading to cardiovascular and
cerebrovascular disease.

The brain has been identified as an insulin-sensitive organ
with widely distributed insulin receptors (58). Hyperinsulinemia
resulting from systemic insulin resistance causes insulin resistance
in central neurons (59), which in turn may exacerbate ischemic
cerebrovascular damage by downregulating the PI3K-AKT
signaling pathway and inhibiting cell survival. Ischemic injury
induces cell death through proapoptotic signaling molecules,
including forkhead transcription factor (FKHR), GSK-38, and Bad,
which can be prevented by AKT phosphorylation (60). Insulin and
insulin-like growth factor 1 (IGF-1) exert neuroprotective effects
by activating PI3K-AKT signaling and preventing decreased AKT
phosphorylation during ischemia (61). In vitro experiments (62)
by simulating insulin resistance models of central cortical neurons,
found that long-term exposure to insulin increased Akt activation
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and severely attenuated this response after subsequent short-term
insulin treatment, resulting in reduced neuroprotective effects of
insulin and IGF-1. This study demonstrated that central insulin
resistance exacerbates cerebral ischemic injury by blunting Akt
kinase phosphorylation.

Measures taken against the assembly and activity of the NLRP3
(nucleotide-binding oligomerization domain-like receptor family
pyrin domain-containing 3) inflammasome may be a potential and
novel therapy for cerebrovascular ischemic disease concomitant
with insulin resistance (63). The NLRP3 inflammasome is a
member of the NLR family of innate immune cell sensors. In
general, activation of the NLRP3 inflammasome requires two
signaling pathways, priming and activating (64). In the priming
phase, toll-like receptors (TLRs) recognize a wide variety of danger-
associated molecular patterns (65), promote the expression and
activation of NLRP1 and NLRP3 inflammasome proteins, and
both precursors IL-1f and IL-18 in primary cortical neurons and
brain tissue under ischemic conditions. Increased ROS, lysosome
rupture, and intracellular potassium efflux activate the NLRP3
inflammasome, promoting the maturation of IL-1p and IL-18 and
the release of proinflammatory cytokines (66). Activation of NLRP3
inflammasomes through NF-kB and MAPK signaling pathways
to secrete pro-inflammatory cytokines after brain ischemia may
be an intrinsic mechanism that enlarges the ischemic damage
and causes the disorder of glucose metabolism after stroke (67).
The NLRP3 inflammasome may serve as a potential mechanism
for the interaction between insulin resistance and ischemic
cerebrovascular disease.

4.3. Strengths and limitation

To our knowledge, this is the first study to utilize CiteSpace’s
co-occurrence and co-citation analysis methods for bibliometric
analysis and visual display of insulin resistance and ischemic
cerebrovascular disease. However, our study does have limitations.
Bibliometric studies rely heavily on databases, while our study did
not cover other public and commercial bibliometric databases such
as PubMed, Scopus, Medline, and CNKI. Therefore, the data may
not be comprehensive. But this was caused by the limitations of the
software and databases. For example, PubMed does not provide
citation analysis. In addition, WOS has the advantages of wide
coverage and strong authority, and it can provide better graphics
and more detailed content than Scopus in citation analysis (68).
Therefore, even if we only analyzed the literature from WOS, the
findings remain reliable. Furthermore, some overlap may occur
when analyzing the co-occurrence and clustering of keywords due
to the presence of multiple synonyms.

5. Conclusions

The current study does suggest a strong correlation between
insulin resistance and ischemic cerebrovascular disease, but
whether it can be an independent influence on poor prognosis
after stroke remains controversial. In the future, prospective trials
with large samples are needed to deeply analyze the role of insulin
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resistance in the pathogenesis of ischemic cerebrovascular diseases,
such as whether there is a correlation between infarction site,
infarction size, and insulin resistance after stroke, what kind of
people are more prone to glucose metabolism disorders after stroke,
what kind of people with post-stroke glucose metabolism disorder
are more likely to have poor clinical outcomes. The IRIS trial
demonstrated that pioglitazone can improve the clinical outcome of
insulin resistance combined with ischemic cerebrovascular disease,
but adverse effects such as bone fractures may limit the clinical use
of pioglitazone (69). It may be a new research trend to explore drugs
that can improve central insulin resistance, alleviate ischemic injury
and promote neurological recovery. At present, SGLT2 inhibitors
may serve as the first drug that can improve hypothalamic insulin
resistance through the blood-brain barrier (70, 71). Inhibition of
the NLRP3 inflammasome activation process and thus inhibition of
proinflammatory cytokine release may serve as an early modulable
target to improve the inflammatory cascade in patients with
insulin resistance combined with ischemic cerebrovascular disease.
The intrinsic mechanisms underlying the interaction between
insulin resistance and ischemic cerebrovascular disease still need
further investigation.

Our research results ultimately provide valuable information
for potential collaborators and institutions, teasing out the current
status, hotspots, and frontiers of insulin resistance and ischemic
cerebrovascular disease, which may guide new directions for
further research.
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Background: Insulin resistance (IR) with associated compensatory
hyperinsulinemia (HI) are early abnormalities in the etiology of prediabetes
(preT2D) and type 2 diabetes (T2D). IR and HI also associate with increased
erythrocytosis. Hemoglobin Alc (HbAlc) is commonly used to diagnose and
monitor preT2D and T2D, but can be influenced by erythrocytosis independent
of glycemia.

Methods: We undertook bidirectional Mendelian randomization (MR) in
individuals of European ancestry to investigate potential causal associations
between increased fasting insulin adjusted for BMI (Fl), erythrocytosis and its
non-glycemic impact on HbAlc. We investigated the association between the
triglyceride-glucose index (TGI), a surrogate measure of IR and HI, and glycation
gap (difference between measured HbAlc and predicted HbAlc derived from
linear regression of fasting glucose) in people with normoglycemia and preT2D.

Results: Inverse variance weighted MR (IVWMR) suggested that increased Fl
increases hemoglobin (Hb, b=0.54 + 0.09, p=2.7 x 107%9), red cell count (RCC,
b=0.54 + 0.12, p=5.38x10"°) and reticulocyte (RETIC, b=0.70 + 0.15, p=2.18x10"
%). Multivariable MR indicated that increased Fl did not impact HbAlc (b=0.23 +
0.16, p=0.162) but reduced HbAlc after adjustment for T2D (b=0.31 + 0.13,
p=0.016). Increased Hb (b=0.03 + 0.01, p=0.02), RCC (b=0.02 + 0.01, p=0.04)
and RETIC (b=0.03 + 0.01, p=0.002) might modestly increase Fl. In the
observational cohort, increased TGl associated with decreased glycation gap,
(i.e., measured HbAlc was lower than expected based on fasting glucose, (b=-
0.09 + 0.009, p<0.0001)) in people with preT2D but not in those with
normoglycemia (b=0.02 + 0.007, p<0.0001).
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Conclusions: MR suggests increased Fl increases erythrocytosis and might
potentially decrease HbAlc by non-glycemic effects. Increased TGI, a
surrogate measure of increased Fl, associates with lower-than-expected
HbAlc in people with preT2D. These findings merit confirmatory studies to
evaluate their clinical significance.

KEYWORDS

insulin resistance, hyperinsulinemia, type 2 diabetes (T2D), hemoglobin

Alc, erythrocytosis

Introduction

The type 2 diabetes (T2D) pandemic is a major public health
challenge, affecting more than 420 million people worldwide (1, 2).
Insulin resistance (IR) and associated compensatory
hyperinsulinemia (HI) are early abnormalities in the pathogenesis
of prediabetes (preT2D) and Type 2 diabetes (T2D) (3). Although
reduced insulin action (IR) is implicated in hyperglycemia, some
aspects of insulin signaling pathways are preserved in states of IR.
Consequently, some manifestations associated with IR are due to HI
(4, 5). Close surveillance and timely intervention in people with IR
and HI can potentially prevent T2D and remit/improve glycemia in
those who develop T2D (6-8).

Increasingly, hemoglobin Alc (HbAlc) has replaced fasting
glucose and/or the 75 g oral glucose tolerance test to diagnose
preT2D, T2D and T2D remission. HbAlc is also used to set
glycemic targets for people with diabetes (9-11). Advantages to
using HbAlc compared to fasting glucose include convenience and
use of an assay that is standardized, stable and reproducible with
limited intraindividual variability. Further, it provides an average
measure of glycemia in the prior 2 to 3 months (1, 12) (1). However,
altered red cell lifespan and erythrocytosis can affect HbAlc
measurement by non-glycemic pathways. This has implications in
patients with red cell disorders and hemoglobinopathies (1, 13). In
people without T2D, including those with preT2D, non-glycemic
parameters are a major predictor of HbAlc. Higher hemoglobin
(Hb) associates with lower HbAlc (14, 15). Observational studies
have also reported higher Hb and red cell count with increased IR
and HI (16-18). Whether this association is causal is not established
nor is it known if it impacts HbAlc measurement through non-
glycemic pathways. HI can potentially increase cell proliferation
and thus plausibly mediate the increased erythrocytosis seen in
people with IR and HI (19).

Mendelian randomization (MR) can be used to infer potential
causal associations between an exposure and an outcome by
assessing the effects of genetic variants robustly associated with
the exposure in one population on the outcome of interest in a
separate cohort (2 sample MR) (20). We undertook bidirectional
MR to investigate potential causal associations between fasting
insulin adjusted for BMI (FI) and measures of erythrocytosis
(hemoglobin, measured as g/L of blood, red cell count and
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reticulocyte count) in people of European ancestry. We used
summary statistics from the largest genome wide association
studies (GWAS) to date in this population. We undertook
multivariable MR to assess the non-glycemic effects of FI on
HbAlc by adjusting for elevated fasting glucose (FG) and type 2
diabetes (T2D). We also explored the association between the
triglyceride-glucose index (21), a surrogate measure of IR and HI
and glycation gap (difference between measured HbAlc and
predicted HbAlc from fasted glucose measurement), in a cohort
of Canadian adults with normoglycemia and preT2D.

Methods
Cohorts

Demographic details of the cohorts used for MR analyses have
been included in Table 1 (22-28). GWAS summary statistics for FI,
HbAlc and FG were derived from GWAS undertaken by MAGIC
(22). Summary statistics for T2D were derived from DIAGRAM/
GERA/UK Biobank consortia (26). All other summary statistics
were from the UK Biobank (24, 25, 27).

Overlap between exposure and
outcome cohorts

There is no reported overlap between the cohorts.

Primary MR analyses

For our primary analysis, we undertook bidirectional inverse
variance weighted (IVW) MR with FI as exposure (Supplementary
File 2) and Hb, red cell count (RCC), reticulocyte count (RETIC) as
outcomes. A p value of <0.05 was considered significant for primary
and secondary analyses. We followed the recently published STROBE-
MR reporting guidelines (Checklist in Supplementary File 1) (29). As
we used publicly available summary statistics from GWAS, we did not
seek institutional approval. Informed consent was obtained from the
investigators from each participant in the original study.
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TABLE 1 Cohort details for Mendelian Randomization (MR) analyses.

10.3389/fendo.2023.1146099

Trait Population cohort Mean Age % Female  Sample size Cases Controls PMID

Fasting Insulin (FI) MAGIC 50.7 51.2 151,013 Not applicable = Not applicable | 34059833
Type 2 Diabetes (T2D) DIAGRAM/GERA/UK Biobank 54.1/63.3/56.9* 50.1/59.0/54.2* 655,666 61,714 593,952 30054458
Fasting Glucose (FG) MAGIC 50.9 47.7 133,010 Not applicable = Not applicable = 22885924
Hemoglobin (Hb) UK Biobank 56.7 54.9 563,946 Not applicable | Not applicable | 32888493
Red Cell Count (RCC) UK Biobank 56.7 54.9 545,203 Not applicable = Not applicable | 32888493
Reticulocytes (RETIC) *** UK Biobank 56.7 54.9 408,112 Not applicable = Not applicable | 32888494
HbAlc** MAGIC 52.3 57.9 146,806 Not applicable = Not applicable | 34059833
HbATcH/** UK Biobank 56.7 54.9 389,889 Not applicable = Not applicable | 34017140

*Study-specific characteristics were not available for all UK Biobank data and was extrapolated from data available.
“Output from MRC IEU GWAS pipeline analysis using Phesant derived variables from UK Biobank, version 2: https://doi.org/10.5523/bris.pnoat8cxo0u52p6ynfackeigi.
**To minimize overlap, bidirectional MR analyses with FI was undertaken with HbAlc measure in the UK Biobank, but for WHR adjusted for BMI analyses HbAlc was assessed in MAGIC.

> Estimated from available UK Biobank data (PMID 32888493) as data not available.

Secondary analyses

As we found a potential causal association between FI and
erythrocytosis, we undertook univariable MR to investigate the
association between FI and HbAlc followed by multivariable MR
adjusted for FG, T2D or Hb. Adjustment for FG and T2D was not
undertaken in combination due to concerns about collinearity (30).
Adjustment for T2D and Hb in combination was not undertaken as
the F-statistic was <10, indicative of a weak instrument.

MR assumptions: MR is based on three assumptions. First, the
instrument is robustly associated with the exposure. Therefore, we
only used SNPs that were genome-wide significantly associated for
all the instruments (20). Second, that the instrument does not
influence the outcome via another pathway other than the outcome
i.e., no horizontal pleiotropy (20). Finally, the instrument is not
influenced by any confounders (20). For univariable MR, we used
inverse weighted MR (IVWMR) and additional sensitivity analyses
including MR-Egger, weighted median, weighted mode and leave-
one-out analyses.

IVWMR was performed by undertaking meta-analysis of the
individual Wald ratio for each SNP in the instrument. By permitting
a non-zero intercept, MR-Egger relaxes the assumption of no
horizontal pleiotropy and returns an unbiased causal estimate, in
the case of horizontal pleiotropy, providing that the horizontal
pleiotropic effects are not correlated with the SNP-exposure effects
(InSIDE assumption) (20, 31). The median effect of all SNPs in the
instrument was used for analysis using weighted median MR, which
permits SNPs with a greater effect on the association to be evaluated
by weighting the contribution of each SNP by the inverse variance
of its association with the outcome: this is robust even if only 50% of
the SNPs satisfy all three MR assumptions (32). Finally, SNPs were
clustered into groups based on similarity of causal effects for
weighted mode MR, with the cluster with the largest number of
SNPs deriving the causal effect estimate (33). Cochrane’s Q test was
used to assess heterogeneity, while leave-one-out analyses were
conducted to assess if any MR estimate was biased by a single SNP
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potentially with horizontal pleiotropic effect (20) and the F statistic
was calculated to assess the strength of the instrument exposure (20,
34, 35).

Univariable MR was conducted using the “TwoSampleMR”
package in R (R studio® v1.3.1073 and R® v4.0.3). Linkage
disequilibrium (LD) pruning was used to select a proxy (r*>0.8) if
a SNP was not directly matched from the 1000 Genomes project
(Version 0.5.6, Released 2021-03-35). The “ggplot2” and
“metaphor” packages in R were used to create plots. We
undertook inverse variance weighted multivariable MR (IVW
Multivariable MR) to assess the effect of FI on HbAlc after
adjustment for FG and T2D and Hb (36). Multivariable MR was
conducted using both the “TwoSampleMR”, “Multivariable MR”
and “RMultivariable MR” packages in R (R studio® v1.3.1073 and
R® v4.0.3), where the latter two packages assessed heterogeneity via
Cochrane’s Q test and strength of the instrument via F statistics (34,
36). Plots were generated using “plotobject”.

Observational study

Demographic details for this study have been included in Table 2.
We received institutional approval from University Health Network
(UHN) research ethics board for the observational study. As we
analyzed anonymized data, we did not obtain consent from
individual patients. We undertook analyses in a cohort of patients
without T2D (n=7600 of whom 1096, i.e., 14.4%, had pre-T2D), who
attended one of UHN’s, an academic health center in Toronto, Canada,
outpatient clinics between 2006 and 2022. We excluded patients who
had attended diabetes clinics in the prior 2 years, those with fasting
glucose = 7mmol/L, HbAlc = 6.5%, age >65 years or <18 years or Hb
outside the sex-specific normal range. We did not undertake analyses
in patients with diabetes as we did not have access to their medical
records and could not ascertain the type of diabetes or their
medications (e.g., insulin and sodium glucose co-transporter 1
inhibitors), which can impact both glycemia and erythrocytosis (19, 37)
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Using R studio® v1.3.1073 and R® v4.0.3, predicted HbAlc was
assessed based on regression analysis of fasting glucose adjusted for age
and sex. To estimate the potential non-glycemic contribution to
HbAlc, we assessed the glycation gap which is defined as the
difference between measured HbAlc and predicted HbAlc (based on
fasting glucose). We then assessed the association between triglyceride-
glucose index (21), a surrogate measure of HI and IR, and the glycation
gap. Triglyceride-glucose index (21) was calculated as In [fasting
triglyceride (mg/dL) x fasting plasma glucose (mg/dL)/2]. Correction
factors of 88.57 and 18 were used to convert triglycerides to mg/L and
fasting glucose to mg/dL, respectively.

The rms and lattice packages were used to fit a regression model
and for estimation. The beta coefficient, standard error, y-intercept
and p-value were analyzed in order to determine if there was an
association between triglyceride-glucose index and glycation gap for
all participants, those with pre-T2D (HbAlc 6-6.4% and fasting
glucose 6-6.9 mmol/l) and those with normoglycemia (specified as
HbAlc < 6% and fasting glucose <6 mmol/l). A p-value of < 0.05
was specified as being significant. The R* and adjusted R* were also
analyzed to determine the fit of the model. An ANOVA table
further analyzed if there was a linear relationship present.

Several diagnostic plots were created to test the presence of
linearity and evaluate the fit of our model. A Normal Q-Q plot was
created to test if the data had a normal distribution. If the data
points fell onto a reasonably straight line, this would indicate a well
fit model. Using the xyplot function, two plots were then created,
both examining the residuals (residuals versus fitted values and
residuals versus triglyceride-glucose index). If the plots produced a
straight line, this would indicate a linear relationship. If the line was
curved, this would indicate nonlinearity and splines would be
required to analyze the cubic model.

Finally, the model was assessed for overfitting via validation. A
set of random numbers was generated and the 0.632 Bootstrap
method was used (38). The 0.632 Bootstrap method was chosen as
to reduce bias by using correction factors. The R* and mean squared
error (MSE) were analyzed. An overfit model would produce a
significantly different R* and a higher MSE. Further, an optimism
greater than 0.1 would suggest overfitting as well as a slope with
shrinkage. A decrease in g-index would also be suggestive of
overfitting. It should be noted that MSE and g-index may be
difficult to interpret as they vary based on sample size and range
of data. The same analyses were undertaken for triglyceride-glucose
index on Hb.

