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Case Report

Diabetes mellitus with severe insulin resistance in a
young male patient with a heterozygous pathogenic
IRS1 frameshift variant
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e Severe insulin resistance may be associated with IRS1 frameshift mutation.

e Metformin is well tolerated and effectively maintains optimal glycemic control.

Abstract. We present the case of a young male patient (height, 158.1 cm [+3.3 standard deviation (SD)]; weight,
63.7 kg [body mass index, 25.5]) with diabetes mellitus and severe insulin resistance associated with a heterozygous
pathogenic insulin receptor substrate 1 (IRSI) frameshift mutation. The patient also had severe acanthosis nigricans.
Notably, the patient’s father was undergoing treatment with high doses of insulin for diabetes mellitus, and had
been experiencing angina pectoris. Laboratory data showed a fasting plasma glucose level of 88 mg/dL, hemoglobin
A1C (HbA1lc) of 7.4%, fasting insulin level of 43.1 pg/mL, and a homeostasis model assessment-insulin resistance
(HOMA-IR) score of 9.36, indicating hyperinsulinism. Oral glucose tolerance test revealed a diabetic pattern and
insulin hypersecretion. In addition, the patient had hyperlipidemia. Genetic studies revealed a heterozygous frameshift
variant of JRS1 [NM_005544.3:¢.1791dupG:p.(His598Alafs*13)] in the patient and his father, which can impair
the binding and activation of phosphoinositide 3 (PI-3) kinase and defectively mediate the translocation of glucose
transporter type 4 (GLUT4) in adipose tissues, possibly leading to glucose intolerance. Therefore, this variant may
be disease causing. After confirming IRSI mutation, metformin was administered, and physical exercise and dietary
management were initiated; metformin was well tolerated, and optimal glycemic control was maintained.
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Introduction

Hepatic insulin resistance leads to chronic
hyperinsulinemia and increased hepatic glucose
production, resulting in postprandial hyperglycemia
and development of chronic hyperglycemia and diabetes
mellitus (1). Hepatic insulin resistance may impair lipid
synthesis and hyperlipidemia (2). Impaired insulin
receptor substrate (IRS) protein signaling is associated
with hepatic insulin resistance. The insulin receptor
(IR) is crucial for the activation of downstream kinase
cascades, such as phosphoinositol 3-kinase (PI3K) and
mediation of the translocation of glucose transporter 4
(GLUT4) in adipose tissue (2). Two major IRS isoforms,
IRS1 and IRS2, are associated with hepatic insulin
signaling (3). IRS1 undergoes tyrosine phosphorylation
and binds to PI3K and Grb2-Map kinase (4). A previous
study reported that IRS-1 knockout (KO) mice showed
growth retardation and mild insulin resistance
with compensatory hyperinsulinemia and pB-cell
hyperplasia, suggesting impairment of IR- and IGF-
1 receptor mediated signal transduction (5). Notably,
naturally occurring amino acid substitutions and silent
polymorphisms of IRSI have been found in patients with
and without diabetes (6-9); some of these mutations
are rare variations or low-frequency polymorphisms
with a similar prevalence in patients with and without
diabetes. However, several studies have investigated
whether these mutations are associated with impaired
insulin activity. A common mutation in IRS1 (IRS1 G972
variant) is associated with impaired insulin activity
(10-13) and secretion (14, 15). Several clinical studies
have demonstrated that IRSI mutations are associated
with human metabolic disorders (16) such as polycystic
ovary syndrome and type 2 diabetes mellitus (17-22).

Herein, we report the case of a young male
patient who had inherited diabetes associated with a
heterozygous pathogenic IRS1 frameshift variant and
presented with severe insulin resistance. We evaluated
the clinical characteristics and clinical course of the
patient after diagnosis.
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A 10-yr-old boy visited a local clinic with primary
complaints of thirst and polyuria. The examination
revealed postprandial hyperglycemia (330 mg/dL)
and a high glycosylated hemoglobin (HbAlc) level
of 7.4%, which was consistent with the diagnosis of
diabetes mellitus. He was referred to the Department
of Pediatrics, Kobari General Hospital, Chiba, Japan,
for assessment and treatment. The patient had been
delivered normally at 41 wk and 3 d of gestation, and
his birth weight and length were 2,868 g and 50.0 cm,
respectively. He was diagnosed with autism spectrum
disorder and attention deficit hyperactivity disorder at
8 yr of age, and was treated by a pediatric psychiatrist.
The patient had no mental delay (Wechsler Intelligence
Scale for Children — Fourth Edition (WISC-1V): 1Q, 90).
Moreover, his father was undergoing treatment with
high doses of insulin for diabetes mellitus and had been
experiencing angina pectoris. There was a family history
of diabetes mellitus and cardiovascular disease among
first- and second-degree relatives (Fig. 1). The patient
became overweight at 8 yr of age because of excessive
food intake, with a preference for sweet beverages and
snacks. He had a sedentary lifestyle and did not engage
in playing because of autism spectrum disorder.