Results
Primary analyses

Univariable MR analyses of Fl and erythrocytosis
(Hb, RCC, RETIC)

Univariable inverse variance weighted MR suggests increased FI
increases Hb (b=0.54 + 0.09, p:2.7x10"°, RCC (b=0.54 + 0.012,
p=5.38x10"°) and RETIC (b=0.70 + 0.15, p=2.18x10°), with
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concordant results with MR-Egger, weighted median, weighted
mode and simple mode MR analyses (Table 3; Figures 1, 2;
Supplementary File 5).

Inverse variance weighted MR suggests increased Hb (b=0.03 +
0.01, p=0.02), RCC (b=0.02 + 0.01, p=0.04) and RETIC (b=0.03 +
0.01, p=0.002) might modestly increase FI, but MR-Egger, weighted
median, weighted mode and simple mode MR analyses did not find
evidence for potential causal association (Supplementary Files 3, 5).

Secondary analyses

Univariable and multivariable MR analyses of Fl as
exposure (adjusted for FG, T2D and Hb) and
HbAlc as outcome

Univariable inverse variance weighted MR suggests that
increased FI does not significantly increase HbAlc (b=0.23 *
0.16, p=0.16) (Table 4; Figure 3; Supplementary File 5).

Multivariable MR suggests FI decreases HbAlc after adjusting
for T2D (b=-0.30 + 0.13, p=0.02. After adjusting for Hb (b=0.36,
p=9.14x10"*), FI increases HbAlc, but the F-statistic of <10
precludes definitive conclusion. There was no significant effect of
FI on HbAlc after adjusting for FG alone (b=-0.221 + 0.13,
p=0.096) (Table 4; Supplementary File 5).

Exploratory analyses

MR Analyses exploring association between Hb
and HbAlc

MR suggests a bidirectional relationship between Hb and HbAlc.
Univariable inverse variance weighted MR suggests increased Hb
decreases HbAlc (b=-0.105, p=1.17x10"") concordant with MR-
Egger, weighted median and mode but not simple mode analyses
(Supplementary Files 4, 5). Reverse inverse variance weighted MR
suggests increased HbAlc decreases Hb (b=-0.867, p=6.02x10")
concordant with MR-Egger, weighted median and simple mode but
not weighted mode analyses (Supplementary Files 4, 5).

Observational study

Cohort details and descriptive statistics regarding the 7600
participants can be found in Tables 2, 5. Consistent with the MR
analyses, increased TGI was associated with increased Hb (b=1.88 +
0.19, p<0.001) (Figure 4A). Linear regression analysis yielded this
equation for predicted HbAlc derived from fasting glucose and
adjusted for age and sex: predicted HbAlc=4.163+0.172*(fasting
glucose). In the cohort overall (the majority of whom had
normoglycemia), (b=0.073 + 0.008, p<0.0001) and in people with
normoglycemia (b=0.023 + 0.007, p<0.0001), increased triglyceride-
glucose index was associated with an increase in glycation gap.
However, among people with pre-T2D, increased triglyceride-
glucose index was associated with a decreased glycation gap i.e.,
measured HbAlc was lower than that predicted by fasting glucose
(b=-0.087 + 0.009, p<0.0001) (Figures 4B-D).
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TABLE 2 Baseline characteristics for participants of observational study.

Participants with

Characteristic Healthy Participants, N = 6,504* Pre-T2D, N = 1,096** p-value?
Sex 0.076

Female 3,147 (48%) 562 (51%)

Male 3,357 (52%) 534 (49%)
Age (years) 50 (41, 58) 56 (49, 61) <0.001
HbAlc (%) 5.40 (5.20, 5.60) 6.10 (6.00, 6.20) <0.001
Fasting Glucose (mmol/L) 5.10 (4.70, 5.50) 5.70 (5.20, 6.20) <0.001
Triglyceride (mmol/L) 1.16 (0.85, 1.68) 1.33 (0.99, 1.92) <0.001
HDL Cholesterol (mmol/L) 1.29 (1.07, 1.57) 1.19 (1.01, 1.43) <0.001
Hemoglobin (g/L) 145 (136, 154) 144 (134, 153) <0.001
Triglyceride Glucose Index 8.46 (8.12, 8.85) 8.71 (8.36, 9.08) <0.001
Predicted Alc, adjusted for age, sex (%) 5.04 (4.97,5.11) 5.14 (5.06, 5.23) <0.001
Glycation Gap*** 0.36 (0.12, 0.57) 1.01 (0.89, 1.13) <0.001

*Median (IQR); n (%).
*“*Wilcoxon rank sum test; Pearson’s Chi-squared test.
**Actual HbAlc - Predicted HbAlc.

TABLE 3 Univariable MR analyses of fasting insulin (Fl) as exposure and hemoglobin (Hb), red cell count (RCC) and reticulocyte count (RETIC)
as outcomes.

Standard Egger-Inter- Cochrane’s Qdf
Error cept Egger

Univariable MR Analysis — Exposure: FI (49 SNPs, single nucleotide polymorphisms), Outcome: Hb

1.95x10°
MR Egger 0.678 | 0.231 0.005 -0.002 0.534 857.625 47 14o 94.520  19.221
Weighted median 0.506 | 0.047 6.22x10"%7 19.221
I i 2.70x10 2.80x10°
nverse variance 0544 | 0.086 S 864.803 48 o 94450 | 19.221
weighted
Simple mode 0.624  0.090 9.43x10” 19.221
Weighted mode 0.575 | 0.063 4.54x10™"? 19.221
Univariable MR Analysis — Exposure: FI (49 SNPs), Outcome: RCC

8.23x10°
MR Egger 1070 | 0307 0.001 -0.009 0.068 1520.582 47 288 96.909 | 19.221
Weighted median 0.377 | 0.055 7.66x10"" 19.221
Inverse variance 6

: 0.539 | 0.118 5.38x10 1633.210 48 0 97.061 = 19.221

weighted
Simple mode 0.401 0.134 0.004 19.221
Weighted mode 0443 | 0.098 3.85x107 19.221
Univariable MR Analysis — Exposure: FI (49 SNPs), Outcome: RETIC
MR Egger -0.026 | 0379 0.946 0.012 0.045 1744.044 47 0 97.305 | 19.221
Weighted median 0.605  0.061 6.49x10°> 19.221
L )
nverse variance 0698 | 0.147 2.18x10° 1902.129 48 0 97477 | 19.221
weighted
Simple mode 0.819 | 0.116 6.18x10” 19.221
Weighted mode 0.684 | 0.076 7.48x10°"* 19.221
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Univariable Mendelian Randomization (MR) Analysis — Exposure: fasting insulin (FI), Outcome: hemoglobin (Hb)— (A) Scatter plot showing the single
nucleotide polymorphisms (SNPs) associated with Fl against SNPs associated with Hb (vertical and horizontal black lines around points show 95%
confidence intervals (Cl) for five different Mendelian Randomization (MR) association tests (B) Funnel plot of the effect size against the inverse of the

standard error for Fl against Hb.

For all analyses, the R* adjusted and unadjusted were almost
identical and the regression p-values were <0.005. Normal Q-Q
plots for all data were suggestive of a normal distribution and good
fit. Plots for residuals versus triglyceride-glucose index and residuals
versus fitted values suggested linearity and that likely all
relationships were accounted for in the model. Using the 0.632
Bootstrap method, validation was carried out and resulted in
corrected R” and corrected slopes that were relatively similar to
the original values. The R optimism was found to be 0.0116, which
was less than the cut-off of 0.1. The MSE increased by 1.57% and the
g-index decreased by 3.97%. These results indicate that the model
was not overfit.

Discussion

Epidemiological data suggests that IR and HI are associated
with increased erythrocytosis (16-18), which may plausibly be
secondary to HI mediated erythrocytosis (19). Our MR analyses
suggests that a causal association between HI and increased
erythrocytosis. MR further suggests that increased FI after
adjustment for T2D reduces HbAlc. MR also indicates a
bidirectional inverse relationship between Hb and HbAlc.
Collectively, this data suggest that HI mediated erythrocytosis
might potentially lower HbAlc by non-glycemic effects with the
transition from normoglycemia to T2D. Our observational data was
concordant with the MR analyses. It showed that increased

Frontiers in Endocrinology

triglyceride-glucose index was associated with higher Hb. Further,
increased triglyceride-glucose index associated with lower-than-
expected HbAlc based on fasting glycemia. These findings await
confirmation and assessment of clinical significance in well-
designed prospective studies across the glycemic spectrum from
normoglycemia to preT2D and T2D.

Increased FI is a recognized compensatory feature of IR. Some
features of IR and HI such as increased hepatic glucose production
are likely a consequence of reduced insulin action, while others such
as hepatic steatosis and dyslipidemia are likely due to increased
insulin action via signaling pathways that are not perturbed in IR (4,
5). In vitro studies suggest that insulin can increase erythrocytosis
(19). This suggests that increased insulin action i.e., HI likely
underpins the increased erythrocytosis seen with IR and HI.
Further studies are needed to confirm these findings and explore
underlying mechanisms and signaling pathways.

The potential non-glycemic impacts of increased fasting insulin
on HbAlc might lead to lower-than-expected HbAlc based on
glycemia and thus have implications for people with IR and HI
during screening for preT2D and T2D. HbAlc is increasingly used
to diagnose these conditions, in lieu of fasting glucose/oral glucose
tolerance test measures, and to set glycemic targets for treatment (1,
9-12). Interestingly, observational data indicates that ~40% of
people with T2D diagnosed based on more than one measure of
elevated fasting glucose and/or post OGTT glucose, have HbAlc
below the diabetes threshold (39). The potential non-glycemic
effects of increased FI on HbAlc may also be particularly
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TABLE 4 Univariable MR analyses of fasting insulin (FI) and glycated hemoglobin (HbA1c) as outcome followed by multivariable MR adjusted for
elevated fasting glucose (FG), type 2 diabetes (T2D) and increased hemoglobin (Hb).

Standard Egger-Inter- Cochrane’s
Method 99 Pegger

Error cept Q
Univariable MR Analysis — Exposure: FI (49 SNPs, single nucleotide polymorphisms), Outcome: HbA1c
MR Egger 0226 | 0436 0.608 2.70x10” 0.997 2610.360 47 0 98.199  19.221

1.72x10°
Weighted median 0.348 0.055 10 x 19.221
Inverse variance weighted ~ 0.227 0.162 0.162 2610.361 48 0 98.161 = 19.221
Simple mode 0.689 | 0.097 5.57x107 19.221
(Continued)
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TABLE 4 Continued

Standard Egger-Inter- Cochrane’s

bt Error cept Pegger

Weighted mode 0432 | 0.118 6.42x10" ‘ ‘ ‘ ‘ 19.221

Multivariable MR Analysis — Exposure: Fl adjusted FG (30 SNPs), Outcome: HbA1c

Inverse Variance 0221 | 0133 0.096 1111614 82 3.42x10° 02623 2075
Weighted ’ ’ ' . * ‘ .

Multivariable MR Analysis — Exposure: Fl adjusted T2D (21 SNPs), Outcome: HbA1c

Inverse Variance 8.18x10°
. -0.305 | 0.126 0.016 1211.384 112 184 90.754 14.524
Weighted

Multivariable MR Analysis — Exposure: Fl adjusted Hb (16 SNPs), Outcome: HbA1c

Inverse Variance

. 0.363 0.110 9.14x10* 8336.312 403 0 95.166 = 4.547
Weighted
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FIGURE 3

Univariable Mendelian Randomization (MR) Analysis — Exposure: fasting insulin (FI), Outcome: HbAlc— (A) Scatter plot showing the single nucleotide
polymorphisms (SNPs) associated with Fl against SNPs associated with HbAlc (vertical and horizontal black lines around points show 95%
confidence intervals (Cl) for five different Mendelian Randomization (MR) association tests (B) Funnel plot of the effect size against the inverse of the
standard error for Fl against HbAlc.

TABLE 5 Linear regression for Triglyceride Glucose Index (exposure) on glycation gap* (outcome).

Population (n) Beta Standard error y-intercept p-value
Pre-T2D (1096) -0.087 0.009 1.77 <0.0001
Healthy (6504) 0.023 0.007 0.14 <0.0001
HbAIc < 5% (681) 0.071 0.01 0.41 <0.0001
HbAIC 5 - 5.4% 0.047 0.005 0.6 <0.0001
(2948)

HbAlc 5.5 - 5.9% 0.054 0.006 1.06 <0.0001
(2875)

*Calculated as actual HbAlc - predicted HbAlc using model adjusted for age, sex (21).
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Glucose Index and Glycation Gap in those with normoglycemia.

pertinent for weight loss induced T2D diabetes remission. HbAlc is
the recommended glycemic parameter to define remission in a
patient population with high prevalence of IR and HI (11).

The strengths of this study include MR analyses with the largest
sample sizes in populations of European ancestry and likely
minimal/no overlap between participants in the exposure and
outcome cohorts. Our study has several limitations. The findings
may not apply to other ethnic groups given that we used
populations with European ancestry only. This may especially be
a concern in populations with higher prevalence of
hemoglobinopathies and red cell disorders (13, 40-43).
Additionally, analyses were not stratified by sex which is a major
determinant of body composition, IR and HI (44). For our
observational data we did not have access to individual level data
including medications and comorbidities. Due to these limitations,
we also excluded patients with biochemical evidence of T2D as we
could not reliably ascertain the type of diabetes and account for the
potential impact of medications which might impact red cell
parameters. We derived predicted HbAlc from fasting glucose
and did not account for post-prandial readings which is a major
limitation. Finally, we did not have measures of FI in the
observational cohort and therefore used surrogate measures of IR
and HI in our analyses.

In conclusion, our data suggests that increased FI, a feature of
IR, may increase erythrocytosis and might potentially lower HbAlc
independent of glycemia. As these findings might have implications
for the diagnoses and management of preT2D and T2D, it merits
well designed prospective confirmatory studies across the glycemic
spectrum to confirm these findings and assess whether these effects
are clinically relevant.
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Insulinamyloidosisis a rare form of localized amyloidosis due to insulinaggregation
into subcutaneous amyloid fibrils. We describe the case of a 55years old male with
insulin-requiring type 1 diabetes presenting with two non-inflammatory intra-
dermal nodules associated with local lymph node enlargement. Diagnosis was
confirmed by Congo red coloration of the amyloid deposit and insulin protein
identification on mass spectrometry. Insulinamyloidosis is a potential complication
of repeated subcutaneous insulin injections. The main risk factor is the intrinsic
characteristic of the insulin used. Insulin amyloidosis leads to systemic metabolic
consequences such as chronic hyperglycemia or unpredictable hypoglycemia,
as well as unesthetic cutaneous lumps or abscesses. Standard-of-care is yet to
be defined but mainly rely on therapeutical education of insulin injections, while
surgical excision is reported to improve glycemic control in some patients.

amyloidosis, insulin, type 1 diabetes, hyperglycemia, case report

Highlights

- Insulin amyloidosis (Alns) is a localized form of amyloidosis appearing in some insulin-
requiring diabetic patients.

- Alns manifests as painless, non-inflammatory subcutaneous lumps, which may
be overlooked as lipohypertrophy.

—-In some cases, a granulomatous inflammation around the amyloid deposits can
be evidenced on a 18-FDG-PET scan.

- The typically
immunohistochemistry, mass spectroscopy, or sequencing.

biopsy reveals amyloid deposits further characterized by

- In addition to esthetic discomfort or local infection (abscesses), Alns can lead to chronic
hyperglycemia and unpredictable hypoglycemia.

- First line of care consists in patient education to avoid subsequent insulin injections in the
same, or affected locations, while surgical removal has been shown to improve glycemic

control in some situations.

Introduction

Amyloidosis is a heterogenous group of diseases defined by systemic or localized amyloid
fibril deposits in tissues and extracellular spaces of organs (1). Amyloid fibril is an insoluble
structure resulting of a protein’s abnormal folding and aggregation in cross f-sheets,
characterized by a green or yellow birefringence in polarization microscopy after Congo red
staining. This criteria is key to retain the diagnosis of amyloidosis. In 2022, up to 42 different
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forms of amyloidosis were reported in the international classification
established by the International Society of Amyloidosis (ISA) based
on the protein contained in the amyloid deposits. Addition of a new
protein to the classification implies that its whole sequence has been
characterized and published (1).

Insulin’s amylogenic potential was first demonstrated in 1983 by
Storkel et al. who reported the presence of amyloid deposits on a
systematic skin biopsy performed in a patient treated with daily
injections of porcine insulin (2). Dische confirmed the observation
5years later and identified insulin as the component of the amyloid
substance in a patient by using protein sequencing (3). Insulin
amyloidosis is now recognized as a local form of amyloidosis of
iatrogenic origin, abbreviated to Alns amyloidosis in the international
nomenclature (1). Insulin amyloidosis is a rare, unrecognized and
probably under-diagnosed condition due to its mostly asymptomatic
nature (4). However, it may have clinical significance in some
situations. We report the case of a 55years old patient with insulin
amyloidosis of the left arm in the context of persistent
chronic hyperglycemia.

Case description

A 55-year-old man initially presented to oncology and internal
medicine consultation for several subcutaneous masses that
progressively appeared on his left arm during spring 2021.
Employed in construction and green spaces, his main medical
history was type 1 diabetes treated by basal-bolus insulin therapy
(64IU/day at the time of the medical record), hypercholesterolemia
treated with rosuvastatin, and active alcohol and tobacco
consumption. He also received aspirin 160 mg daily in a primary
prevention of cardiovascular events.

The patient’s type 1 diabetes was diagnosed at the age of 26 and
was characterized by anti-GAD antibody positivity, poor glycemic
control (8.6% of glycated hemoglobin in early 2022, 7,8-8,8% during
the last 10years) and an absence of ocular, renal, neurological or
cardiovascular complication detected at the term of the last check-up
in 2022. Regarding his history of diabetes treatment, he had been
following a basal-bolus insulin therapy since the time of diagnosis,
comprising insulin glargine as a long-acting insulin, and various types
of rapid-acting insulin (human insulin initially for 16 years, insulin
asparte for 10years then insulin lispro subsequently for the last
3years).

The initial clinical examination revealed two non-inflammatory
mobile, firm but painless, subcutaneous nodules measuring 2 and
5cm on the outer and inner sides of the left forearm (Figure 1A).
Two lymph node enlargements were palpable on the elbow and the
left armpit, both mobile and painless. Patient’s general condition
was normal, and there was no fever or other symptoms. There was
no history of recent travel and neither infectious nor
animal contact.

Biologically, there was no inflammatory syndrome, no renal
failure, no elevation of troponin nor NT-proBNP, no abnormal blood
count, no disturbance of hemostasis or transaminases, but isolated
cholestasis with gamma-GT at 145IU/l (3-ULN). There was no
proteinuria, plasma protein electrophoresis showed normal levels of
gamma globulins at 8.9 g/l with polyclonal shape, serum and urine free
light chains and angiotensin converting enzyme were normal.
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Immunophenotyping of circulating lymphocytes only revealed an
increase in the CD4/CD8 ratio with no argument for a lymphoid
hemopathy. Broad infectious tests ruled out an infection.

A soft tissue ultrasound (Figure 1B) confirmed the two
sub-cutaneous lesions of the left forearm, the main one measuring
4cm in its longitudinal axe, associated with four enlarged lymph
nodes located around elbow and armpit. An MRI of the left upper
limb revealed the two sub-cutaneous lesions characterized by T2
hyposignal and enhancement upon gadolinium (Figure 1C). A
18-FDG-PET-CT-scan showed an isolated hypermetabolism
(Figure 1D) colocalizing with the two subcutaneous masses and the
enlarged local lymph nodes. The surgical biopsy of one lesion revealed
granulomatous remodeling in contact with amyloid deposits
(Figures 2A,B), displaying red-green birefringence under polarized
light after Congo red staining (Figure 2C). Bacteriological and
mycobacteriological cultures of the surgical specimen were both
negative. Proteomic analyses using mass spectrometry confirmed the
insulin origin of the amyloid deposits leading to the diagnosis of
insulin amyloidosis (Figure 2D). Upon further medical history taking,
the patient revealed using these two locations (among others) as
injections sites for insulin.

Discussion

Insulin amyloidosis is a rare and probably under-diagnosed
condition due to its mostly asymptomatic nature (4). However, it
may have clinical significance in some situations, like in our
patient, with persistent chronic hyperglycemia. Indeed, Alns is a
rare complication of insulin therapy in diabetic patients, mainly
type 1 diabetes (66% of reported cases, like our patient), with a
history of diabetes ranging from 7 to 60years (4). Insulin is a
51-amino-acid polypeptide made of one a-chain and one B-chain
linked by disulfide bridges. Although the a-chain also exhibits a
propensity to aggregate, the p insulin chain is the one chain mostly
involved in P cross-sheet assembly, under the influence of several
factors specific to the therapeutic formulation of insulin: pH of the
solution (an acidic pH promotes aggregation), high insulin
concentration, elevated shear forces exerted in insulin pens or
pumps, adjuvant molecules used in the formulations (e.g., silicone
oil), and even the type of the insulin itself, as human insulin appear
to more likely aggregate into sheets than insulin of porcine origin
(4-7). Regarding analogs, they all have been reported susceptible
to form amyloid fibrils, especially insulin lispro according to the
work by Woods et al. (6) These five factors combined with the wide
use of insulin pens and pumps since the late 1980s may partly
explain the increasing number of reported cases (4). Another
explanation could be a closer monitoring of insulin injection sites
in diabetic patients and thus more frequent diagnoses of Alns
amyloidosis (7). In the medical case we herein report, the patient
had been treated with pens of rapid-acting human insulin for
approximately 16 years upon diagnosis of type 1 diabetes before
being treated with insulin analogs (insulin asparte first, then
insulin lispro) for another 13 years, along with insulin glargine for
the whole
subcutaneous nodules appeared 29 years after the disease’s onset,

duration of the disease. Insulin amyloidosis

at a time when insulin lispro was being used as the rapid-
acting insulin.
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FIGURE 1

Clinical and paraclinical features of the patient. (A) Presence of two subcutaneous nodules on the left arm (arrows), (B) Soft tissue ultrasound of the left
arm evidencing and measuring one subcutaneous mass, (C) MRI frontal slices of the left upper limb (T1 with gadolinium injection on the left, and T2 on
the right), and (D) 18-FDG-PET-CT scan showing a 18-FDG uptake by the nodule (arrow) on the left arm.

Classified as a local form of amyloidosis, AIns amyloidosis mainly
manifests as firm subcutaneous nodules or masses at one or more
insulin injection sites (5). Most of reported cases describe a local
impact ranging from simple esthetic discomfort to infectious
complications and abscesses (3). Association with lymph node
enlargement at lymphatic drainage sites, as described in our case, is
however uncommon: only one other case reported amyloid deposits
associated with a regional adenopathy (5). Nevertheless, Alns
amyloidosis can lead to more systemic symptoms, as it is often
associated with metabolic complications such as hypoglycemia, or
more frequently, chronic hyperglycemia. In a recent literature review,
Nilsson described the difficult control of diabetes in patients with Alns
amyloidosis, with a mean glycated hemoglobin of 9.7% (4). Indeed,
diabetic patients with amyloid nodules prefer injecting insulin in these
amyloid sites because so injections are less painful, while it is now
clear that insulin absorption is much lower at these sites, around 34%
of the usual absorption (6, 7). Several hypotheses have been raised:
mechanical obstruction to injected insulin, or local enzymatic
degradation or conversion of injected insulin into monomers by the
amyloid fibrils (4). On the other hand, hypoglycemia is also frequently
observed in these patients, possibly due to an unpredictable release of
the insulin accumulated at the injection site(s) (4).

Like for other forms of amyloidosis, histological diagnosis of
Alns amyloidosis relies on the proof of amyloid deposition using
Congo red staining and characterization of the amyloid deposit
using immunochemistry, mass spectrometry, amino acid analysis
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or sequencing (4). However, as Alns amyloidosis is a rare and
poorly known condition manifesting with non-specific clinical and
biological features, clinicians should rule out differential diagnoses,
such as multiple myeloma, systemic amyloidosis, and other
malignancies. Indeed, the occurrence of a subcutaneous mass in
insulin-requiring diabetic patients is a frequent issue affecting 27
to 64.4% of these patients (8). Lipohypertrophy is the main
differential diagnosis, manifesting as painless subcutaneous masses
at the insulin injection site(s). In this context, the biopsy is
discriminating, as lipohypertrophy is related to adipocyte
hypertrophy and not insulin amyloid deposit with granulomatous
reaction (5). Nonetheless, to avoid systematic skin biopsy, some
authors emphasize the interest of imaging to differentiate insulin
amyloidosis from lipohypertrophy, the latter distinguishing on
MRI by a fat-like signal, while in our patient Alns amyloidosis
displayed a gadolinium-enhanced T2 hypointense lesion (7).
However, MRI characteristics of insulin amyloidosis remains
scarcely known. In the work by Nagase et al, insulin amyloidosis
seems to induce T1 hyposignal, although no details were given
about T2 features and gadolinium enhancement in this report (9).
In addition, we report an 18-FDG uptake by insulin amyloidosis
nodules. This is interesting because amyloid deposits are mostly
acellular, being composed of aggregates of misfolded proteins that
are likely to induce granulomatous inflammatory reaction to resorb
it. Another work by Albert et al reported the presence of a
granulomatous reaction around the subcutaneous amyloid deposit
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FIGURE 2

Histological analyses of the biopsy of one subcutaneous nodule. (A) HES section at low magnification (x10) evidencing granulomas with giant cells
(arrows) phagocytizing the amorphous substance (*), (B) HES section at higher magnification (x40), (C) Section at low magnification (x4) stained with
Congo Red evidencing the amyloid deposit (*), and (D) Detailed results of the mass spectrometry evidencing the insulin protein highlighted in yellow,
along with the serum amyloid P-component in red (of note, immunoglobulin heavy gamma chains were of polyclonal origin).
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d factor

in the skin of a 59-year old patient with severe insulin resistance
(10). We believe that 18-FDG uptake is mostly due to the
granulomatous inflammation, as observed in histological sections
of patient’s lesions, possibly combined with high local insulin
concentrations resulting in increased glucose uptake by immune
and stromal cells.

Apart from lipohypertrophy, it is important to bear in mind the
possibility of other causes of subcutaneous mass in patients with
diabetes, such as skin cancer, lymphoma, or local infection
(staphylococcus sp., streptococcus sp., mycobacterium sp., fungi). Insulin
resistance syndrome characterized by insufficient effect of subcutaneous
insulin compared to intravenous in diabetic patient must also
be considered (11). Of note, Soudan et al reported a high dermal
insulin concentration in these patients, but Congo red staining seeking
amyloid deposit was not performed suggesting that a fraction of these
patients might rather have had Alns amyloidosis (11). Other important
differential diagnoses include more common forms of amyloidosis such
as AL amyloidosis, AA amyloidosis or ATTR amyloidosis. In our case,
the positive diagnosis of Alns amyloidosis was made after the surgical
biopsy showed a typical birefringence with Congo red staining, along
with the evidence of insulin deposition on mass spectrometry.
Regarding differential diagnoses, clinical, biological, radiological and
histopathological findings were inconsistent with lipohypertrophy (the
biopsy showed no adipocyte hypertrophy), other forms of amyloidosis
(no light chain elevation, no monoclonal spike, no past or present
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chronic inflammation, or other amyloidogenic protein on mass
spectrometry), malignancy (no other hypermetabolic location on
18-FDG PET-CT) or
mycobacteriological cultures of the biopsy were negative).

infection (blood, bacteriological and

Finally, as many rare presentations of common diseases,
management of Alns amyloidosis is not standardized. Therapeutic
education on insulin injections seems a legitimate first-line treatment
so that insulin injections can be carried out in other sites and
preferentially in unaffected areas, at a lower dosage and under close
blood sugar control to avoid hypoglycemia. This strategy may
be sufficient to improve glycaemia in most patients, as elicited in a case
reported by Nagase et al. where the switch of insulin injections sites
alone could reduce insulin dosage by 47% in a patient (9, 11). Surgical
removal can be another treatment option, although its indications
remain to be better defined. In some cases, it may improve glycemic
control (12). Thus, severe and/or refractory insulin resistance despite
therapeutic education to insulin injections could be potential
indications for surgical removal of the nodules.

In conclusion, Alns amyloidosis remains an incompletely
understood complication of insulin treatment in patients living with
diabetes due to the low number of reported cases. Its real incidence
and prevalence in insulin-requiring diabetic subjects is probably
underestimated and under-diagnosed. This case description aims at
providing physicians with a better understanding of this disease to
potentially lead to a better recognition and treatment.
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Objectives: Cardiovascular diseases are the common cause of death in patients
with idiopathic inflammatory myopathies (IIMs). Diabetes mellitus was associated
with higher cardiovascular mortality, but few studies focused on the risk of
diabetes mellitus in IIMs patients. Our study is aimed at developing a predictive
model of diabetes mellitus in IIMs patients.

Methods: A total of 354 patients were included in this study, of whom 35 (9.9%)
were diagnosed as new-onset diabetes mellitus. The predictive nomogram was
drawn based on the features selected by least absolute shrinkage and selection
operator (LASSO) regression, univariate logistic regression, multivariable logistic
regression, and clinical relationship. The discriminative capacity of the
nomogram was assessed by C-index, calibration plot, and clinical usefulness.
The predictive model was verified by the bootstrapping validation.

Results: The nomogram mainly included predictors such as age, gender,
hypertension, uric acid, and serum creatinine. This predictive model
demonstrated good discrimination and calibration in primary cohort (C-
index=0.762, 95% CI: 0.677-0.847) and validation cohort (C-index=0.725).
Decision curve analysis indicated that this predictive model was clinically useful.

Conclusions: Clinicians can assess the risk of diabetes mellitus in [IMs patients by
using this prediction model, and preventive measures should be taken early for
high-risk patients, ultimately reducing the adverse cardiovascular prognosis.

KEYWORDS

diabetes mellitus, idiopathic inflammatory myopathies, nomogram, predictive model,
cardiovascular diseases
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1 Introduction

Idiopathic inflammatory myopathies (IIMs) are a group of rare
autoimmune diseases characterized by chronic inflammatory
infiltration of the skeletal muscle and proximal muscle weakness,
which affect approximately 14.0 to 17.4 per 100,000 person-years (1).
Multiple organs are involved in patients with IIMs, including skin,
lungs, heart, and gastrointestinal tract, etc. Although the overall survival
rate of patients with IIMs has improved, cardiac involvement remains a
poor prognostic factor that as a cause of death has been reported in 10-
20% of IIMs patients (2-4). Numerous studies demonstrated that the
risk of cardiac involvement in patients with IIMs was higher than that
in the general population, which was the same as other connective
tissue diseases (CTD) (5, 6). Moreover, diabetes mellitus, a well-known
traditional risk factor for cardiovascular events, was associated with
higher cardiovascular mortality in patients with CTD, such as systemic
lupus erythematosus (SLE) and rheumatoid arthritis (RA) (7, 8).
However, the underlying mechanisms and pathogenesis of diabetes
mellitus in these diseases remained unknown. Limited evidence
revealed that inflammation, insulin resistance and pancreatic 3 cell
dysfunction may play an important role in the process (8-10). More
recent studies showed that diabetes mellitus in IIMs patients was not
uncommon, as it occurred in about 4.2% to 29% of patients, whose
prevalence was also higher than that in age- and sex-matched healthy
controls (11-13). Despite the prevalence of diabetes mellitus in IIMs
patients was high, it was often ignored the presence and onset of
diabetes mellitus by clinicians. Of note, Yu et al. pointed out that
diabetes mellitus was positively associated with mortality in patients
with polymyositis and dermatomyositis (HR=2.57, 95%CIL: 1.38-4.80,
P< 0.0001) (9). In addition, patients with diabetes mellitus not only
reduce the quality of life but also may lead to serious complications that
increase medical expenses (14, 15). Therefore, it was crucial to predict
the risk of developing diabetes mellitus in IIMs patients and then take
preventive measures early for high-risk cases, and ultimately reduce the
adverse cardiovascular prognosis.

To data, some models and clinical nomograms have been
developed to predict the incidence of diabetes mellitus, but most
of them are focused on the general population and rarely involved
in subjects with autoimmune diseases. As far as we know, no study
has been conducted to predict the incidence of diabetes mellitus in
IIMs patients. Hence, the purpose of the current study is to establish
an effective prediction model for diabetes mellitus based on
demographic and clinical features of IIMs patients.

2 Materials and methods

2.1 Study population and
follow-up evaluation

We conducted a retrospective cohort study including patients with
IIMs who underwent a regular follow-up at the Third People’s Hospital
of Chengdu between January 2010 and December 2020. The diagnosis
of IIMs was determined by experienced clinicians according to the
criteria of Bohan and Peter (16). All participants received periodical
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follow-ups and clinical examinations (at least once every three months)
during the study period. The follow-up time was defined as the time
from the onset of IIM to the date of diagnosis of diabetes mellitus or the
last visit, whichever occurred first. Patients were not included if they
had previous history of type 1 or type 2 diabetes, malignant tumor,
infectious diseases, hyperthyroidism, congenital heart disease,
myocardial infarction, heart failure, chronic obstructive pulmonary
disease, severe hepatic and renal insufficiency, and overlap syndrome at
baseline. Furthermore, subjects with irregular follow-up or incomplete
data were also excluded from the study. Finally, this study included a
total of 354 patients who met the above-mentioned criteria. This
retrospective study was approved by the Ethic Committee of the
Third People’s Hospital of Chengdu and performed in accordance
with the Declaration of Helsinki (2019 S-20). All patients signed
written informed consent.

Information, such as demographic characteristics, clinical
manifestations, and drug administration, on each patient was
collected through face-to-face interviews by trained physicians.
After a 12-h fasting period, venous blood was collected in the
morning from all subjects, and laboratory parameters were
determined by using standard clinical laboratory techniques.

2.2 Diabetes mellitus assessment

During the study period, a fasting plasma glucose (FPG) >7.0
mmol/L, and/or self-reported diabetes can be considered as new-
onset diabetes (17). Plasma glucose levels were measured on YSI
glucose analyzer 2700 by the glucose oxidase method. Patients were
checked at the time of diagnosis of diabetes mellitus or the last visit,
whichever came first.

2.3 Data collection

The patients’ data were recorded in electronic medical records
system during routine clinical follow-up. Demographics, clinical
manifestations, laboratory parameters, and drug administration
were systematically extracted from electronic medical records.
Data were collected by two trained graduate students and checked
by an experienced clinician.

2.4 Definition

In the current study, the diagnosis of overlap syndrome was
based on the American College of Rheumatology (ACR) criteria for
SLE (18), RA (19) and systemic sclerosis (20). Smoking was defined
as having at least one cigarette per day and persisting for more than
one year (21). Hypertension was defined as systolic blood pressure
(SBP) 2140mmHg and/or diastolic blood pressure (DBP) 290
mmHg, and/or the use of antihypertensive medication (22). The
following laboratory parameters were assessed: total protein (TP,
normal range: 60-83 g/L), albumin (ALB, normal range: 35-55 g/L),
urea (normal range: 3.38-8.57 mmol/L), serum creatinine (Scr,
normal range: 53-140 wmol/L), serum uric acid (UA, normal

frontiersin.org


https://doi.org/10.3389/fendo.2023.1118620
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Nie et al.

range: 240-490 pmol/L), triglyceride (TG, normal range: 0.29-1.83
mmol/L), total cholesterol (TC, normal range: 2.8-5.7 mmol/L),
high-density lipoprotein-cholesterol (HDL-C, normal range: >0.9
mmol/L), low-density lipoprotein-cholesterol (LDL-C, normal
range: <4.0 mmol/L), C-relative protein (CRP, normal range: <10
mg/L), and erythrocyte sedimentation rate (ESR, normal range: <40
mm/h).

2.5 Statistical analysis

All data mainly including baseline characteristics, clinical
manifestations, laboratory parameters, and drug administration
were expressed as count (%) or mean + SD. All statistical analyses
were conducted by using the R software (Version 4.1.0; https://
www.R-project.org). A P-value of less than 0.1 (two-tailed) was
considered statistically significant.

The least absolute shrinkage and selection operator (LASSO)
regression was a punitive regression method, which estimated the
regression coefficient by maximizing the logarithmic likelihood
function and limited the sum of the absolute values of the regression
coefficients (23). And the LASSO regression removed unnecessary
covariates, which was applied to the reduction of high dimensional
data. In this study, we first selected the most important variables related
to diabetes mellitus in patients with IIM by using the LASSO regression
model. Then, the features selected by the LASSO regression were used
for univariate logistic regression and multivariable logistic regression
analysis. The features were considered as odds ratio (OR) having 95%
confidence interval (CI) and as P-value. The development of predictive
model for diabetes mellitus in IIMs patients was based on the results of
the LASSO regression, multivariable logistic regression, and
clinical relationship.