At the first visit to Kobari General Hospital, his
height was 158.1 cm (+3.3 SD) and weight was 63.7 kg
with body mass index of 25.5, which is > 97 percentile
for sex- and age-matched Japanese children (23). In
addition, he had a blood pressure of 126/57 mmHg. The
patient’s general condition was good and consciousness
was clear. Chest and abdominal findings were normal.
The Tanner scale revealed genitalia (2), pubic hair
(2), and testicular volume (6 mL). Furthermore, the
characteristic symptoms of acanthosis nigricans
were observed in the neck and axillary regions (Fig.
2). Laboratory data showed a fasting plasma glucose
(FPG) level of 88 mg/dL,, HbAlclevel of 7.4%, and fasting
immunoreactive insulin (IRI) level of 43.1 pg/mL with
a homeostasis model assessment-insulin resistance
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Fig. 1. Family history among first- and second-degree relatives.
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Fig. 2. Significant signs of acanthosis nigricans on the
neck and axillar regions.

(HOMA-IR) score of 9.36, indicating hyperinsulinism.
Furthermore, laboratory data indicated liver dysfunction
(aspartate aminotransferase (AST) 207 IU/L, alanine
transaminase (ALT) 442 IU/L, lactate dehydrogenase
(LDH) 325 IU/L) and hyperlipidemia (triglycerides,
293 mg/dL; total cholesterol, 252 mg/dL, low-density
lipoprotein (LDL)-cholesterol 140 mg/dL, and high-
density lipoprotein (HDL)-cholesterol 53 mg/dL) in the
fasting state. We performed an oral glucose tolerance test
(OGTT; 75 g glucose), which revealed a diabetic pattern
and hypersecretion of insulin (Table 1) (24). Abdominal
computed tomography at the umbilical level (Canon
Medical Systems Corporation, Tochigi, Japan), which
is the gold standard for measuring intra-abdominal fat
volume, showed significant accumulation of visceral and
subcutaneous fat (Fig. 3).

Genetic study

This genetic study was approved by the Institutional
Review Board Committee of the Hamamatsu University
School of Medicine and was performed after obtaining
written informed consent from the patient’s parents.
To identify the underlying genetic cause, we performed
whole-exome sequencing (WES) with leukocyte genomic
DNA samples from the patient and his parents using
SureSelectXT Human All Exon v6 (Agilent Technologies,
Santa Clara, Carifornia, USA). The captured libraries
were sequenced using a NextSeq500 (Illumina, San
Diego, Carifornia, USA) with 150-bp paired-end reads.
Exome data processing, variant calling, and variant
annotation were performed as described previously (24).
Human GRCh38/hg38 (UCSC Genome Browser) was
used as the reference genome.

A  heterozygous frameshift variant
(NM_005544.3:¢.1791dupG: p.(His598Alafs*13))
was identified in IRS1I of the patient and his father,
as confirmed by Sanger sequencing (Fig. 4), which is
rare to find in the public and in-house databases used
in this study. It was assessed as a “disease-causing”
variant using MutationTaster, although other in
silico pathogenic predictions could not evaluate the

total fat area 340.87 m?
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(normal; <60 m? for children)

subcutaneous fat area 248.48 m?

the visceral-to-subcutaneous fat ratio | 0.37
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Fig. 3. Subcutaneous and visceral fat volumes and their
distribution evaluated using abdominal computed
tomography (CT) at the umbilical level.

Table 1. Results of OGTT

PG (mg/dL)  IRI (ng/mL)

0 min 88 43.1
30 min 165 426.0
60 min 172 383.0
90 min 150 493.0
120 min 168 927.0
HOMA-IR 9.36

AIPI/APG (30 min) 4.97

Seventy-five grams of glucose was orally administered.
PG, plasma glucose; IRI, immunoreactive insulin. Diabetes
was assessed according to the Japanese Diabetes Society
Guideline (43). Insulin resistance was defined as a homeo-
stasis model assessment of insulin resistance (HOMA-IR)
score > 2.5. HOMA-IR was calculated as fasting plasma
glucose (FPG) (mg/dL) X fasting immunoreactive insulin
(IRI) WU/mL)/405.

pathogenicity of this frameshift variant. Based on the
American College of Medical Genetics and Genomics
(ACMG)/American Association of Molecular Pathology
(AMP) criteria (positive for PVS1 alone), this variant was
assessed as a "variant of uncertain significance (VUS)”
(25). No other rare variants (minor allele frequency <
0.01) were identified in the genes involved in the insulin
signaling pathway.

Treatment

After confirming the IRS1 mutation, 750 mg
of metformin was administered daily as an initial

IRS1 mutation in insulin resistance

doi: 10.1297/cpe.33.2023-0081

89



A [c.1791dupG:p.(His598Aafs* 13)]

IRS1
gDNA

cONA ]

PH ET ? 1242 a.a.
Frameshifted Deleted
segment segment
Patient Sk ko p.(His598Alafs*13)
sDé;elfénce \AAAANNAL )\ ./\/.| <Frequency in databases>
GTCGGGGGGGGCACCACCGCCC gnomAD_exome_EAS 0.0001941
GCACCACCGCCC payD 0
Father o) ) Kk AR ARk 54KIPN 0.000018
sDéqutfeEnce :’“1 VY, \J ‘\ A “"\,/“H"";f\\ "N Asfan /A In-house (n =218) 0
GTCGGGGGGGGCACCAccGccca <In silico pathogenicity predictions>
GERCERCCAEED CADD Not evaluated
gggéetzr /ﬁ\ fl Y o ) PP2_HVAR Not evaluated
sequence || Iy, \"‘,' VAAVAAMANAANAANANL STFT Not evaluate;d
GTCGGGGGGGGCACCACCGCCCA MultsiticrTaster Disease causing

(score 1.000)

Fig. 4. Summary of genetic studies. A: The gDNA and ¢cDNA structures of IRSI and the position of the frameshift

variant were identified. This variant is predicted to produce a truncated protein, associated with a 12 amino acid
frameshifted segment (highlighted in light gray), lacking a large part of the IRSI protein (highlighted in dark
gray). PH: pleckstrin homology domain, PTB: phosphotyrosine-binding domain, gDNA: genomic DNA, cDNA:
complementary DNA. B: Electrochromatograms showing the frameshift variant in the patient and his father.
Frameshifted sequences are indicated by red asterisks. The forward primer was TGGATAATCGGTTCCGAAAG, and
the reverse primer was ATCTGCTGTGGGGCAGATAC. For the prediction of frequency and in silico pathogenicity,
the following URLs were used: (1) Genome Aggregation Database (gnomAD): http://gnomad.broadinstitute.org;
(2) Human Genetic Variation Database (HGVD): http://www.hgvd.genome.med.kyoto-u.ac.jp; (3) Whole-genome
sequences of approximately 54,000 healthy Japanese individuals and construction of the highly accurate Japanese
population reference panel (54KJPN): https://jmorp.megabank.tohoku.ac.jp; (4) Combined Annotation—Dependent
Depletion CADD): http://cadd.gs.washington.edu/score; Phred scores of > 10-20 are regarded as deleterious, and
scores > 20 indicate the 1% most deleterious; (5) Polyphen-2 Hum Var: http:/genetics.bwh.harvard.edu/pph2;
Hum Var scores were evaluated as 0.000 (most probably benign) to 1.000 (most probably damaging); (6) Sorting
Intolerant From Tolerant (SIFT): http://sift.jcvi.org; scores < 0.05 and scores > 0.05 are assessed as damaging and
tolerated, respectively; (7) MutationTaster: http://www.mutationtaster.org (MutationTaster2, GRCh37/Ensembl
69); alterations are classified as disease-causing or polymorphisms, and a high score of ~1.00 indicate the high

probability of disease-causing variant or polymorphism.

treatment concomitant with physical exercise and
dietary management. Metformin treatment was well
tolerated without gastrointestinal side effects, and the
patient maintained optimal glycemic control with HbA1lc
levels of 5.5-7.4%. Fasting IRI level and HOMA-IR
score after metformin administration were 18.2—42.1
pg/mL and 3.7-9.7, respectively. Liver dysfunction and
hyperlipidemia gradually improved after metformin
treatment, and laboratory data, including FPG and
HbA1c levels, normalized (Fig. 5).

We identified a frameshift variant of IRSI in a
young male patient with diabetes mellitus and insulin
resistance. This variant is not associated with nonsense-
mediated mRNA decay (26), and may therefore produce

a severely truncated protein. Furthermore, the clinical
findings in the patient and his father primarily resulted
from the IRS1I variant. Although it was assessed as a
VUS based on the ACMG/AMP criteria, it may be a
disease-causing variant. The IRS1 frameshift variant
impairs tyrosine phosphorylation and binds to PI
3-kinase and Grb2-Map kinase (4), possibly leading to
glucose intolerance. However, IRS-1 KO mice do not
spontaneously develop diabetes because of compensatory
hyperinsulinemia and B-cell hyperplasia (5). Some
studies have demonstrated that IRS-1 mutations
impair the metabolic action of insulin (10, 11, 27, 28)
and insulin secretion (29, 30). There are various clinical
reports showing that IRSI mutations can cause human
metabolic disorders, including diabetes mellitus (16—22).
Therefore, the IRS1 mutation identified in our patient
may have caused diabetes mellitus. Obesity, puberty,
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Fig. 5. Clinical course and treatment. The homeostasis model assessment-insulin resistance (HOMA-IR) score was calculated
as fasting plasma glucose (FPG) (mg/dL) X fasting immunoreactive insulin (IRI) (uU/mL)/405.

and environmental factors, such as excessive food intake
and sedentary life, together with a genetic background,
can also lead to the development of diabetes.