The nomogram was utilized to show the risk prediction model of
new-onset diabetes mellitus in patients with IIMs. The prediction
model was validated from three aspects: discrimination ability,
calibration ability, and clinical usefulness. Harrell's C-index was used
to evaluate the predictive accuracy of the nomogram (24). The C-index
can range from 0.5 to 1.0. The C-index of 0.5, which represented
random chance and this model had no predictive value, and the C-
index of 1.0, which indicated exactly the same and this model had
perfect discrimination. In general, C-index >0.7 was considered to have
better discrimination ability. The goodness of fit was assessed using a
calibration curve, and the area under the curve (AUC) of receiver
operating characteristic (ROC) was similar to the C-index. Decision
curve analysis (DCA) was also conducted to evaluate the clinical
usefulness of the prediction model by quantifying the net benefits for
a range of threshold probabilities in the whole cohort (25). This
nomogram was further validated by bootstrapping (1000 bootstrap
replicates) to calculate the relatively correctional C-index.

3 Results

3.1 Patients’ characteristics

A total of 354 IIMs patients met the inclusion criteria for this
study, with the mean age of 48 years (range: 18-82 years), of whom
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67.2% were female. This cohort consisted of 95 patients with
polymyositis, 247 patients with dermatomyositis, and 12 patients
with inclusion body myositis. The median follow-up time in the
current study was 6 months (ranging from 1 to 120 months). There
were 35 out of 354 patients (19 female and 16 male) who developed
diabetes mellitus, with the mean age of 55 years (range: 20-76
years). The mean of baseline FPG of the included subjects was 4.72
+ 0.77 mmol/L, and there was no statistical difference in FPG
between patients with or without diabetes mellitus (4.87 + 0.73
mmol/L vs. 4.70 + 0.78 mmol/L). The detailed characteristics of
patients with IIMs were presented in Table 1.

3.2 Features selection

The LASSO regression model was applied to select the most
optimal predictive features. In this study, there were 35 variables for
LASSO logistic regression analysis, and 7 of them had nonzero
coefficients (Figure 1). These 7 features included age, gender,
hypertension, UA, Scr, ESR, and Raynaud’s phenomenon. Then,
these 7 features were analyzed by univariate logistic regression and
multivariable logistic regression, and the results pointed out that
age, gender, hypertension, UA, and Scr were statistically significant
between the two groups. Based on the results of LASSO regression
analysis and logistic regression analysis, and clinical correlation, we
selected age, gender, hypertension, UA, and Scr as predictors of
diabetes mellitus in IIMs patients (Tables 2, 3).

3.3 Development of an individualized
prediction model

As shown in Figure 2, the nomogram was drawn to provide a
quantitative and convenient tool to predict the risk of diabetes
mellitus in IIMs patients by using age, gender, hypertension, UA
and Scr. The point of each predictor can be determined by drawing
a vertical line to the point axis, and the total points can be calculated
by summing point of each related factor in the nomogram. The
higher the total points, the higher the risk of developing diabetes
mellitus in patients with IIMs.

3.4 Validation of the nomogram of
diabetes mellitus in [IMs patients

The calibration curve of the prediction diabetes mellitus
nomogram in these patients presented good calibration
(Figure 3). The C-index of this predictive nomogram was 0.762
(95% CI: 0.677-0.847) for the primary cohort, which was confirmed
to be 0.725 by bootstrapping validation. The AUC value of this
prediction model was 0.754 (95% CI: 0.665-0.843). DCA was used
to evaluate the clinical usefulness of the predictive nomogram.
From the perspective of the decision curve (Figure 4), if the
threshold probability of a patient and a doctor was >2% and
<68%, respectively, using this nomogram to predict the risk of
diabetes mellitus in IIMs patients would achieve a favorable net
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TABLE 1 Clinical and demographic characteristics of 1IMs patients.

Diabetes mellitus Non-diabetes mellitus
Characteristics

(n=35) (n=319)

Age (mean * SD) (years) 55+ 14 48 + 13 48 + 14

‘ Gender (n,%)

Female 19 (54.3) 219 (68.7) 238 (67.2)
Male 16 (45.7) 100 (31.3) 116 (32.8)
FPG (mean + SD) (mmol/L) 4.96 + 0.71 471 +0.78 473 +0.77

‘ Follow-up (n,%) (months)

<6 15 (42.9) 149 (46.7) 164 (46.3)
>6 20 (57.1) 170 (53.3) 190 (53.7)

Smoking (n,%) 3 (8.6) 23 (7.2) 26 (7.3)
Hypertension (n,%) 10 (28.6) 40 (12.5) 50 (14.1)
Dysphagia (n,%) 10 (28.6) 78 (24.5) 88 (24.9)
Myalgia (n,%) 14 (40.0) 159 (49.8) 173 (48.9)
Arthralgia (n,%) 10 (28.6) 133 (41.7) 143 (40.4)
Rash (n,%) 25 (71.4) 216 (67.7) 241 (68.1)
Lung involvement (n,%) 13 (37.1) 114 (35.7) 127 (35.9)
Gottron’s sign (n,%) 8 (22.9) 88 (27.6) 96 (27.1)
Raynaud’s phenomenon (n,%) 0 (0.0) 33 (10.3) 33 (9.3)
ESR positive (n,%) 21 (60.0) 232 (72.7) 253 (71.5)
CRP positive (n,%) 21 (60.0) 179 (56.1) 200 (56.5)

‘ TP (n,%)

Below normal 11 (31.4) 94 (29.5) 105 (29.7)
Normal 24 (68.6) 222 (69.6) 246 (69.5)

Above normal 0 (0.0) 3(0.9) 3(0.8)

‘ ALB (n,%)

Below normal 18 (51.4) 151 (47.3) 169 (47.7)

Normal 17 (48.6) 168 (52.7) 185 (52.3)

‘ Urea (n,%)

Below normal 4 (11.4) 40 (12.5) 44 (12.4)
Normal 30 (85.7) 256 (80.3) 286 (80.8)
Above normal 1(2.9) 23 (7.2) 24 (6.8)

‘ Scr (n,%)

Below normal 21 (60.0) 157 (49.2) 178 (50.3)
Normal 14 (40.0) 162 (50.8) 176 (49.7)
‘ UA (n,%)
Below normal 19 (54.3) 98 (30.7) 117 (33.1)
Normal 16 (45.7) 221 (69.3) 237 (66.9)
‘ TG (n,%)

(Continued)
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TABLE 1 Continued

Diabetes mellitus

Characteristics

10.3389/fendo.2023.1118620

Non-diabetes mellitus

(n=35) (n=319)
Normal 17 (48.6) 160 (50.2) 177 (50.0)
Above normal 18 (51.4) 159 (49.8) 177 (50.0)
TC (n,%)
Below normal 2 (5.7) 21 (6.6) 23 (6.5)
Normal 27 (77.2) 246 (77.1) 273 (77.1)
Above normal 6 (17.1) 52 (16.3) 58 (16.4)
HDL-C (n,%)
Below normal 10 (28.6) 79 (24.8) 89 (25.1)
Normal 25 (71.4) 240 (75.2) 265 (74.9)
LDL-C (n,%)
Normal 32 (91.4) 298 (93.4) 330 (93.2)
Above normal 3(8.6) 21 (6.6) 24 (6.8)
Antinuclear antibody positive (n,%) 21 (60.0) 214 (67.1) 235 (66.4)
Anti SSA antibody positive (n,%) 4 (11.4) 43 (13.5) 47 (13.3)
Anti SSB antibody postive (n,%) 0 (0.0) 16 (5.0) 16 (4.5)
Anti-SCL-70 antibody postive (n,%) 0 (0.0) 5 (1.6) 5(1.4)
Anti-Jol antibody postive (n,%) 1(2.9) 23 (7.2) 24 (6.8)
Use of GC (n,%) 15 (42.9) 137 (42.9) 152 (42.9)
Use of MTX (n,%) 3 (8.6) 34 (10.7) 37 (10.5)
Use of CTX (n,%) 1(2.9) 8 (2.5) 9 (2.5)
Use of HCQ (n,%) 1(2.9) 23 (7.2) 24 (6.8)
Use of AZA (n,%) 1(29) 6 (1.9) 7 (2.0)
Use of TII (n,%) 0 (0.0) 9 (2.8) 9 (2.5)
Use of TGP (n,%) 2 (5.7) 7 (2.2) 9 (2.5)

FPG, fasting plasma glucose; ESR, erythrocyte sedimentation rate; CRP, C-relative protein; TP, total protein; ALB, albumin; Scr, serum creatinine; UA, uric acid; TG, triglyceride; TC, total
cholesterol; HDL-C, high-density lipoprotein-cholesterol; LDL-C, low-density lipoprotein-cholesterol; GC, glucocorticoid; MTX, methotrexate; CTX, cyclophosphamide; HCQ,
hydroxychloroquine; AZA, azathioprine; TII, tripterygium wilfordii; TGP, total glucosides of paeony.

benefit than the scheme. What’s more, the net benefit was
comparable with several overlaps, on the basis of the predictive
nomogram of diabetes mellitus in this range. In short, these results
all suggested this model had good discrimination.

4 Discussion

Cardiac involvement in patients with IIMs was mostly atypical
and seldom attracted the attention of clinicians. However,
increasing amounts of data demonstrated that cardiovascular
events were the common cause of death in IIMs. Early
identification and control of cardiovascular risk factors can
reduce mortality and improve the quality of life in IIMs patients.
Diabetes mellitus was an indispensable risk factor for cardiovascular

Frontiers in Endocrinology

diseases, so it was greatly significant to identify the risk of diabetes
mellitus in patients with IIMs. As a tool to evaluate the risk and
prognosis of disease, nomogram has been paid more attention and
applied in medical research and clinical practice. To the best of our
knowledge, our study was the first to provide a relatively accurate
prediction model of diabetes mellitus in patients with IIMs based on
generally available clinical features. Nomogram illustrated that
older age, male, hypertension, low levels of UA and Scr were
more likely to develop diabetes mellitus in patients with IIMs.
The C-index of the constructed nomogram and the internal
validation was up to 0.762 and 0.725, respectively, which
demonstrated that this predictive model had adequate
discrimination and calibration. Furthermore, the decision curve
analysis indicated this nomogram also had good clinical usefulness.
Therefore, we think that clinicians can assess the risk of diabetes
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Coefficients

Log Lambda

Demographic and clinical features selection using the LASSO regression model. (A) Optimal tuning parameter (A) selection in the LASSO regression
model used ten-fold cross-validation via minimum criteria. The binomial deviance curve was plotted versus log (A). Dotted vertical lines were drawn
at the optimal values by using the minimum criteria and 1 standard error (SE) of the minimum criteria (the 1-SE criteria). (B) LASSO coefficient profiles
of the 35 features. A coefficient profile plot was produced against the log (A) sequence. Vertical line was drawn at the value selected using ten-fold
cross-validation, where optimal lambda resulted in 7 features with nonzero coefficients.

TABLE 2 Univariate logistic regression for features of diabetes mellitus.

variable Odds ratio (95%Cl) P-value
Age, years
>60 1.5280(1.1220-2.0820) 0.0070
45-59 1.5330(0.9760-2.4080) 0.0640
18-44 1.0000(Ref.) —
Hypertension
Yes 3.8670(1.4640-10.2150) 0.0060
No 1.0000(Ref.) —
Gender
Male 2.6750(1.1890-6.0150) 0.0170
Female 1.0000(Ref.) —
Scr
Below normal 2.4910(1.0970-5.6530) 0.0290
Normal 1.0000(Ref.) —
UA
Below normal 2.7990(1.2830-6.1090) 0.0100
Normal 1.0000(Ref.) —
Raynaud's phenomenon
Yes 0.3320(0.0420-2.6100) 0.2950
No 1.0000(Ref.) —
ESR
Below normal 1.9600(0.8870-4.3350) 0.0960
Normal 1.0000(Ref.) —

Scr, serum creatinine; UA, uric acid; ESR, erythrocyte sedimentation rate.
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mellitus in IIMs patients by referring to this prediction model. For
high-risk patients, preventive measures should be taken as soon as
possible to reduce or delay the occurrence of diabetes mellitus.
The findings of our study were consistent with those of previous
studies in other CTD or general population. For example, age and
gender were considered to be important risk factors for diabetes
mellitus, and the risk of diabetes mellitus increased with age.
Similarly, a cross-sectional study demonstrated that the
prevalence of diabetes mellitus increased with age, and subjects
aged 60 years or older and aged 44-59 years had 2.35-fold and 2.77-
fold increased risk of diabetes mellitus compared to subjects
younger than 44 years, respectively (26). It may be contributed to
the gradual decline of pancreatic P cell function with aging,
eventually resulting in relative or absolute lack of insulin and
altered glucose metabolism (27). It was worth noting that the
epigenetic changes caused by aging may also affect pancreatic
islets gene expression and insulin secretion. Age-related changes
in pancreatic islets DNA methylation also can increase insulin
resistance, impaired pancreatic B cell function, and induce
diabetes mellitus (28). In addition, the prevalence of IIMs patients
in women was higher than that in men, and the latter had a higher
risk of developing diabetes mellitus than females that was also
similar to the general population (29, 30). A study on the
complications of polymyositis revealed that the prevalence of
diabetes mellitus had a difference in men and women (26.1% vs
13.5%), but it was not statistically significant (P=0.201) (13). The
relationship between gender and diabetes mellitus may be
associated with sex steroids (31). The levels of testosterone in
men decreased with the increase of age, and lower levels of serum
testosterone in men were often correlated with insulin resistance,
obesity and metabolic compromise (32, 33). It has been confirmed
that low levels of serum testosterone in men may be applied to
predict the development of type 2 diabetes (34). Additionally, there
were great differences in pancreatic islets DNA methylation
between genders, and extensive DNA methylation often occurred
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TABLE 3 Multivariable logistic regression model for features of diabetes mellitus.

Intercept and variable

Prediction model

Odds ratio (95%Cl)

Intercept -4.3077 0.0134 (0.0041-0.0386) <0.0001
Age, years
=60 0.9137 2.4936(0.9027-7.1909) 0.0811
45-59 0.7651 2.1492(0.8413-5.7979) 0.1157
18-44 — 1.0000(Ref.) —
Hypertension
Yes 1.2247 3.4033(1.2833-8.8116) 0.0119
No — 1.0000(Ref.) —
Gender
Male 1.0126 2.7529(1.2436-6.1956) 0.0129
Female — 1.0000(Ref.) —
Scr
Below normal 0.8587 2.3602(1.0669-5.3914) 0.0365
Normal — 1.0000(Ref.) —
UA
Below normal 0.9381 2.5550(1.1942-5.5531) 0.0160
Normal — 1.0000(Ref.) —

Scr, serum creatinine; UA, uric acid.

in women that can lead to increased insulin secretion, reducing the
risk of diabetes mellitus (28). Hypertension was not uncommon in
patients with IIMs, and the reported prevalence of hypertension in
IIMs patients varied from 38.7 to 71% based on different patient
selection and different definitions of disease used in the studies (12,
13). Patients with hypertension probably tended to have
concomitant metabolic disorders, and researchers had identified
that patients with hypertension were nearly 2.5 times more likely to

Points
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Age
<50
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Below_normal

UA

Normal Above_normal

Below_normal

Normal

Total Points
450

(2%

03 04 05 08 07

FIGURE 2
Developed the predictive nomogram of diabetes mellitus in [IMs
patients. The predictive nomogram was developed in the cohort,
with the age, gender, hypertension, uric acid (UA), and serum
creatinine (Scr) incorporated.
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develop diabetes mellitus than healthy subjects (35). In patients
with hypertension, there was a 9% elevation in the risk of diabetes
mellitus for each 10 mmHg increased in systolic blood pressure
(36). Hypertension and diabetes mellitus often coexist and interact
with each other, and their pathogenesis may be related to
inflammation. Proinflammatory cytokines such as tumor-necrosis
factor o (TNF-0) and interleukin-6 (IL-6) not only involved in the
pathogenesis of hypertension, but also interfered with the insulin
signaling pathways which were associated with insulin resistance
and diabetes mellitus (37, 38). UA was mostly produced by the liver
and excreted by the kidneys, and UA played a pivotal role in the
antioxidant defense system in humans (39). Notably, Pitocco et al.
pointed out that there was a negative correlation between UA and
glycemia (r=-0.28, P=0.027), which was consistent with the result of
current study (39). However, the precise mechanism of
hypouricemia on the development of diabetes mellitus in IIMs
patients was still poorly determined. Limited evidence
demonstrated that the relationship between UA and glycemia
may be contributed to the excessive production of NO caused by
oxidative stress, and NO can restrict the production of UA by
inhibiting the activity of endothelial xanthine oxidase activity (39,
40). Furthermore, oxidative stress often presents in the early stage of
diabetes mellitus (39). To date, the study focusing on low Scr and
diabetes mellitus in autoimmune diseases were rare. However, a
large prospective study demonstrated that low Scr was associated
with an increased risk of diabetes mellitus in the general population
(41). Creatinine was a metabolite of muscle creatine and its
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FIGURE 3

Calibration curves of the predictive nomogram of diabetes mellitus
in the cohort. The x-axis represents the predicted risk of diabetes
mellitus. The y-axis represents the probability of the actual
diagnosed diabetes mellitus. The diagonal dotted line represents a
perfect prediction by an ideal model. The solid line represents the
performance of the nomogram, of which a closer fit to the diagonal
dotted line represents a better prediction.

concentration in serum was proportional to muscle mass, muscle
mass was negatively related to insulin resistance and diabetes (42).
Thus, it was speculated that low serum creatinine may be a
predictor of diabetes mellitus (43). It was worth mentioning that
whether the clinical manifestations and the treatment of IIMs were
associated with the development of diabetes mellitus was still
unknown. However, a study presented that hydroxychloroquine
(HCQ), methotrexate (MTX) and tumor-necrosis factor inhibitors
(TNFi) were related to decreased risk of incident diabetes mellitus
in RA patients, and glucocorticoid (GC) was associated with
increased risk of diabetes mellitus in a dose-dependent manner
(44). The mechanism underlying the diabetes risk reduction with
HCQ, MTX and TNFi may be attributed to the reduction of
inflammatory, the improvement of glucose metabolism and
pancreatic 3 cell function (44). Glucocorticoid increased glucose
by augmenting hepatic gluconeogenesis, inhibiting glucose uptake
in adipose tissue, and antagonizing insulin-mediated glucose
disposal in a dose-dependent manner (45, 46). Therefore, drugs
should be reasonably selected to reduce the risk of diabetes in the
treatment of autoimmune diseases.