Metformin increases insulin sensitivity in insulin-
resistant conditions such as obesity, diabetes mellitus,
and polycystic ovary syndrome. Furthermore, metformin
increases peripheral glucose utilization by inducing
GLUT4 expression and increasing its translocation to the
plasma membrane. Additionally, metformin-mediated
improvements in insulin sensitivity may be associated
with several mechanisms, including increased insulin
receptor tyrosine kinase activity and enhanced glycogen
synthesis (31). Metformin treatment improved whole-
body insulin sensitivity in various insulin-resistant
conditions, including obesity (32, 33), metabolic syndrome
(34), polycystic ovary syndrome (35), prediabetes mellitus
(36), and diabetes mellitus (37—39). Therefore, treatment
with metformin alone, or in combination with diet and
physical activity, or lifestyle modifications can reduce
visceral obesity, insulin resistance, hyperinsulinemia,
hyperlipidemia, hypertension, and glucose intolerance.
The patient responded well to treatment with metformin
alone and showed improved glycemic control.

In addition, the patient showed moderate but not
severe insulin resistance at diagnosis, possibly because
of the young age and early stage of insulin resistance
syndrome, which may be the basis for the efficacy of
metformin as monotherapy. Thiazolidinediones are
insulin-sensitizing drugs currently used for treating
patients with insulin resistance and provide an
opportunity for effective combination therapy with two
insulin-sensitizing agents. This combination treatment
improves glucose control, reduces metabolic risk, and
improves the outcomes of cardiovascular diseases (40).
These oral hypoglycemic drugs, insulin (high doses),
and recombinant human IGF-1 are administered to
treat congenital insulin resistance syndromes, such as
Mendenhall syndrome (41). In contrast, sodium-glucose

cotransporter 2 (SGLTZ2) inhibitors, which modulate
elevated glucose levels through a unique mechanism
independent of insulin action, are potential candidates
for treating patients with severe insulin resistance (42);
SGLT2 inhibitors are effective in patients with severe
insulin resistance associated with mutations in insulin
receptor (IINSR) or phosphoinositide-3-kinase regulatory
subunit 1 (PIK3RI) (43—45). Although their long-term
safety remains to be assessed, SGLT2 inhibitors are
potential candidates for use in patients with insulin
resistance syndromes, which could be administered as
the disease progresses.

Furthermore, mutations in JRS1 are associated with
psychiatric diseases, such as Alzheimer’s disease and
autism; the frequency of the rs1801123 polymorphism
in IRS1 is significantly higher in Korean men with
autism (46). Notably, autism in our patient was possibly
associated with a mutation in IRSI (IRS1 ¢.1791dupG:p.
His598Alafs*13). In contrast, metformin has been
reported to improve cognitive and mood functions in
patients with type 2 diabetes (47). The mechanism
underlying metformin in the central nervous system is
not fully understood, but it appears to regulate synaptic
transmission or plasticity in pathological conditions
and the balance of excitation and inhibition in neural
networks (47); this may enable pharmacological efficacy
in improving or preventing neurological disorders (48).
No clinical study has reported the efficacy of metformin in
autism, and we found no alterations in autism following
metformin treatment.

Conclusions

Herein, we report the case of a young male patient
with diabetes mellitus who presented with severe insulin
resistance associated with a heterozygous pathogenic
IRS1 frameshift variant [NM_005544.3:¢.1791dupG:p.
(His598Alafs*13)]; this frameshift variant of IRSI can
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impair the binding and activation of PI3K and defectively
mediate the translocation of GLUT4 in adipose tissues.
Therefore, we considered this to be a disease-causing
variant. Metformin monotherapy effectively sustained
optimal control. However, other drugs, including
thiazolidinediones, recombinant human IGF-1, and
SGLT2 inhibitors, may be administered if insulin
resistance progresses.

Conflict of interests: The authors declare no
conflict of interest.

Acknowledgement

This work was supported by the grant from
Japan Agency for Medical Research and Development
(AMED) (JP23ek0109549).

References

1.

10.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Michael MD, Kulkarni RN, Postic C, Previs SF, Shulman GI, Magnuson MA, et al. Loss of insulin signaling in hepatocytes
leads to severe insulin resistance and progressive hepatic dysfunction. Mol Cell 2000;6: 87-97. [Medline] [CrossRef]
Esposito DL, Li Y, Cama A, Quon MJ. Tyr(612) and Tyr(632) in human insulin receptor substrate-1 are important for
full activation of insulin-stimulated phosphatidylinositol 3-kinase activity and translocation of GLUT4 in adipose cells.
Endocrinology 2001;142: 2833-40. [Medline] [CrossRef]

Shimomura I, Matsuda M, Hammer RE, Bashmakov Y, Brown MS, Goldstein JL. Decreased IRS-2 and increased SREBP-
1c lead to mixed insulin resistance and sensitivity in livers of lipodystrophic and ob/ob mice. Mol Cell 2000;6: 77-86.
[Medline] [CrossRef]

Sun XJ, Rothenberg P, Kahn CR, Backer JM, Araki E, Wilden PA, ef al. Structure of the insulin receptor substrate IRS-1
defines a unique signal transduction protein. Nature 1991;352: 73—7. [Medline] [CrossRef]

Kubota T, Kubota N, Kadowaki T. Imbalanced insulin actions in obesity and type 2 diabetes: Key mouse models of insulin
signaling pathway. Cell Metab 2017;25: 797-810. [Medline] [CrossRef]

Almind K, Bjerbaek C, Vestergaard H, Hansen T, Echwald S, Pedersen O. Aminoacid polymorphisms of insulin receptor
substrate-1 in non-insulin-dependent diabetes mellitus. Lancet 1993;342: 828-32. [Medline] [CrossRef]

Laakso M, Malkki M, Kekéldinen P, Kuusisto J, Deeb SS. Insulin receptor substrate-1 variants in non-insulin-dependent
diabetes. J Clin Invest 1994;94: 1141-6. [Medline] [CrossRef]

Imai Y, Fusco A, Suzuki Y, Lesniak MA, D’ Alfonso R, Sesti G, et al. Variant sequences of insulin receptor substrate-1 in
patients with noninsulin-dependent diabetes mellitus. J Clin Endocrinol Metab 1994;79: 1655-8. [Medline]

Ura S, Araki E, Kishikawa H, Shirotani T, Todaka M, Isami S, ef a/. Molecular scanning of the insulin receptor substrate-1
(IRS-1) gene in Japanese patients with NIDDM: identification of five novel polymorphisms. Diabetologia 1996;39: 600-8.
[Medline] [CrossRef]

Yoshimura R, Araki E, Ura S, Todaka M, Tsuruzoe K, Furukawa N, ef al. Impact of natural IRS-1 mutations on insulin
signals: mutations of IRS-1 in the PTB domain and near SH2 protein binding sites result in impaired function at different
steps of IRS-1 signaling. Diabetes 1997;46: 929-36. [Medline] [CrossRef]

Imai Y, Philippe N, Sesti G, Accili D, Taylor SI. Expression of variant forms of insulin receptor substrate-1 identified in
patients with noninsulin-dependent diabetes mellitus. J Clin Endocrinol Metab 1997;82: 4201-7. [Medline]

Almind K, Inoue G, Pedersen O, Kahn CR. A common amino acid polymorphism in insulin receptor substrate-1 causes
impaired insulin signaling. Evidence from transfection studies. J Clin Invest 1996;97: 2569-75. [Medline] [CrossRef]
Shinagawa T, Ishii S. Generation of Ski-knockdown mice by expressing a long double-strand RNA from an RNA polymerase
II promoter. Genes Dev 2003;17: 1340-5. [Medline] [CrossRef]

Rubinson DA, Dillon CP, Kwiatkowski AV, Sievers C, Yang L, Kopinja J, et al. A lentivirus-based system to functionally
silence genes in primary mammalian cells, stem cells and transgenic mice by RNA interference. Nat Genet 2003;33: 401-6.
[Medline] [CrossRef]

Kasim V, Miyagishi M, Taira K. Control of siRNA expression using the Cre-loxP recombination system. Nucleic Acids
Res 2004;32: e66. [Medline] [CrossRef]

Sesti G, Federici M, Hribal ML, Lauro D, Sbraccia P, Lauro R. Defects of the insulin receptor substrate (IRS) system in
human metabolic disorders. FASEB J 2001;15: 2099—111. [Medline] [CrossRef]

El Mkadem SA, Lautier C, Macari F, Molinari N, Lefébvre P, Renard E, et al. Role of allelic variants Gly972Arg of IRS-1
and Gly1057Asp of IRS-2 in moderate-to-severe insulin resistance of women with polycystic ovary syndrome. Diabetes
2001;50: 2164-8. [Medline] [CrossRef]

Kovacs P, Hanson RL, Lee YH, Yang X, Kobes S, Permana PA, ef al. The role of insulin receptor substrate-1 gene (IRS1)
in type 2 diabetes in Pima Indians. Diabetes 2003;52: 3005-9. [Medline] [CrossRef]

Esposito DL, LiY, Vanni C, Mammarella S, Veschi S, Della Loggia F, et al. A novel T608R missense mutation in insulin
receptor substrate-1 identified in a subject with type 2 diabetes impairs metabolic insulin signaling. J Clin Endocrinol
Metab 2003;88: 1468—75. [Medline] [CrossRef]

Villuendas G, Botella-Carretero JI, Roldan B, Sancho J, Escobar-Morreale HF, San Millan JL. Polymorphisms in the insulin
receptor substrate-1 (IRS-1) gene and the insulin receptor substrate-2 (IRS-2) gene influence glucose homeostasis and
body mass index in women with polycystic ovary syndrome and non-hyperandrogenic controls. Hum Reprod 2005;20:
3184-91. [Medline] [CrossRef]