There are currently no studies on diabetes risk prediction
models in connective tissue diseases; But in recent years,
multivariate risk scores have been developed to predict the risk of
diabetes in healthy individuals and most risk scores contain typical
diabetes risk factors such as age, gender, degree of obesity, family
history of diabetes and blood pressure status (47-50). In this study,
a prediction model of diabetes prevalence in IIMs was developed,
and the important characteristics derived included age, gender,
hypertension, UA, and Scr, which were somewhat coincident and
similar to the results of previous studies (48). Due to different
research factors and statistical methods, different prediction models
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Decision curve analysis for the predictive nomogram of diabetes
mellitus. The y-axis measures the net benefit. The dotted line
represents the risk of predictive nomogram. The thin solid line
represents the assumption that all patients have diabetes mellitus.
Thin thick solid line represents the assumption that no patients have
diabetes mellitus. The decision curve demonstrates that if the
threshold probability of a patient and a doctor is >2% and <68%,
respectively, using this nomogram to predict diabetes mellitus of
IIMs adds more benefit than the scheme.

may also get different prediction findings. Previous studies mostly
used univariate or multivariate analysis to obtain the results, which
may be prone to multicollinearity problems. LASSO regression
analysis can better resolves confound from multicollinearity (51).
It builds a model with better accuracy and stability by reducing the
complexity of the model. After filtering out meaningful variables,
univariate and multivariate logistic regression analyses were used
again to make the results more reliable and stable. The constructed
model was also verified for its discrimination, calibration and
clinical applicability, thus we can establish a model with better
validity and applicability.

There are some limitations to this study that are worth
mentioning. First, our study is a retrospective study in which
individuals with incomplete data are exclude, which may lead to
selection bias. Second, although this study includes a wide range of
potential predictors, there are other factors that cannot be acquired,
such as drinking status, family history of diabetes, and the dosage of
drugs, etc, which may lead to the limited prediction power of the
model. Third, the sample size of this cohort is relatively small and it
is not representative of all Chinese patients with IIMs. Nonetheless,
as far as we know, this is the largest prediction model focused on
diabetes mellitus in autoimmune diseases. Fourth, the prediction
model is not validated externally. Therefore, more prospective
studies are needed to further confirm the current results and
make it universally applicable.

In conclusion, we have established a relatively accurate and
simple nomogram based on five risk factors, namely age, male,
hypertension, hypouricemia, and low serum creatinine, to predict
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the risk of developing diabetes mellitus in IIMs patients. Clinicians
and patients can take more necessary measures early to reduce the
incidence of diabetes mellitus for high-risk patients.
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The effects of sucrose and
arsenic on muscular insulin
signaling pathways differ
between the gastrocnemius and
quadriceps muscles
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Patricia Ostrosky-Wegman? and Marcia Hiriart™

!Department of Cognitive Neurosciences, Instituto de Fisiologia Celular, Universidad Nacional
Auténoma de México, Mexico City, Mexico, 2Department of Genomic Medicine and Environmental
Toxicology, Instituto de Investigaciones Biomédicas, Universidad Nacional Autonoma de México,
Mexico City, Mexico

Introduction: Insulin resistance in muscle can originate from a sedentary lifestyle,
hypercaloric diets, or exposure to endocrine-disrupting pollutants such as arsenic.
In skeletal muscle, insulin stimulates glucose uptake by translocating GLUT4 to the
sarcolemma. This study aimed to evaluate the alterations induced by sucrose and
arsenic exposure in vivo on the pathways involved in insulinstimulated GLUT4
translocation in the quadriceps and gastrocnemius muscles.

Methods: Male Wistar rats were treated with 20% sucrose (S), 50 ppm sodium
arsenite (A), or both (A+S) in drinking water for 8 weeks. We conducted an
intraperitoneal insulin tolerance (ITT) test on the seventh week of treatment. The
quadriceps and gastrocnemius muscles were obtained after overnight fasting or
30 min after intraperitoneal insulin injection. We assessed changes in GLUT4
translocation to the sarcolemma by cell fractionation and abundance of the
proteins involved in GLUT4 translocation by Western blot.

Results: Male rats consuming S and A+S gained more weight than control and
Atreated animals. Rats consuming S, A, and A+S developed insulin resistance
assessed through ITT. Neither treatments nor insulin stimulation in the quadriceps
produced changes in GLUT4 levels in the sarcolemma and Akt phosphorylation.
Conversely, A and A+S decreased protein expression of Tether containing UBX
domain for GLUT4 (TUG), and A alone increased calpain-10 expression. All
treatments reduced this muscle’s protein levels of VAMP2. Conversely, S and A
treatment increased basal GLUT4 levels in the sarcolemma of the gastrocnemius,
while all treatments inhibited insulin-induced GLUT4 translocation. These effects
correlated with lower basal levels of TUG and impaired insulin-stimulated TUG
proteolysis. Moreover, animals treated with S had reduced calpain-10 protein
levels in this muscle, while A and A+S inhibited insulin-induced Akt
phosphorylation.
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Conclusion: Arsenic and sucrose induce systemic insulin resistance due to
defects in GLUT4 translocation induced by insulin. These defects depend on
which muscle is being analyzed, in the quadriceps there were defects in GLUT4
retention and docking while in the gastrocnemius the Akt pathway was
impacted by arsenic and the proteolytic pathway was impaired by arsenic
and sucrose.
KEYWORDS
insulin resistance, skeletal muscle, GLUT4, arsenic, metabolic syndrome
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GRAPHICAL ABSTRACT

Male Wistar rats consuming 20% sucrose and 50 mg/L sodium arsenite for 8 weeks developed systemic insulin resistance. In quadriceps muscles,
the main alterations were low expression of TUG after arsenite treatment and low expression of VAMP2 induced by all treatments. In gastrocnemius,
all treatments reduced insulin-stimulated GLUT4 translocation by different pathways. Arsenite impaired Akt phosphorylation and TUG proteolysis,

while sucrose inhibited TUG proteolysis and capnl10 expression. Created with BioRender.com
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a sedentary lifestyle and consuming hypercaloric diets often including
sweetened drinks (1). In addition, there is increasing evidence that
exposure to endocrine-disrupting chemicals, such as arsenic, raises
the risk of developing the signs of MS (2). However, the possible
interaction between diet and arsenic exposure on the development of

Introduction

Metabolic syndrome (MS) is a condition characterized by at least
three of the following signs: insulin resistance, central obesity,
impaired fasting glucose, hypertension, and dyslipidemia. It

increases the risk of developing type 2 diabetes (T2D), non-  the signs of MS is poorly characterized.
Arsenic is an environmental pollutant distributed worldwide

alcoholic fatty liver disease, cardiovascular diseases, and some
that can be produced by natural and anthropogenic sources (3).

forms of cancer (1). Classical risk factors for this condition include
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Exposure to arsenic through drinking water is associated with a
higher risk of developing T2D and MS (4-8). Moreover, arsenic
exposure induces systemic and muscle insulin resistance in vivo and
in vitro, resulting in structural damage of muscle and loss of lean
body mass (9-12). Specifically, arsenic inhibits insulin-stimulated
glucose uptake (ISGU) by decreasing insulin-induced translocation
of the glucose transporter-4 (GLUT4) to the plasma membrane in
muscle fibers and adipocytes in vitro (12-15). Nevertheless, most of
these studies focused on phosphorylated levels of Akt, whose
alterations are known to have minimal impact on insulin-
stimulated GLUT4 translocation in skeletal muscle (16, 17). At
the same time, arsenic’s effects on other insulin signaling steps
remain largely understudied.

Skeletal muscle is a central tissue coordinating the body’s energy
balance; in the presence of insulin, it is responsible for up to 80% of
whole-body glucose disposal (18). Moreover, muscle insulin
resistance results in poor glycemic control and is a primary factor
in determining the development of T2D (19). Mechanistically,
activation of insulin receptor (IR) induces its transphosphorylation
at several tyrosine residues, which in turn triggers different signaling
pathways controlling ISGU, glycogen synthesis, lipid accretion,
protein synthesis, and muscle growth (18). Regarding ISGU, IR
activation promotes GLUT4 mobilization from the intracellular
GLUT4 storage vesicles (GSV) to the sarcolemma and T-tubules
(18) by activating several pathways. These include 1) the recruitment
and activation of the phosphatidyl inositol 3 kinase (PI3K), inducing
the synthesis of phosphatidyl inositol 3,4,5 triphosphate (PIP3), and
activating protein kinase Akt (18). Active Akt phosphorylates and
inhibits the proteins TBC1D1 and TBC1D4 (also known as AS160) in
muscle, which are negative regulators of GLUT4 translocation (18).
2) The proteolytic pathway, involving the activation of the proteases
usp25m and calpain-10 (capn10), which cleave the Tether containing
UBX domain for GLUT4 (TUG) protein, releasing the GSVs from
their perinuclear location (20, 21). The coordination between these
pathways is necessary to effectively translocate GLUT4 to the
sarcolemma and induce ISGU (22, 23). However, there is evidence
that alterations of the IRS/PI3K/Akt/TBCID1/4 axis are not a
principal cause of muscle insulin resistance, and recent works focus
on pathways independent of this axis (17, 21).

Skeletal muscle is a highly heterogeneous tissue of different
proportions of oxidative and glycolytic myofibers, satellite cells,
connective tissue, vascular cells, and neuron axons. The interactions
between these components determine each muscle bed’s
mechanical and metabolic properties, resulting in different
responses to pathophysiological conditions, including insulin
resistance (24-26). Notably, a specific muscle bed’s response
during pathological conditions does not depend only on fiber
composition, and muscles with similar fiber compositions differ
in their response to environmental cues (25). Thus, comparing the
defects in insulin signaling between multiple muscle groups is
needed to determine how each muscle responds to
environmental cues.

Previously, we reported that a model of MS in Wistar rats
consuming 20% sucrose through drinking water for 2 months
developed central obesity, insulin resistance, cardiac arrhythmias,
hypertriglyceridemia, and alterations in pancreatic beta-cells (27-
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30). Thus, we aimed to evaluate the alterations induced by sucrose
and arsenic consumption in vivo on the canonical and proteolytic
pathways that control insulin-stimulated GLUT4 translocation in
the quadriceps and gastrocnemius muscles.

Materials and methods
Animals and treatments

All animal protocols involved in this study were approved by
the Animal Care Committee of the Instituto de Fisiologia Celular,
Universidad Nacional Autonoma de Meéxico (UNAM; CICUAL
MHU189-22). Animal care was performed according to the
International Guiding Principles for Biomedical Research
Involving Animals, Council for International Organizations of
Medical Sciences, 2010. The animals used for this work are part
of a more extensive study aimed at identifying the mechanisms
induced by arsenic and sucrose that contribute to the development
of MS. Most of their tissues and organs were collected for
several analyses.

A total of 104 young male Wistar rats (250-280 g,
approximately 8 weeks of age, 26 rats for each condition) were
obtained from the local animal facility of IFC, UNAM. The animals
were housed in a cycle of 12 hours of light and 12 hours of darkness,
at 20-23°C and 40% relative humidity. The rats were randomly
assigned to each of the experimental conditions: control (C),
maintained with tap water; sucrose (S), treated with 20% sucrose
in drinking water; arsenic (A), treated with 50 ppm of sodium
arsenite in drinking water; arsenic + sucrose (A + S), treated with
20% sucrose and 50 ppm of sodium arsenite in drinking water.
Although this arsenite dose is considerably higher than the
environmentally relevant concentrations for human populations,
it is important to note that rats are resistant to the toxic effects of
arsenic (3). Thus, we established the arsenite dose based on previous
works showing that this concentration promotes proatherogenic
dyslipidemias and hypertension in rats (31, 32). We also calculated
the arsenic intake by measuring the water consumption of the
animals (Supplementary Figure 1A). In our model, the rats treated
with A and A+S consumed 4.19 * 0.69 and 5.03 + 0.99 mg of
arsenic/kg of body weight/day (Supplementary Figures 1B, C),
which is close to the non-observed adverse effect level calculated
for orally ingested trivalent arsenic in rats (5 mg/kg/day) and is
similar to the doses that induce insulin resistance and non-alcoholic
fatty liver disease in rat models (33-36).

All animals were fed ad libitum with a standard chow diet for
rats (Lab Diet 5001), as previously reported (37). We replaced
drinking water with different treatments three times per week to
prevent the growth of microorganisms and prevent arsenite
oxidation. The treatments lasted for 8 weeks. All measurements
and experiments were performed in the animals after fasting for 13
hours (8:00 PM to 9:00 AM). During this period, the treatments
were replaced by plain water.

For determinations done during fasting (six animals for each
condition), rats were anesthetized with an intraperitoneal injection
of sodium pentobarbital (40 mg/kg) prior to the dissection of
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tissues. For determinations after insulin stimulation (20 animals for
each condition, 10 stimulated with vehicle and 10 stimulated with
insulin), fasted animals were given an intraperitoneal injection with
0.2 UI/kg of human insulin (Humulin®, Eli Lilly and Co., México)
or an equivalent volume of sterile water (vehicle, less than 0.2 mL
per rat). The animals were anesthetized after 30 min of stimulation.
The quadriceps and the lateral head of the gastrocnemius muscles
were excised, weighted, and quickly frozen in dry ice. Tissues were
stored at -70°C until needed.

Somatometric and biochemical parameters

We monitored the body weight of the animals every week and
before sacrifice. The animal’s length was measured from the tip of
the nose to the anus, and this data was used along with the final
body weight to calculate the body mass index (BMI) (37). Blood
fasting glucose concentration was measured by drawing blood from
the tail vein before anesthetizing the animals and evaluated with a
hand glucometer (Accu-Check, Hoffman La Roche, Basel,
Switzerland). After sacrifice, the blood was drawn from the
inferior cava vein into heparinized tubes, and plasma was isolated
by centrifuging blood samples at 2000 rpm for 15s min at 4°C.
Triglyceride levels were assessed using colorimetric glycerol
phosphate oxidase and phenol 4-aminoantipyrene methods, using
a Randox RX Imola, according to the manufacturer’s protocol.
Insulin levels in plasma were assessed with an Ultrasensitive rat
insulin ELISA system according to the manufacturer’s instructions
(10-1137-10; Mercodia Uppsala, Sweden).

Insulin tolerance test

We performed an ITT one week before the end of the treatment,
as previously described (37). Briefly, 12 h-fasted rats received an
intraperitoneal injection with 0.2 TU/kg of Humulin® (Eli Lilly and
Co., México). Blood samples were drawn from the tail vein
immediately before the injection (time 0) and 15, 30, 60, 90, and
120 min after injection. Glucose concentrations were measured with
a hand glucometer (Accu-Check, Hoffman La Roche, Basel,
Switzerland). Animals that suffered from distress or that were not
properly injected were eliminated from the analysis.

Preparation of whole muscle lysates

Approximately 500 mg of muscle tissue were minced while still
frozen and thawed in RIPA buffer (140 mM NaCl, 10 mM Tris-HCI
pH 8.0, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 0.1% sodium
deoxycholate, and 0.1% SDS) freshly supplemented with
cOmpleteTM, Mini Protease Inhibitor Cocktail (Roche) and 1 mM
of sodium fluoride. We sonicated samples three times for 15
seconds each. Then, we centrifuged the samples at 10,000 X g for
18 min at 4°C. Supernatants were transferred to new tubes and the
protein concentration was quantitated using the pc™ protein
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assay kit (Bio-Rad Laboratories, Hercules, CA US). The lysates
were stored at -70°C until needed.

GLUT4 translocation to sarcolemma
and T-tubules

Sarcolemma fractions were obtained as described (38-40).
Briefly, the lateral gastrocnemius and quadriceps muscles from
insulin-stimulated rats were excised, and 0.5 mg of muscle was
minced and quickly placed on 5 mL of ice-cold homogenization
buffer (20 mM HEPES pH 7.4, 1 mM EDTA, 250 mM sucrose)
freshly supplemented with protease inhibitors. Tissues were
homogenized with a PRO250 tissue homogenizer (PRO Scientific,
Monroe, CT USA) with three bursts of 10 seconds each.
Homogenates were centrifuged in a benchtop centrifuge at 2000
X g for 10 minutes. The supernatant was transferred to new tubes
and centrifuged in a JA-20.1 rotor at 9000 X g for 20 min. Then, the
supernatant was centrifuged again in a 50Ti rotor at 180,000 X g for
90 min. All centrifugation steps were performed at 4°C. The pellet
was resuspended in RIPA buffer and quantitated as described for
whole muscle lysates.

Quantitative immunoblot

Equal amounts of protein were mixed with 2X Laemli buffer
and heated for 5 min at 85°C. Samples were loaded onto 12% SDS-
PAGE and transferred at 15 V for 1 hour in a semi-dry chamber
(Bio-Rad Laboratories, Hercules, CA US) to Immobilon-P, PVDF
membranes (Millipore, MA, USA). Membranes were blocked for 1
hour at room temperature (RT) with tris-buffered saline + 0.1%
Tween-20 (TBS-T) and 4% Blotto non-fat dry milk (Santa Cruz
Biotechnology, Dallas, TX USA). Primary antibodies were
incubated in TBS-T + 4% milk at 4°C overnight, according to the
conditions described in Supplementary Table 1. The membranes
were washed three times with TBS-T and incubated with the
corresponding secondary antibody in TBS-T + 4% milk for 1 h at
room temperature (horseradish peroxidase (HRP) goat anti-mouse
dilution factor 1:4000, cat: sc-2005 Santa Cruz Biotechnology; and
Peroxidase IgG Fraction Monoclonal Mouse Anti-Rabbit IgG, light
chain specific, dilution factor 1:6000, cat: 211-032-171 Jackson
Immunoresearch). To establish quantitative detection systems for
each protein, we performed curves loading different amounts of
total muscle lysate from a control rat. Then, the linearity of the
detection system for each antibody was established (Supplementary
Figure 2) (41). For each protein, the best running conditions were
chosen based on these curves and are summarized in
Supplementary Table 1. The blots were developed with ECL
Prime Western Blotting Detection Reagent (GE Healthcare Life
Sciences, Chicago, IL USA) in a C-Digit scanner (LI-COR
Biosciences, NE USA). We used the optical density of the entire
lane in the gels stained with Coomassie brilliant blue (CBB) as a
loading control, as previously described (20). The immunoblots
were analyzed using the Image Studio Lite ver. 5.2 Software (LI-
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COR Biosciences, NE USA). The results are presented as fold
changes relative to the protein abundance observed in
control animals.

Cell culture and transfections

COS7 cells were obtained from the American Type Culture
Collection (ATCC) and cultured as previously described (42).
pcDNA3.1 plasmids containing CAPN10 isoforms a and ¢ were
gifted by Dr. Yasuko Ono (42). pTT3 plasmid containing SORT1-
bio-His was a gift from Gavin Wright (Addgene plasmid # 52024).
Cells were seeded in 3.5 cm dishes and transfected with 1.5 pg of the
corresponding plasmid using the TransIT-X2 transfection system
(Myrus Bio). Cells were collected 24 h after transfection and
processed for Western blot as previously described (42).

Statistical analysis and image assembly

All the experiments and determinations were done in at least
four animals for each condition. Data analysis was done with
GraphPad Prism 8.0 software. For all the experiments, we
performed two-way ANOVA with Tukey’s post hoc test, with
differences at p<0.05 considered statistically significant. Graphs

10.3389/fendo.2023.1165415

present the mean + standard error of the mean (SEM), and each
circle denotes the individual animals used. The final figures were
assembled using Adobe Photoshop 2022.

Results

Sucrose and arsenite induce metabolic
syndrome signs

Rats treated for 8 weeks with sucrose (S) and arsenite + sucrose
(A+S) gained more body weight compared with control (C) and
arsenite (A)-treated rats (Figure 1A). Likewise, the body mass index
(BMI) of animals in the 8th week of treatment with S and A+S was
significantly higher than C and A-treated rats (Figure 1B). Thus, in
our model, arsenic intake does not affect body weight gain induced
by sucrose ingestion.

Neither S, A, nor A+S treatments altered fasting glucose blood
levels compared with the control (Figure 1C). Sucrose consumption
increased triacylglyceride plasma levels, but this effect was
prevented in animals consuming A+S (Figure 1D). During the
ITT, rats treated with S and A+S had statistically significantly higher
blood glucose levels at 15 minutes. At the same time, S, A, and A+S
displayed higher levels at 30 and 60 min of the ITT (p<0.05),
displaying an increased area under the curve (AUC; C vs S
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Characterization of the effects of sucrose and arsenic intake on parameters related to metabolic syndrome. (A) Weekly changes in body weight
during the treatment of 8 weeks (n= 14 C, 15 S, 16 A, 17 A+S). (B) Body mass index at the end of treatment (n= 14 C, 15 S, 16 A, 17 A+S). (C) Blood
fasting glucose (n= 20 animals in each condition). (D) Plasma triacylglyceride levels (=20 animals in each condition). (E) Insulin tolerance test (ITT)
was performed in the 7" week of treatment (n= 16 C, 16 S, 17 A, 17 A+S). (F) Area under the curve (AUC) calculated from the ITT. (G) Plasma insulin
levels in fasted animals (C= 19 in each condition). (H-K) Gonadal and peripancreatic adipose tissue weight (n= 13 C, 13 S, 13 A, 15 A+9). (1, J)
Quadriceps and gastrocnemius weight (n= 11 C, 12 S, 10 A, 11 A+S). The graphs present the mean + S.E.M., and individual animals are expressed as
white circles. All data were analyzed by two-way ANOVA with Tukey's post hoc test, and statistically significant differences were considered when

p<0.05."Svs C, *Svs A, *Avs C, °C vs A+S, ¥A vs A+S, °S vs A+S.
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p=0.0506, C vs A p=0.0709 and C vs A+S p<0.05), indicating that all
treatments induced insulin resistance (Figures 1E, F). Consistent
with the presence of insulin resistance observed after the ITT, all
treatments increased plasma insulin levels compared with the
control (Figure 1G). The evidence shows that sucrose induces at
least three of the MS signs (obesity, hypertriglyceridemia, and
insulin resistance), while arsenic only favored the development of
insulin resistance and prevented the hypertriglyceridemia induced
by sucrose without altering body weight gain.

Interestingly, the weight and the percentage of body weight of the
peripancreatic and gonadal adipose tissues increased in S-treated
animals but not in A+S, compared with C and A (Figures 1G, H,
Supplementary Figure 3). The weight and the percentage of body
weight of the quadriceps and gastrocnemius muscles was not different
between the groups (Figures 11, J, Supplementary Figure 3).

Arsenic and sucrose altered GLUT4
trafficking to the sarcolemma

Since glycolytic muscles, such as quadriceps and gastrocnemius
are more susceptible to metabolic dysfunction induced by high-
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sucrose diets (43), and these muscles are among the largest muscle
groups in rats, we studied how insulin signaling is affected by the
treatments in these muscles. We obtained sarcolemma fractions
from the quadriceps and gastrocnemius muscles 30 min after
intraperitoneal injection with 0.2 TU/kg insulin to evaluate the
abundances of GLUT4 and GLUTI1 (the glucose transporter
constitutively present at the sarcolemma).

Neither insulin stimulation nor treatments altered GLUT4 and
GLUT1 abundances in sarcolemma fractions from the quadriceps
(Figures 2A-C), indicating that this muscle group has low insulin
sensitivity, at least under our conditions. In contrast, insulin
stimulation increased GLUT4 abundance in the sarcolemma from
the gastrocnemius in control animals (Figures 2D, E). Moreover, S
and A induced a statistically significant increase in basal GLUT4
levels, while S, A, and A+S blunted insulin-stimulated GLUT4
translocation (Figures 2D, E), correlating with the results from
the ITT.

As expected, GLUTI levels in sarcolemma fractions did not
change due to insulin and treatments in gastrocnemius (Figure 2F).
These results indicate that S, A, and A+S specifically affect GLUT4
trafficking induced by insulin while impairing basal GLUT4
intracellular retention in gastrocnemius.
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Effects of sucrose and arsenic intake on GLUT4 abundance in the sarcolemma. We determined the protein abundances of GLUT4 and GLUT1 in
sarcolemma fractions 30 min after stimulation with an intraperitoneal injection of 0.2 IU/kg of insulin. (A=C) Results in quadriceps. (D—F) Results in
gastrocnemius. (A, D) Representative Western blot. (B, E) Quantitation of GLUT4 levels in the sarcolemma. (C, F) GLUT1 was used as a negative
control of a protein constitutively expressed at the sarcolemma. The graphs present the mean + S.E.M. of four animals for each condition. Individual
animals are expressed as white circles. All data were analyzed by two-way ANOVA with Tukey's post hoc test, and statistically significant differences
were considered when p<0.05. *Effect of insulin. *Effect of treatment, compared with Control without insulin.
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Arsenite and sucrose impair the expression
of GSV markers

Defects in insulin-stimulated GLUT4 translocation during
insulin resistance can be due to impaired sorting of GLUT4 into
the GSVs and the downregulation of regulatory proteins of GSV
trafficking, such as VAMP2 and sortilin (44-47). Thus, we tested
whether the effects observed in GLUT4 abundance in the
sarcolemma could be related to changes in total GLUT4, VAMP2,
and sortilin levels. The total abundance of GLUT4 was unchanged
under all conditions in both muscles, demonstrating that the
alterations observed in GLUT4 abundance in the sarcolemma
were due to impaired signaling and trafficking, rather than
changes in GLUT4 expression (Figures 3B, F). Conversely,
protein levels of VAMP2 (a member of the v-SNARE family of
proteins, which is important for GSV docking and fusion with the
plasma membrane (18)) decreased in the quadriceps muscles from
animals treated with S, A, and A+S, while there were no effects in
the gastrocnemius (Figures 3C, G). Sortilin is an important protein
for GLUT4 recruitment into the GSVs (46). Nevertheless, we did
not find differences in the levels of this protein in both muscles
(Figures 3D, H).

Intriguingly, the band detected by the sortilin antibody in both
muscles was around 60 kDa, which is lower than the expected
molecular weight of 92 kDa. We validated that this signal was, in
fact, sortilin by exogenously expressing human sortilin in COS7
cells and comparing the signal with those observed in rat muscles
(Supplementary Figure 4). As expected, COS7 cells transfected with
the plasmid containing human sortilin expressed two bands of
approximately 100 and 90 kDa, corresponding to pro-sortilin and
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its mature form. In contrast, both muscles expressed only the 60
kDa form of insulin at levels compared with the exogenously
expressed sortilin in COS7 cells, thereby demonstrating that this
signal is, in fact, an isoform of sortilin. Nevertheless, the entries for
the rat, mouse, and human sortilin gene (accession numbers: 83576,
20661, and 6272, respectively) show only one isoform (100 kDa) in
rats, two isoforms (91 and 87 kDa) in mice, and two isoforms (88
and 77 kDa) in humans. Thus, the structure of this muscle isoform

in rats remains to be determined.

Arsenite, but not sucrose, inhibits
Akt phosphorylation

Since no defects in GSV markers in the gastrocnemius could
explain the alterations observed in GLUT4 trafficking, we next
tested whether the treatments affected the abundance of Akt and
insulin-stimulated Akt phosphorylation at serine residue 473, which
is a marker of fully active Akt (48).

Neither treatment altered the abundance of total Akt protein in the
quadriceps nor the gastrocnemius muscles (Figures 4A-D).
Comparable to the changes in GLUT4 abundance in the
sarcolemma, insulin injection induced Akt phosphorylation in the
gastrocnemius but not the quadriceps from control animals
(Figures 4E-H). Interestingly, insulin-induced Akt phosphorylation
did not change in the gastrocnemius from S-treated animals
(Figures 4G, H), while arsenite blunted insulin-stimulated pAkt levels
independently of sucrose intake (Figures 4G, H). No changes in pAkt
levels were observed in the quadriceps after any treatment
(Figures 4E, F).
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Sucrose and arsenic impair GSV markers in the quadriceps but not in the gastrocnemius. Total muscle lysates were prepared from animals after
overnight fasting. (A—D) Results in quadriceps. (E=H) Results in gastrocnemius. (A, E) Representative Western blot. (B, F) Quantitation of total GLUT4
levels. (C, G) VAMP2 quantitation. (D, H) Sortilin quantitation. The graphs present the mean + S.E.M. of six animals for each condition. Individual
animals are expressed as white circles. All data were analyzed by two-way ANOVA with Tukey's post hoc test, and statistically significant differences

were considered when p<0.05. *vs Control animals.
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Arsenite impairs Akt phosphorylation induced by insulin. (A—D) Total lysates from fasted rats were used for total Akt determination in quadriceps (A, B) and
gastrocnemius (C, D) muscles. (E-H) Lysates from rats stimulated with vehicle or insulin were used to evaluate phosphor Akt (Ser473) levels in quadriceps
(E, F) and gastrocnemius (G, H). The graphs present the mean + S.E.M. of six animals in each condition. Individual animals are expressed as white circles. All
data were analyzed by two-way ANOVA with Tukey's post hoc test, and statistically significant differences were considered when p<0.05. ®Insulin vs the
same treatment with vehicle. *vs Control with insulin. n.s. stands for non-significant.

Sucrose and arsenite intake have different
effects on capnl0 and TUG proteolysis

Insulin promotes TUG proteolysis and dissociation of TUG-
GLUT4 complexes, releasing the GSVs (23). Moreover, TUG’s N-
and C-terminal fragments promote GSV trafficking and expression of
thermogenic genes, respectively (21, 23). Thus, we evaluated the
possible alterations in the two proteases that perform TUG
proteolysis [capn10 and usp25m (20, 21)], as well as changes in the
abundance of intact TUG and its proteolytic C-terminal fragments..

We did not find changes in the abundance of the protease
usp25m under any conditions in either the quadriceps or the
gastrocnemius (Figures 5A, B, D, E). In both muscles, capn10 was
detected as three main putative isoforms (60, 50, and 45 kDa; the 60
kDa isoforms being the most abundant in both muscles) and
unidentified high molecular weight bands, as described previously
(42, 49). In the quadriceps, the treatments altered neither the main
isoform of 60 kDa nor the 50 kDa isoform. However, A-treated
animals displayed higher levels of capn10 45 kDa isoform compared
with the control, and this increase was prevented in A+S
(Figure 5C). In contrast, in the gastrocnemius muscle from S and
A+S-treated animals, the abundance of capn10 60 kDa isoform was
significantly reduced compared with the control animals, without
changes in the 50 and 45 kDa isoforms (Figure 5F). Of note, by
comparing the rat capnl0 isoforms present in these muscles with
exogenously expressed human CAPN10a and CAPN10c isoforms
in COS7 cells, it can be reasonably concluded that the predominant
capnl0 isoform present in muscle (60 kDa isoform) corresponds to
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isoform ¢ (capnl0c). In comparison, the capnl0 bands at 50 and 45
kDa could be proteolytic fragments or unknown splicing isoforms
(Supplementary Figure 5).

Next, we measured the changes in the abundance of intact TUG
after 30 min of insulin stimulation, as a marker of TUG proteolysis
(21, 23). Concordantly with the lack of response to insulin
stimulation in the quadriceps at the levels of GLUT4
translocation and Akt phosphorylation, the levels of intact TUG
were not altered after insulin stimulation in the control animals
(Figures 6A, B). Nevertheless, the arsenic treatment decreased basal
and insulin-stimulated TUG abundance, regardless of sucrose
intake (Figures 6A, B). In contrast, TUG abundance in the
gastrocnemius muscle from control animals was significantly
reduced after insulin stimulation (Figures 6E, F), which is
consistent with the loss of intact TUG due to insulin-stimulated
proteolysis. In this muscle, S, A, and A+S reduced the basal
abundance of TUG and completely abolished insulin-stimulated
TUG proteolysis (Figures 6E, F). To further characterize the
deregulation of TUG proteolysis, we evaluated the abundance of
the proteolytic fragments of this protein. In our model, we found
two main fragments containing the C-terminal domain of TUG of
42 and 37 kDa (Figures 6A, B). In the quadriceps, the 42 kDa
fragment was induced in animals exposed to arsenite and
stimulated with insulin (Figures 6A, C), while the fragment of 37
kDa was reduced in animals exposed to sucrose during fasting, but
this was reversed after insulin stimulation (Figures 6A, D). In the
gastrocnemius, insulin increased the abundance of both fragments
in control animals (Figures 6E, G, H). Interestingly, the levels of the
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Sucrose and arsenic intake affect CAPN10 abundance. Total lysates from fasted rats were used to quantitate the levels of Usp25m and capnl0
proteases in quadriceps (A—C) and gastrocnemius (D—F). The graphs present the mean + S.E.M. of six animals in each condition. Individual animals
are expressed as white circles. All data were analyzed by two-way ANOVA with Tukey’s post hoc test, and statistically significant differences were

considered when p<0.05. * vs control, # vs A.

42 kDa fragment increased in S and A animals but not in A+S
animals, independently of the stimulation with insulin (Figures 6E,
G). This effect was not observed in the abundance of the fragment of
37 kDa in arsenite-treated animals, but this fragment was increased
in S-exposed animals during fasting but not after insulin
stimulation (Figures 6E, H).

Discussion

Skeletal muscle plays a pivotal role in controlling whole-body
glucose homeostasis, and muscle insulin resistance is a major factor
in the pathophysiology of MS and T2D (18). In the present study,
we compared the effects of sucrose and arsenic intake for two
months in developing the signs of MS, along with the alterations in
muscle insulin signaling pathways that control GLUT4
translocation to the sarcolemma.

Our results showed that both sucrose and arsenite induced
whole-body insulin resistance, even when arsenite did not modify
body weight and prevented hypertriglyceridemia induced by
sucrose. Interestingly, sucrose and arsenite had no additive effects
on insulin resistance. Based on the calculations of the arsenic intake
in our model (4.19 *+ 0.69 and 5.03 + 0.99 mg/kg/day), we can
compare our data with previous reports of insulin resistance and
hyperinsulinemia induced by intraoral administration of arsenite in
male rats (2.5-5 mg/kg/day) (34, 36). Thus, it is appropriate to state
that arsenic exposure in the range of 2.5-5 mg/kg/day induces
insulin resistance without the development of obesity, at least in
rat models.
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On the other hand, arsenite did not affect the increase in body
weight induced by sucrose intake, but it prevented adipose tissue
hypertrophy of the two adipose tissue depots that we analyzed.
These discrepancies could be related to arsenic-induced
lipodystrophy, resulting in the lower ability of adipose tissue to
handle an excess of calories and favoring ectopic lipid deposition in
other tissues (2, 34, 50). Thus, our results indicate that arsenite
affects the development of MS traits induced by sugary drinks in
different ways.

Skeletal muscle accounts for up to 80% of the total glucose
disposal during insulin stimulation, and defective GLUT4
trafficking in skeletal muscle is a major factor in developing MS
and T2D (18). Since all treatments reduced insulin-induced glucose
disposal during the ITT, we tested whether arsenite and sucrose
affect some of the pathways involved in GLUT4 trafficking to
the sarcolemma.

In the quadriceps, insulin stimulation (0.2 IU/kg) did not
increase GLUT4 abundance in the sarcolemma, nor promote Akt
phosphorylation and TUG proteolysis. Moreover, neither arsenite
nor sucrose altered the levels of GLUT4 in the sarcolemma and
phospho-Akt in this muscle group. Nevertheless, all treatments
diminished VAMP?2 levels, and arsenite and sucrose + arsenite
diminished the basal levels of TUG, but this latter effect was
probably due to enhanced TUG proteolysis and lower gene
expression, respectively. Although low TUG levels result in
impaired intracellular retention of GLUT4 and high levels of
GLUT4 in the sarcolemma during fasting (23), we did not find
changes in GLUT4 levels in the sarcolemma in the quadriceps from
arsenic-treated rats.
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Effects of arsenic and sucrose intake on TUG proteolysis. Lysates from rats stimulated with vehicle or insulin were used to evaluate the abundance of
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treatment with vehicle.

Although the lack of insulin response in quadriceps might seem
paradoxical, most studies on GLUT4 translocation in muscle use
high insulin doses (about 2 TU/kg), which are 10 times higher than
the insulin doses used for the treatment of T2D patients and the
dose used for this study (0.2 IU/kg) (2, 21, 51). Moreover, different
muscle groups have distinct insulin sensitivity, especially at
submaximal concentrations (52). Therefore, we propose that the
quadriceps muscle has low insulin sensitivity in rats, and alterations
related to GSV trafficking include reduced VAMP2 after sucrose
and arsenite treatment and decreased TUG abundance after
arsenic treatment.