Rung J, Cauchi S, Albrechtsen A, Shen L, Rocheleau G, Cavalcanti-Proenga C, et al. Genetic variant near IRS1 is associated
with type 2 diabetes, insulin resistance and hyperinsulinemia. Nat Genet 2009;41: 1110-5. [Medline] [CrossRef]

Osawa et al.

doi: 10.1297/cpe.33.2023-0081

92


http://www.ncbi.nlm.nih.gov/pubmed/10949030?dopt=Abstract
http://dx.doi.org/10.1016/S1097-2765(05)00015-8
http://www.ncbi.nlm.nih.gov/pubmed/11416002?dopt=Abstract
http://dx.doi.org/10.1210/endo.142.7.8283
http://www.ncbi.nlm.nih.gov/pubmed/10949029?dopt=Abstract
http://dx.doi.org/10.1016/S1097-2765(05)00010-9
http://www.ncbi.nlm.nih.gov/pubmed/1648180?dopt=Abstract
http://dx.doi.org/10.1038/352073a0
http://www.ncbi.nlm.nih.gov/pubmed/28380373?dopt=Abstract
http://dx.doi.org/10.1016/j.cmet.2017.03.004
http://www.ncbi.nlm.nih.gov/pubmed/8104271?dopt=Abstract
http://dx.doi.org/10.1016/0140-6736(93)92694-O
http://www.ncbi.nlm.nih.gov/pubmed/8083355?dopt=Abstract
http://dx.doi.org/10.1172/JCI117429
http://www.ncbi.nlm.nih.gov/pubmed/7989470?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8739921?dopt=Abstract
http://dx.doi.org/10.1007/BF00403308
http://www.ncbi.nlm.nih.gov/pubmed/9166661?dopt=Abstract
http://dx.doi.org/10.2337/diab.46.6.929
http://www.ncbi.nlm.nih.gov/pubmed/9398740?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8647950?dopt=Abstract
http://dx.doi.org/10.1172/JCI118705
http://www.ncbi.nlm.nih.gov/pubmed/12782652?dopt=Abstract
http://dx.doi.org/10.1101/gad.1073003
http://www.ncbi.nlm.nih.gov/pubmed/12590264?dopt=Abstract
http://dx.doi.org/10.1038/ng1117
http://www.ncbi.nlm.nih.gov/pubmed/15107481?dopt=Abstract
http://dx.doi.org/10.1093/nar/gnh061
http://www.ncbi.nlm.nih.gov/pubmed/11641236?dopt=Abstract
http://dx.doi.org/10.1096/fj.01-0009rev
http://www.ncbi.nlm.nih.gov/pubmed/11522686?dopt=Abstract
http://dx.doi.org/10.2337/diabetes.50.9.2164
http://www.ncbi.nlm.nih.gov/pubmed/14633864?dopt=Abstract
http://dx.doi.org/10.2337/diabetes.52.12.3005
http://www.ncbi.nlm.nih.gov/pubmed/12679424?dopt=Abstract
http://dx.doi.org/10.1210/jc.2002-020933
http://www.ncbi.nlm.nih.gov/pubmed/16037106?dopt=Abstract
http://dx.doi.org/10.1093/humrep/dei205
http://www.ncbi.nlm.nih.gov/pubmed/19734900?dopt=Abstract
http://dx.doi.org/10.1038/ng.443

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

3s.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Yousef AA, Behiry EG, Allah WMA, Hussien AM, Abdelmoneam AA, Imam MH, ef al. IRS-1 genetic polymorphism
(r.2963G>A) in type 2 diabetes mellitus patients associated with insulin resistance. Appl Clin Genet 2018;11: 99—106.
[Medline] [CrossRef]

Kato N, Takimoto H, Sudo N. The cubic functions for spline smoothed L, S and M values for BMI reference data of
Japanese children. Clin Pediatr Endocrinol 2011;20: 47-9. [Medline] [CrossRef]

Masunaga Y, Nishimura G, Takahashi K, Hishiyama T, Imamura M, Kashimada K, et a/. Clinical and molecular findings
in three Japanese patients with N-acetylneuraminic acid synthetase-congenital disorder of glycosylation (NANS-CDG).
Sci Rep 2022;12: 17079. [Medline] [CrossRef]

Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster J, et al. ACMG Laboratory Quality Assurance Committee.
Standards and guidelines for the interpretation of sequence variants: a joint consensus recommendation of the American
College of Medical Genetics and Genomics and the Association for Molecular Pathology. Genet Med 2015;17: 405-24.
[Medline] [CrossRef]

Kuzmiak HA, Maquat LE. Applying nonsense-mediated mRNA decay research to the clinic: progress and challenges.
Trends Mol Med 2006;12: 306—-16. [Medline] [CrossRef]