In contrast, insulin induced a ~1.5-fold increase in GLUT4
levels in the sarcolemma from gastrocnemius, concordant with the
expected increase of membranal GLUT4 described in skeletal
muscle (18). Likewise, insulin stimulated Akt phosphorylation
and TUG proteolysis in this muscle. In parallel with systemic
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insulin resistance, all treatments blunted insulin-induced GLUT4
recruitment to the sarcolemma in the gastrocnemius. Interestingly,
only arsenite treatment impaired Akt phosphorylation,
independently of sucrose intake, while all treatments dulled TUG
proteolysis induced by insulin in the gastrocnemius. It is of note
that the levels of the proteolytic fragments of TUG were
differentially deregulated by treatments: sucrose increased the
abundance of both fragments, arsenite only increased the
fragment of 42 kDa, and arsenite + sucrose did not change the
abundance of any fragment; thus, we hypothesize that sucrose and
arsenite accelerate basal proteolysis of TUG, while TUG gene
expression is impaired in animals consuming both factors.
Whether this increase in basal TUG proteolysis is carried out by
capnl0 and usp25m or by other proteases that cleave this protein
[such as calpain-1 and the ubiquitin-proteasome system (20, 23)]
remains to be explored.
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The results in the gastrocnemius muscle suggest that sucrose
and arsenic intake impair GLUT4 trafficking in gastrocnemius
through different pathways: while sucrose deregulates the
proteolytic pathway, arsenic affects both proteolytic and PI3K-Akt
pathways. However, Akt levels must be reduced by more than 90%
to effectively impair GLUT4 translocation in skeletal muscle (16),
and arsenic reduced Akt phosphorylation by ~60%. Also, reduced
p-Akt levels due to hypercaloric diets do not necessarily correlate
with reduced phosphorylation of its target proteins (TBC1D1 and
TBC1D4) and GLUT4 translocation (17). Thus, we can hypothesize
that impaired TUG proteolysis exerts a higher contribution to
blunted GLUT4 translocation after arsenic and sucrose exposure.

Consistent with previous reports (10, 13, 17, 21), our data
suggest that the proteolytic pathway is more sensitive to
environmental cues than the PI3K-Akt pathway, and arsenic has
a high impact on Akt phosphorylation, probably by inhibiting
PDK-1 (14). Notably, we found higher levels of GLUT4 in the
sarcolemma during fasting in the gastrocnemius from sucrose and
arsenite-treated animals. As previously stated, low levels of TUG in
skeletal muscle result in the defective retention of GLUT4 in
intracellular compartments (23). Therefore, the high fasting levels
of GLUT4 at the sarcolemma could be due to the enhanced basal
TUG proteolysis in animals consuming sucrose and arsenite
separately and the low expression of TUG in animals consuming
both factors. We hypothesize that the impaired intracellular
retention of GLUT4 in this muscle could contribute to
maintaining normal blood glucose levels, even in insulin-
resistant states.

Although the deregulation of the proteolytic pathway is an
important factor contributing to insulin resistance in muscle, the
precise upstream mechanisms that regulate this pathway under
physiological conditions remain largely unknown. Interestingly,
high-fat dietary intake reduces the protein levels of the protease
usp25m in the quadriceps of mice (23). Nevertheless, we did not
find changes in the levels of this protease after sucrose and
arsenic exposure in rats in any of the muscles analyzed. We
found that capn10 isoforms were differentially deregulated in the
quadriceps and gastrocnemius muscles. Whether these
discrepancies could be due to species-specific mechanisms or
the differences in the source of calory surplus (fat vs sucrose)
remains to be determined in future studies. Nevertheless, neither
change in capnl0 isoforms, nor usp25m levels fully explain why
all treatments inhibited TUG proteolysis. Further research is
needed to understand the precise mechanisms that activate these
proteases in skeletal muscle and how environmental and dietary
factors affect their activity.

Conclusion

Our results indicate that arsenic and sucrose induce systemic
insulin resistance related to defects in the translocation of GLUT4
to the sarcolemma in skeletal muscle. Importantly, sucrose and
arsenic do not have additive effects in developing insulin resistance.
The defects in the pathways involved in this process depend on the
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muscle analyzed and the environmental factors. In the quadriceps,
the main alterations were related to markers of GSV intracellular
retention and docking. At the same time, in the gastrocnemius,
sucrose altered the proteolytic pathway and arsenic impaired Akt
phosphorylation and TUG proteolysis.
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Introduction: Obesity and metabolic syndrome (MetS) have immediate and
long-term consequences on adolescent health and well-being. Among the
available treatments for MetS in adolescents, behavioral interventions such as
increasing physical activity (PA) are preferred. This study aimed to investigate the
association of PA and sitting time with MetS and a complete set of metabolic
health parameters.

Methods: Data from the Pediatric Brazilian Metabolic Syndrome Study (BRAMS-
P), a cross-sectional multicenter study conducted using a convenience sample
of 448 Brazilian adolescents (10y—-19y), were used. Sociodemographic and
lifestyle information were collected using a standardized questionnaire. Daily
PA and sitting time were estimated from the International PA Questionnaire.
Anthropometric parameters, body composition, and blood pressure were
measured by trained researchers. Blood lipids, uric acid, hepatic enzymes,
creatinine, glycated hemoglobin, glucose, and insulin were measured in fasting
blood samples, and the Homeostasis Model Assessment for Insulin Resistance
was calculated. A subsample of 57 adolescents underwent the hyperglycemic
clamp protocol.

Results: The odds for metabolic syndrome were higher among adolescents who
spent >8h sitting (OR (95%Cl)=2.11 (1.02 — 4.38)), but not in those classified as
active (OR (95%Cl1)=0.98 (0.42 — 2.26)). Adolescents who spent more time sitting
had higher BMI, waist circumference, sagittal abdominal diameter, neck
circumference, percentage of body fat, and worse blood lipid profile. The
insulin sensitivity index was moderately and positively correlated with
moderate-to-high PA in minutes per day (rho=0.29; p=0.047).
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Conclusion: Time spent sitting was associated with worse metabolic parameters
and must be restricted in favor of adolescent health. Regular PA is associated with
improved insulin sensitivity and may be encouraged not only in adolescents with
obesity or metabolic disorders but also to prevent adverse metabolic outcomes
in normal-weight adolescents.

KEYWORDS

physical activity, international physical activity questionnaire, sitting, metabolic
syndrome, adolescents, hyperglycemic clamp

1 Introduction

Adolescence is a critical period in human development given
the physiological, sociological, psychological, and reproductive
maturation that occurs during this stage of life (1). The
prevalence of obesity in children and adolescents between 5 and
19 years of age has almost doubled during the last 20 years, reaching
18.4% globally (2), raising concerns about its immediate and long-
term consequences on adolescents’ health and well-being (3).

Adolescents with obesity have higher risk of anxiety and
depression (4), polycystic ovary syndrome (5), insulin resistance,
hypertension and dyslipidemia, many of which share components
with the so-called metabolic syndrome (MetS) (6). In addition,
when the onset of these metabolic disorders occurs during
childhood or adolescence, there is an increased risk for diabetes,
cardiovascular diseases, and some types of cancer before the age of
45 years, posing a huge burden upon health systems around the
globe (7).

As defined by the International Diabetes federation (IDF), MetS
is a cluster of interrelated risk factors for cardiovascular disease and
type 2 diabetes, including abdominal obesity, high cholesterol levels,
hypertension, and impaired insulin sensitivity, which are defined by
anthropometric, blood pressure, and blood biomarkers specific cut-
off values depending on adolescent’s age range (8). Along with
obesity, the prevalence of MetS is increasing, reaching
approximately 35.5 million adolescents worldwide (9).

Among the available treatment options for MetS in children and
adolescents, behavioral interventions such as improving dietary
quality and adequate physical activity (PA) are prioritized over
drugs and surgical therapy (10). In this sense, studies have shown
that greater amounts of moderate-to-high intensity PA, objectively
measured (accelerometer) and self-reported, are associated with a
lower risk for MetS and other cardiometabolic health outcomes in
adolescents (11-13). For sedentary behavior, on the other hand,
while screen time is a well-known risk factor for MetS, in children
and adolescents, as reviewed elsewhere (14), there are conflicting
results and recommendations on sitting time (11, 12).

Moreover, most studies have investigated basic outcomes in
relation to PA and sedentary behavior, such as body mass index and
metabolic syndrome components (11, 14); however, few studies
have investigated a complete set of metabolic health biomarkers,
which compromises physical activity and sedentary behavior (12).

Frontiers in Endocrinology

To our knowledge, only one study has assessed the relationship
between physical activity and direct measures of insulin sensitivity
and beta-cell function using the hyperglycemic-clamp protocol in
adolescents (15), and no study has investigated these outcomes in
relation to sedentary behaviors. Thus, the present study aimed to
investigate the association of moderate-to-high-level physical
activity and sitting time with MetS and a complete set of
metabolic health outcomes, including the investigation of
hyperglycemic clamp parameters in a subsample.

2 Materials and methods

2.1 Study design

The present study used data from the Pediatric Brazilian
Metabolic Syndrome Study (BRAMS-P), a cross-sectional study
conducted on a convenience sample of adolescents between 2011
and 2013, which took place in health centers, ambulatories, public
schools, and public universities across three Brazilian cities:
Campinas, Itu, and Sao Paulo.

Individuals between 10 and 19 years of age were invited to
participate and had a body mass index above the 5th percentile,
according to the Centers for Disease Control and Prevention
growth chart for age and sex (16). Individuals were excluded at
the time of data and sample collection, if they were pregnant, or
presented with liver disease, nephropathy, hypothyroidism,
hyperthyroidism, diabetes mellitus, genetic syndrome diagnosis,
and delayed neuropsychomotor development, as well as those
who were using either systemic corticosteroids or drugs with
hypoglycemic properties.

For the present study, further exclusions were made if
individuals had incomplete data to diagnose metabolic syndrome
(missing values for any of the following: plasma high-density
lipoprotein cholesterol [HDL-c] concentration, fasting glucose,
blood pressure, and waist circumference) or did not complete the
International Physical Activity Questionnaire (IPAQ).

All participants and their legal guardians were informed of the
study protocol, and those who agreed to participate signed an
informed consent form. The study protocol was approved by the
Committee for Research Ethics of the School of Medical Sciences of
UNICAMP (protocol n. 900/2010, CAAE: 0696.0.146.146-10) and

frontiersin.org


https://doi.org/10.3389/fendo.2023.1191935
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Silva et al.

is in accordance with the Brazilian law and the ethical principles of
Helsinki Declaration.

2.2 Clinical evaluation

Data on demographic (age and sex) and socioeconomic (chief-or-
the-family educational level, and Brazilian economic classification
table) characteristics, as well as on family health history
(hypertension, obesity, dyslipidemia, cardiovascular disease and
diabetes), smoking habits, alcohol intake, other illicit drug use,
supplement use, medicine use, and sleeping habits were collected
by trained interviewers using a standardized questionnaire.

Sexual maturity was rated according to Tanner scale (17), which
was presented to participants in a reserved room by trained
researchers and self-declared, and pubertal development was
determined as pre-pubertal (Tanner I), pubertal (Tanner II-IV) and
post-pubertal (Tanner V). Further information on BRAMS-p self-
assessment method can be found elsewhere (18). Blood pressure was
measured using a mercury-based sphygmomanometer with
auscultatory approach, following National High Blood Pressure
Education Program Working Group on High Blood Pressure in
Children and Adolescents recommendations (19).

Additionally, Campinas and Itu centers used a IPAQ-short
form applied by trained interviewers adapted to the Brazilian
population (20), from which the time spent on moderate and
intense PA as well as the time spent on sitting position per day
were calculated.

Adolescents were classified as having metabolic syndrome
following the IDF criteria (8).

2.3 Anthropometric measurements and
body composition parameters

Adolescents were asked to wear light clothing and no shoes
during all the anthropometric and body composition evaluation.
Body weight was measured using a digital scale with capacity for
150 Kg and precision of 0,1 Kg, and height was measured with
adolescents standing in an orthostatic position against a wall, using
a fixed stadiometer with capacity for 220 cm and precision of 0,1
cm. Body mass index (BMI) was, then, calculated as body weight, in
Kg, divided by squared height, in cm. BMI was transformed into z-
score using the LMS parameters from the World Health
Organization (WHO) BMI-for-age growth chart for boys and
girls, and classified as overweight and obesity according to the
WHO cut-off points (21).

Waist circumference was measured by trained researchers
positioning the tape at the midpoint between the last rib and the
iliac crest. Hip circumference was measured positioning the tape at
the biggest circumference between the waist and knees while
adolescents were at the stand position with feet 30 cm apart (22).
The sagittal abdominal diameter was measured using the Holtain-
Kahn Abdominal Caliper (Holtain Ltd, Crymych, United
Kingdom), at the umbilicus level after a normal exhalation while
the subjects were in a supine position with their knees slightly bent
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on a firm examination table (22). The neck circumference was
measured positioning the tape at the midpoint of the neck
length (23).

Percentage body fat was estimated using tetrapolar
bioimpedance (Biodynamics, model 310, Shoreline, Washington,
USA) validated for epidemiological studies (24).

2.4 Biochemical markers

Blood samples were collected after a 12-hour overnight fasting,
and centrifuged for plasma storage at 80°C. Plasma samples were
transported to the UNICAMP Clinical Hospital laboratory, where
creatinine, glucose, total cholesterol, HDL-c, low-density
lipoprotein cholesterol (LDL-c), triglycerides, uric acid, gamma-
glutamil transferase (gamma-GT), aspartate aminotransferase
(AST), alanine aminotransferase (ALT), and glycated hemoglobin
were measured using standard protocols (25). Insulin plasma levels
were measured by enzyme-linked immunosorbent assay kit (EZHI-
14K; Millipore; St. Louis, Missouri, USA) at the Laboratory of
Diabetes and Metabolism Investigations (LIMED).

The Homeostasis Model Assessment for Insulin Resistance
(HOMA-IR) was calculated as the product of the fasting plasma
insulin level (in milliunits per liter) and the fasting plasma glucose
level (in millimoles per liter), divided by 22.5 (26).

2.5 Metabolic syndrome criteria

Metabolic syndrome was defined according to the International
Diabetes Federation criteria (27). For adolescents aging 10 to 16
years, the MetS was established whenever high waist circumference
was present (> 90" percentile) along with at least two of the
following components: high blood pressure (systolic or diastolic
blood pressure > 95" percentile); low HDL-c (< 40 mg/dL); and
high fasting glucose (>100 mg/dL). For adolescents aging more than
16 years, MetS was established when three or more of the following
components were present: high waist circumference (294 cm for
men, and 280 cm for women); high blood pressure (systolic blood
pressure 2130 mmHg or diastolic blood pressure > 85 mmHg); low
HDL-c (< 40 mg/dL for men, and < 50 mg/dL for women); and high
fasting glucose (> 100 mg/dL).

2.6 Hyperglycemic clamp protocol

Participants underwent a 2-hour hyperglycemic clamp (with
blood glucose acutely raised and maintained at approximately 225
mg/dL; to convert to millimoles per liter, multiply by 0.0555)
according to the protocol previously described by Arslanian
(28).The insulin sensitivity index (ISI) was calculated as the mean
exogenous glucose infusion rate from 60 to 120 minutes of the
clamp protocol, adjusted for urinary glucose excretion
(subtraction), divided by the mean insulin concentration of the
period, and it was then corrected for lean body mass (29). The
Disposition Index (DI), which represents the beta-cell function
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relative to insulin sensitivity, was calculated as the product of ISI vs.
the area under the curve of the first phase of the insulin secretory
rate (30).

2.7 Statistical analysis

Continuous variables were tested for normality using the
Kolmogorov-Smirnov test and, as the vast majority did not have
satisfactory adhesion to normal distribution, results are presented as
median (min-max). Categorical variables are presented in absolute
and relative frequency.

To compare means between adolescents with and without the
metabolic syndrome, the Mann-Whitney test was applied. The chi-
squared test was applied to compare frequencies between different
metabolic syndrome status.

To check for the correlation between time spent on moderate to
high intensity PA, as well as time spent sitting per day, and
metabolic parameters the Spearman’s coefficient was used,
adjusted for confounding variables. To estimate the odds for
metabolic syndrome in adolescents that referred more than 60
minutes per day of moderate to high intensity PA, as well as those
that referred more than 8 hours per day of sitting, a multiple logistic
regression was used, adjusted for confounding variables.

The confounding factors used were: age (years), sex
(dichotomous), smoking status (yes/no to “have you smoked 100
cigarettes or more during your whole life?”), alcohol intake (yes/no
to “Have you drink one dose or more of alcoholic beverage the past
month?”), puberal status, medicine use (yes/no), sleep (in hours, for

BRAMS pediatric2011-2015
(n=1033)

10.3389/fendo.2023.1191935

the correlation coefficient test, and > 8 hours/night in the logistic
regression). Time spent sitting and time spent on moderate to high
intensity PA were also added as confounding factors of each
other’s exposure.

All analysis were conducted using Stata SE software, version
17.0 (StataCorp LLC, Texas, EUA).

3 Results

After applying the exclusion criteria, the final sample of the
present study comprised 448 adolescents and a subsample of 57
individuals who participated in the hyperglycemic clamp
protocol (Figure 1).

There was a balance between males and females, with the
majority of the sample classified as pubertal, with a median age of
14 years (10 to 19 years), median time spent in moderate-to-high
level PA of 24 min per day (varying from 0 to 509 min), and
median time spent sitting of 7 h per day (varying from 0.1 to 18
h) (Table 1).

Comparisons between adolescents with (n=38) and without
(n=410) metabolic syndrome showed that those with metabolic
syndrome were more frequently male and referred to smoking
habits and medication use more frequently than those without
metabolic syndrome (Table 1). Among adolescents with at least one
of metabolic syndrome components, 2% had high plasma glucose
(n=9), 13% had high blood pressure (n=58), 42% had high waist
circumference (n=189), and 47% had low HDL-c (n=212)
(Supplemental Figure S1 shows a Vann’s diagram for intersection

Adolescents who have not

4
BRAMS pediatrics2011-2015
AdolescentswhohadIPAQ
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(n=482)

\ 4

answered IPAQ
(n=551)
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for oneormore metabolic
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FIGURE 1

syndrome components
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Flowchart on inclusion and exclusion criteria, BRAMS pediatrics, 2011-2015. IPAQ, International Physical Activity Questionnaire.
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TABLE 1 Sociodemographic and lifestyle characteristics of the total sample, and across metabolic syndrome status, BRAMS pediatrics, 2011-2015.