Whitehead JP, Humphreys P, Krook A, Jackson R, Hayward A, Lewis H, ef al. Molecular scanning of the insulin receptor
substrate 1 gene in subjects with severe insulin resistance: detection and functional analysis of a naturally occurring
mutation in a YMXM motif. Diabetes 1998;47: 837-9. [Medline] [CrossRef]

Hribal ML, Federici M, Porzio O, Lauro D, Borboni P, Accili D, ef al. The Gly-->Arg972 amino acid polymorphism in
insulin receptor substrate-1 affects glucose metabolism in skeletal muscle cells. J Clin Endocrinol Metab 2000;85: 2004—13.
[Medline]

Porzio O, Federici M, Hribal MI, Lauro D, Accili D, Lauro R, et al. Gly—Arg®”? amino acid polymorphism in insulin
receptor substrate 1 impairs insulin secretion in pancreatic beta cells. J Clin Invest 1999;104: 357-64. [Medline] [CrossRef]
Federici M, Hribal ML, Ranalli M, Marselli L, Porzio O, Lauro D, ef al. The common Arg972 polymorphism in insulin
receptor substrate-1 causes apoptosis of human pancreatic islets. FASEB J 2001;15: 22—4. [Medline] [CrossRef]
Herman R, Kravos NA, Jensterle M, Janez A, Dolzan V. Metformin and insulin resistance: a review of the underlying
mechanisms behind changes in GLUT4-mediated glucose transport. Int J Mol Sci 2022;23: 1264. [Medline] [CrossRef]
Atabek ME, Pirgon O. Use of metformin in obese adolescents with hyperinsulinemia: a 6-month, randomized, double-blind,
placebo-controlled clinical trial. J Pediatr Endocrinol Metab 2008;21: 339-48. [Medline] [CrossRef]

Worsley R, Jane F, Robinson PJ, Bell RJ, Davis SR. Metformin for overweight women at midlife: a double-blind, randomized,
controlled trial. Climacteric 2015;18: 270-7. [Medline] [CrossRef]

Pala L, Barbaro V, Dicembrini I, Rotella CM. The therapy of insulin resistance in other diseases besides type 2 diabetes.
Eat Weight Disord 2014;19: 275-83. [Medline] [CrossRef]

Nawrocka-Rutkowska J, Cie¢wiez S, Marciniak A, Brodowska A, Wisniewska B, Kotlega D, ef al. Insulin resistance
assessment in patients with polycystic ovary syndrome using different diagnostic criteria--impact of metformin treatment.
Ann Agric Environ Med 2013;20: 528-32. [Medline]

Kamenova P. Therapeutic potential of metformin in normal glucose tolerant persons with Reyes metabolic syndrome.
Biotechnol Equip. 2020;34: 30—7. [CrossRef]

Giannarelli R, Aragona M, Coppelli A, Del Prato S. Reducing insulin resistance with metformin: the evidence today.
Diabetes Metab 2003;29: S28-35. [Medline] [CrossRef]

Ghaffari M, Payami S, Payami S, Ashtary-Larky D, Nikzamir A, Mohammadzadeh G. Evaluation of insulin resistance
indices in type 2 diabetic patients treated with different anti-diabetic drugs. Open J Endocr Metab Dis 2016;6: 95-101.
[CrossRef]

Bjornstad P, Schifer M, Truong U, Cree-Green M, Pyle L, Baumgartner A, et al. Metformin improves insulin sensitivity
and vascular health in youth with type 1 diabetes mellitus. Circulation 2018;138: 2895-907. [Medline] [CrossRef]
Staels B. Metformin and pioglitazone: Effectively treating insulin resistance. Curr Med Res Opin 2006;22(Suppl 2):
S27-37. [Medline] [CrossRef]

Takeuchi T, Ishigaki Y, Hirota Y, Hasegawa Y, Yorifuji T, Kadowaki H, ef a/. Clinical characteristics of insulin resistance
syndromes: A nationwide survey in Japan. J Diabetes Investig 2020;11: 603—16. [Medline] [CrossRef]

Hosokawa Y, Ogawa W. SGLT2 inhibitors for genetic and acquired insulin resistance: Considerations for clinical use. J
Diabetes Investig 2020;11: 1431-3. [Medline] [CrossRef]

KawanaY, Imai J, Sawada S, Yamada T, Katagiri H. Sodium-glucose cotransporter 2 inhibitor improves complications of
lipodystrophy: a case report. Ann Intern Med 2017;166: 450—1. [Medline] [CrossRef]

Hamaguchi T, Hirota Y, Takeuchi T, Nakagawa Y, Matsuoka A, Matsumoto M, et al. Treatment of a case of severe insulin
resistance as a result of a PIK3R1 mutation with a sodium-glucose cotransporter 2 inhibitor. J Diabetes Investig 2018;9:
1224-7. [Medline] [CrossRef]