Total sample

Metabolic syndrome

= Yes
Characteristics N (%)/r(:e;:i) iifin = - (n=40)
max) N (%)/median (min - N (%)/median (min -
max) max)
Sex 0.028
Female 199 (44) 233 (57) 16 (40)
Male 249 (56) 175 (43) 24 (60)
Age (years) 14 (10 - 19) 14 (10 - 19) 16 (10 - 19) 0.022
Puberal status 0.460
Prepuberal 31(7) 27 (7) 4 (11)
Puberal 310 (69) 285 (70) 25 (63)
Post-puberal 106 (24) 95 (23) 11 (26)
Nutritional status* <0.001
Underweight 3(1) 3(1) 0 (0)
Normal weight 165 (37) 165 (40) 0 (0)
Overweight 108 (24) 107 (26) 1(3)
Obesity 172 (38) 133 (33) 39 (97)
Smoking status 0.008
> 1 cigarette per month 2 (1) 0 (0) 2 (5)
< 1 cigarette per month 446 (99) 408 (100) 38 (95)
Alcohol use 0.265
> 1 dose per month 41 (9) 39 (10) 2 (5)
< 1 dose per month 407 (91) 369 (90) 38 (95)
Sleep 0.268
Sufficient (> 8 hours/day) 288 (65) 265 (65) 23 (59)
Insufficient (< 8 hours/day) 157 (35) 141 (35) 16 (41)
Medicine use 0.001
No 433 (98) 399 (99) 34 (87)
Yes 10 (2) 5(1) 5(13)
Moderate-to-high level physical activity (min/ 24 (0 - 509) 24 (0 - 508) 36 (0 - 411) 0.350
day)
Time spent sitting (hours/day) 7.0 (0.1 - 18.0) 7.0 (0.1 - 18.0) 8.1 (2.3 -18) 0.070

Continuous variables are presented as median (min-max), and categorical variables are presented in absolute (relative) frequency. To compare means between groups, the Mann-Whitney test
was applied, and, to compare frequencies, the chi-squared test was used, or *Fisher’s exact test. P values<0.05 were considered statistically significant.

between metabolic syndrome components in the total sample).
Adolescents with metabolic syndrome were older, had worse
anthropometric parameters, higher systolic and diastolic blood
pressure, higher plasma cholesterol, triglyceride, uric acid,
gamma-GT, ALT, insulin, and HOMA-IR, and lower HDL-c
levels than those who did not (Tables 1, 2). Additionally, in the
subsample that undertook the hyperglycemic clamp protocol,
adolescents with metabolic syndrome had a lower glucose
infusion rate, ISI, and DI than those without metabolic
syndrome (Table 3).

Frontiers in Endocrinology

The odds for metabolic syndrome were higher among
adolescents who spent more than 8 hours per day sitting, but not
in those who spent more than 60 minutes a day of moderate-to-high
PA (Table 4).

Adolescents who spent more time sitting had higher BMI, waist
circumference, sagittal abdominal diameter, neck circumference,
percentage body fat, plasma LDL-c, and triglycerides as well as lower
HDL-c, while none of these correlations were found for time spent in
moderate-to-high PA (Table 5). Among the investigated parameters
from the hyperglycemic clamp protocol, ISI had a moderate and
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TABLE 2 Anthropometric parameters, biochemical indicators, and blood pressure of the total sample, and across metabolic syndrome status, BRAMS

pediatrics, 2011-2015.

Total sample

Metabolic syndrome

Characteristics (n=448) No Yes P value
Median (min-max) (GEZA0)) (n=38)
Median (min-max) Median (min-max)
Anthropometry and body composition
BMI (z-score) 1.5 (-3.0 - 4.5) 14 (-3-4) 3 (1.7 - 4.5) <0.001
Waist circumference (cm) 83 (49 - 139) 80 (49 - 136) 104 (86 - 139) <0.001
Waist-to-hip ratio 0.85 (0.52 - 0.68) 0.8 (0.5 - 1.9) 0.9 (0.8 - 1.1) <0.001
Sagittal abdominal diameter 17.5 (10.5 - 33.9) 17 (11 - 29) 23 (17 - 34) <0.001
(cm)
Neck circumference (cm) 33.5 (25.5 - 46.0) 33 (26 - 45) 39 (32 - 46) <0.001
Body fat (%) 28.5 (4.9 - 67.8) 28 (5 - 68) 37 (19 - 49) <0.001
Biochemical indicators
Total cholesterol (mg/dL) 157 (67 - 286) 156 (90 - 286) 169 (67 - 234) 0.001
HDL-c (mg/dL) 46 (24 - 101) 47 (24 - 101) 36 (27 - 56) <0.001
LDL-c (mg/dL) 92 (26 - 223) 91 (37 - 223) 95 (26 - 168) 0.054
Triglycerides (mg/dL) 73 (12 - 358) 71 (12 - 233) 156 (45 - 358) <0.001
Uric acid (mg/dL) 4.7 (0.9 - 10.0) 4.6 (0.9 - 10) 6.2 (3.8-9.1) <0.001
Gamma-GT (U/L) 17 (4 - 131) 17 (4 - 131) 22 (10 - 50) <0.001
AST (U/L) 20 (9 - 61) 20 (9 - 61) 20 (15 - 34) 0.644
ALT (U/L) 15 (5 - 151) 15 (5 - 151) 19 (9 - 68) <0.001
HbAlc (%) 5.4 (3.4 - 6.5) 5.4 (3.4 -6.5) 54 (4 -6.1) 0.318
Glucose (mg/dl) 81 (46 - 110) 81 (46 - 110) 83 (56 - 102) 0.151
Insulin (mU/L) 123 (1.4 - 64.7) 12 (1 - 65) 23 (3-57) <0.001
HOMA-IR 2.4 (03 - 14.2) 2.2 (0.3 - 12.6) 4.3 (0.6 - 14.2) <0.001
Blood pressure
Systolic (mmHg) 110 (75 - 170) 110 (75 - 150) 124 (90 - 170) <0.001
Diastolic (mmHg) 70 (50 - 110) 70 (50 - 100) 80 (50 - 110) <0.001

ALT, Alanine aminotransferase; AST, Aspartate aminotransferase; BMI, Body mass index; Gamma-GT, gamma-glutamil transferase; HDL-c, high density lipoprotein cholesterol; HOMA-IR,
homeostasis assessment model for insulin resistance; LDL-c, Low density lipoprotein cholesterol. Continuous variables are presented in median (min —-max). Means comparison were conducted

using the Mann-Whitney’s test. P values <0.05 were considered statistically significant.

positive correlation with moderate-to-high PA, in minutes per day, as
shown in Figure 2. For the subsample that participated in the
hyperglycemic clamp protocol, adolescents who had more moderate-
to-high PA daily had lower BMI (rho=-0.31; p=0.031), higher plasma
HDL-c (rho=0.35; p=0.016), lower plasma triglyceride levels (rho=-
0.32; p=0.027), and lower plasma insulin levels (rho=-0.30; p=0.038),
whereas the time spent sitting had no statistically significant correlation
with any of the metabolic parameters.

4 Discussion

The present study showed that adolescents who spent more
time sitting had higher odds for MetS, higher BMI, waist
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circumference, sagittal abdominal diameter, neck circumference,
percentage of body fat, plasma LDL-c, and triglycerides, as well as
lower HDL-c. For the subsample from the hyperglycemic clamp
protocol, on the other hand, those who spent a greater amount of
time on moderate-to-high-level PA had higher insulin sensitivity, as
measured by the ISI.

The results regarding the relationship between sitting time and
the odds of MetS and its components are controversial. Bae et al.,
for instance, found in a representative sample of Korean adolescents
(12y - 18y), that for each additional hour in daily sitting time, the
odds of having at least one MetS component increased by 2% (31).
Similarly, Sisson et al. found that daily sitting time was correlated
with HOMA-IR in a representative sample of adolescents in the
United States (32). Yin and colleagues, on the other hand, besides
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TABLE 3 Characterization of the hyperglycemic clamp subsample, and across metabolic syndrome status, BRAMS pediatrics, 2011-2015.

Metabolic syndrome

Total
subsample Total Yes p
Characteristics (n=57) subsample (n=10)
N (%)/median (min - (n=57) N (%)/median (min - Value
max) N (%)/median (min — max)
max)
Sex 0.730
Female 28 (49) 24 (51) 4 (40)
Male 29 (51) 23 (49) 6 (60)
Age (years) 14 (10 - 18) 14 (10 - 18) 14.5 (11 - 18) 0.505
Puberal status 0.112
Prepuberal 1(2) 0 (0) 1 (10)
Puberal 30 (52) 24 (51) 6 (60)
Post-puberal 26 (46) 23 (49) 3 (30)
Nutritional status* 0.036
Underweight 7 (12) 7 (15) 0 (0)
Normal weight 14 (25) 14 (30) 0 (0)
Overweight 36 (63) 26 (55) 10 (100)
Obesity
Alcohol use 0.574
> 1 dose per month 5(9) 5(11) 0 (0)
< 1 dose per month 52 (91) 42 (89) 10 (100)
Sleep 0.041
Sufficient (> 8 hours/day) 29 (51) 27 (57) 2 (20)
Insufficient (< 8 hours/day) 28 (49) 20 (43) 8 (80)
Medicine use 1.000
No 53 (96) 43 (96) 10 (100)
Yes 2 (4) 2(4) 0(0)
Moderate-to-high level physical activity (min/ 26 (0 - 304) 29 (0 - 304) 6 (0 -61) 0.051
day)
Time spent sitting (hours/day) 8 (0 - 16) 8 (0 - 16) 9(5-14) 0.204
Glucose infusion rate (mg) 7 (2 -18) 7 (3 -18) 5(12-12) 0.019
Insulin sensitivity index 0.05 (0.01 - 0.19) 0.05 (0.01 - 0.19) 0.02 (0.01 - 0.11) 0.011
Disposition index 515 (42 - 2298) 570 (42 - 2298) 255 (54 - 934) 0.034

Continuous variables are presented as median (min-max), and categorical variables are presented in absolute (relative) frequency. To compare means between groups, the Mann-Whitney test
was applied, and, to compare frequencies, the Fisher’s exact test was used. P values<0.05 were considered statistically significant.

reporting a relation between sitting time and higher odds for
abdominal obesity in a school-based sample of Chinese children
and adolescents (6y - 14y), found no association between sitting
time and the odds for MetS (33). Similarly, Oliveira and colleagues
found that sitting time was not associated with obesity indicators or
blood pressure in a Brazilian sample of 6264 adolescents (14y -
19y) (34).

A plausible theory for these controversial results lies in the
different activities that compose the amount of sitting time in each
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study. Sitting time can be subdivided into screen time (TV,
computer, and video game), educational activities (homework,
classrooms, reading), and others (12). Of these subcategories,
strong evidence points to screen time as an important risk factor
for MetS in adolescents (14), whereas there is no evidence of harm
related to other kinds of sitting activities.

Evidences are, on the other hand, concordant about the effect of
moderate-to-high level PA on metabolic health (11-13). The results
presented here are in accordance with the work published by Lee
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TABLE 4 Odds ratio for metabolic sydrome across physical activity and sitting categories in adolescents (n=448), BRAMS pediatrics, 2011-2015.

Metabolic syndrome

PA and sitting categories OR (IC 95%) Adjusted OR (IC 95%)
> 60 min/day of moderate-to-high PA 1,20 (0,58 - 2,49) 0,98 (0,42 - 2,26)
(n=109)

> 8hours/day sitting 1,93 (1,01 - 3,73) 2,11 (1,02 - 4,38)
(n=191)

PA, Physical activity. Odds ratio for metabolic syndrome estimated from a multiple logistic regression, ajdusted for age (years), sex (dichotomous), smoking status (yes/no), alcohol intake (yes/
no), puberal status, medicine use (yes/no), and sufficient sleep (yes/no). Time spent sitting and time spent on moderate to high intensity physical activity were treated as confounding factors of
each other’s exposure. Odds ratio with 95% confidence intervals that do not contain the number 1 were considered statistically significant.

et al, who used the hyperglycemic clamp protocol to check for  insulin sensitivity (15). Similarly, in the present study, adolescents
improvements in insulin sensitivity after aerobic and resistance  that referred more time in moderate-to-high level PA had lower
exercise interventions in 43 adolescent boys (12y 0 18y) and showed =~ BMI, lower plasma triglyceride levels, and higher insulin sensitivity.
that increasing moderate-to-high level PA is effective in reducing There is biological plausibility for these results. Among other
abdominal adiposity, hepatic lipid accumulation, and, therefore,  beneficial effects, moderate-to-high levels of PA increase energy

TABLE 5 Correlation between time spent on physical activity and sitting, and metabolic parameters in adolescents, BRAMS pediatrics, 2011-2015.

Metabolic parameters Sitting Moderate-to-hight level
(hours/day) Physical activity

(min/day)

Rho Rho

Anthropometry and body composition

BMI (z-score) 0,15% -0,04
Waist circumference (cm) 0,16* -0,01
Waist-to-hip ratio 0,09 -0,03
Sagittal abdominal diameter (cm) 0,12* -0,03
Neck circumference (cm) 0,11* |<0,01]
Body fat (%) 0,13* -0,07

Biochemical indicators

Total cholesterol (mg/dL) 0,07 [<0,01|
HDL-c (mg/dL) -0,10* 0,03
LDL-c (mg/dL) 0,12* -0,02
Triglycerides (mg/dL) 0,10 0.02
Uric acid (mg/dL) 0,06 0,03
Gamma-GT (U/L) 0,05 -0,09
AST (U/L) 0,06 0,03
ALT (U/L) 0,01 0,06
HbAlc (%) 0,01 0,05
Glucose (mg/dl) 0,09 0,18*
Insulin (mU/L) 0,06 -0,05
HOMA-IR 0,06 -0,01

Blood pressure

Sistolic (mmHg) 0,05 0,01

Diastolic (mmHg) 0,03 -0,02

ALT, Alanine aminotransferase; AST, Aspartate aminotransferase; BMI, Body mass index; Gamma-GT, gamma-glutamil transferase; HDL-c, high density lipoprotein cholesterol; HOMA-IR,
homeostasis assessment model for insulin resistance; LDL-c, Low density lipoprotein cholesterol. Correlation was estimated by Spearman’s coefficient, adjusted for age (years), sex (dichotomous),
smoking status (yes/no), alcohol intake (yes/no), puberal status, medicine use (yes/no), and sleep (hours/night). Time spent sitting and time spent on moderate to high intensity physical activity
were treated as confounding factors of each other’s exposure. *P values <0.05 were considered statistically significant.
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Correlation between the hyperglycemic clamp Insulin Sensitivity Index and time spent in moderate-to-high level physical activity (min/day) fitted
values in adolescents (n=57), BRAMS pediatric, 2011-2015. PA, physical activity; Rho - Spearman'’s correlation coefficient adjusted for age, sex,
smoking status, alcohol intake, puberal status, medicine use, sleep, and time spent sitting.

expenditure by triggering fatty acid and carbohydrate uptake and
oxidation in skeletal muscles, as well as by increasing mitochondrial
biogenesis (35). In addition, regular physical exercise decreases
systemic low-grade inflammation and modulates the gut
microbiome favoring lipid and glucose metabolism, short-chain
fatty acids uptake, and secretion of gut hormones with insulin
sensitizing effects (36). Ultimately, PA improves insulin sensitivity,
as body adiposity, inflammation and disruptive glucose metabolism
are critical nodes of insulin resistance pathophysiology (37).

The apparent inconsistency between the results found in total
sample compared to that found in the subsample that participated in
the hyperglycemic clamp protocol are, in fact, mostly due to the
higher sensitivity of hyperglycemic clamp protocol to capture insulin
resistance and beta-cell function compared to fasting plasma insulin
and glucose levels. Moreover, effects of sitting time were not detected
in the aforementioned subsample, and this was probably due to small
sample size and, accordingly, lower statistical power.

Some limitations of the present study must be acknowledged. First,
even though IPAQ-short form has been previously validated for the
Brazilian population (20), self-reported physical activity may be subject
to memory bias. Considering that the hyperglycemic clamp protocol is
a direct measurement of insulin sensitivity and secretion, an objective
measurement of physical activity and sedentary behavior, such as
information collected with accelerometers, would improve the
precision of the correlation estimation between the two variables.
Another limitation is related to the cross-sectional design of the
present study, which precludes causal inference and raises concerns
about possible reverse causation effects that confuse the results. Reverse
causation is a common issue in cross-sectional studies with PA because,
on one hand, individuals with overweight, obesity, or metabolic
disorders are more likely to have just initiated regular exercise,

Frontiers in Endocrinology

underestimating the beneficial effects of PA, and, on the other hand,
individuals with more serious health issues may be more likely to
become inactive, overestimating the protective effects of PA (38).

The present study had several strengths. First, the detailed
assessment of metabolic parameters in a large sample of adolescents
is rarely found in the literature and allows further investigations on the
association of lifestyle and sensitive markers of metabolic disorders,
which was extended to a subsample of individuals who participated in
the hyperglycemic clamp protocol, a gold standard for insulin secretion
evaluation, and a direct measurement of insulin sensitivity (28).
Statistical correction for pubertal status and sleep was an important
asset, as these factors are well-known confounders, as shown by
previous studies with the BRAMS-P dataset using the hyperglycemic
clamp protocol (30, 39). Another advantage of the present study was to
use the time spent sitting and time spent on moderate-to high-intensity
physical activity as confounding factors of each other’s exposure, which
favors the interpretation of the results.

In conclusion, independently of the time invested in moderate-
to-high-level PA daily, the time spent sitting must be restricted in
favor of adolescents’ metabolic health. While our study point to an
increase in MetS odds in adolescents that spend more than 8-hours
sitting, further studies are needed to investigate the optimum
recommendations for sitting and resting time in children and
adolescents, standardizing this cut-off point across countries and
investigating if the type of activity carried out during this sitting
time (e.g.: studying, reading, watching TV) have different impacts in
human health. Efforts to fight sedentary behavior in children and
adolescents are urgent, especially considering that in 2018, 37% of
adolescents globally were sedentary (more than three hours of
sitting daily outside school) (40), and this prevalence has rapidly
increased, according to recent studies (41), caused by the COVID-
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19 pandemic. In addition, the World Health Organization
recommendations on regular PA are reinforced here to improve
insulin sensitivity not only in adolescents with obesity or metabolic
disorders but also to prevent adverse metabolic outcomes in
normal-weight adolescents (42).
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