Nagashima S, Wakabayashi T, Saito N, Takahashi M, Okada K, Ebihara K, et al. Long-term efficacy of the sodium-glucose
cotransporter 2 inhibitor, ipragliflozin, in a case of type A insulin resistance syndrome. J Diabetes Investig 2020;11: 1363-5.
[Medline] [CrossRef]

Park HJ, Kim SK, Kang WS, Park JK, Kim YJ, Nam M, et al. Association between IRS1 gene polymorphism and autism
spectrum disorder: a pilot case-control study in Korean males. Int J Mol Sci 2016;17: 1227. [Medline] [CrossRef]

LiN, Zhou T, Fei E. Actions of metformin in the brain: A new perspectives of metformin treatments in related neurological
disorders. Int J Mol Sci 2022;23: 8281. [Medline] [CrossRef]

Cao G, Gong T, Du 'Y, Wang Y, Ge T, Liu J. Mechanism of metformin regulation in central nervous system: Progression
and future perspectives. Biomed Pharmacother 2022;156: 113686. [Medline] [CrossRef]

IRS1 mutation in insulin resistance

doi: 10.1297/cpe.33.2023-0081

93


http://www.ncbi.nlm.nih.gov/pubmed/30319284?dopt=Abstract
http://dx.doi.org/10.2147/TACG.S171096
http://www.ncbi.nlm.nih.gov/pubmed/23926394?dopt=Abstract
http://dx.doi.org/10.1297/cpe.20.47
http://www.ncbi.nlm.nih.gov/pubmed/36224347?dopt=Abstract
http://dx.doi.org/10.1038/s41598-022-21751-x
http://www.ncbi.nlm.nih.gov/pubmed/25741868?dopt=Abstract
http://dx.doi.org/10.1038/gim.2015.30
http://www.ncbi.nlm.nih.gov/pubmed/16782405?dopt=Abstract
http://dx.doi.org/10.1016/j.molmed.2006.05.005
http://www.ncbi.nlm.nih.gov/pubmed/9588458?dopt=Abstract
http://dx.doi.org/10.2337/diabetes.47.5.837
http://www.ncbi.nlm.nih.gov/pubmed/10843189?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10430617?dopt=Abstract
http://dx.doi.org/10.1172/JCI5870
http://www.ncbi.nlm.nih.gov/pubmed/11099486?dopt=Abstract
http://dx.doi.org/10.1096/fj.00-0414fje
http://www.ncbi.nlm.nih.gov/pubmed/35163187?dopt=Abstract
http://dx.doi.org/10.3390/ijms23031264
http://www.ncbi.nlm.nih.gov/pubmed/18556965?dopt=Abstract
http://dx.doi.org/10.1515/JPEM.2008.21.4.339
http://www.ncbi.nlm.nih.gov/pubmed/25333776?dopt=Abstract
http://dx.doi.org/10.3109/13697137.2014.954997
http://www.ncbi.nlm.nih.gov/pubmed/25069836?dopt=Abstract
http://dx.doi.org/10.1007/s40519-014-0139-y
http://www.ncbi.nlm.nih.gov/pubmed/24069859?dopt=Abstract
http://dx.doi.org/10.1080/13102818.2019.1711184
http://www.ncbi.nlm.nih.gov/pubmed/14502098?dopt=Abstract
http://dx.doi.org/10.1016/S1262-3636(03)72785-2
http://dx.doi.org/10.4236/ojemd.2016.62013
http://www.ncbi.nlm.nih.gov/pubmed/30566007?dopt=Abstract
http://dx.doi.org/10.1161/CIRCULATIONAHA.118.035525
http://www.ncbi.nlm.nih.gov/pubmed/16914073?dopt=Abstract
http://dx.doi.org/10.1185/030079906X112732
http://www.ncbi.nlm.nih.gov/pubmed/31677333?dopt=Abstract
http://dx.doi.org/10.1111/jdi.13171
http://www.ncbi.nlm.nih.gov/pubmed/32469141?dopt=Abstract
http://dx.doi.org/10.1111/jdi.13309
http://www.ncbi.nlm.nih.gov/pubmed/28320010?dopt=Abstract
http://dx.doi.org/10.7326/L16-0372
http://www.ncbi.nlm.nih.gov/pubmed/29476696?dopt=Abstract
http://dx.doi.org/10.1111/jdi.12825
http://www.ncbi.nlm.nih.gov/pubmed/32100949?dopt=Abstract
http://dx.doi.org/10.1111/jdi.13241
http://www.ncbi.nlm.nih.gov/pubmed/27483248?dopt=Abstract
http://dx.doi.org/10.3390/ijms17081227
http://www.ncbi.nlm.nih.gov/pubmed/35955427?dopt=Abstract
http://dx.doi.org/10.3390/ijms23158281
http://www.ncbi.nlm.nih.gov/pubmed/36244266?dopt=Abstract
http://dx.doi.org/10.1016/j.biopha.2022.113686

