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Abstract

The incidence of cancer in acromegaly patients may be higher than that in the general popu-
lation, although this has not been fully elucidated yet. This study analyzed the risk of various
important types of cancer in acromegaly patients. The study was registered in INPLASY
(registration number: INPLASY202340037). The PubMed, Web of Science, and EMBASE
databases were searched for studies based on strict inclusion and exclusion criteria, from
the time of database inception up to June 30, 2022. All observational studies of acromegaly
patients with cancer were included, without language restrictions. We used the Newcastle—
Ottawa scale (NOS) checklist to assess the quality of evidence. A meta-analysis revealed
the relationship between acromegaly and cancer using the standardized incidence rates
(SIRs) and 95% confidence intervals (Cls) retrieved from the included studies. Nineteen
studies were included and analyzed. The overall incidence of cancer (SIR = 1.45, 95%CI =
1.20-1.75), as well as that of thyroid (SIR = 6.96, 95%CI = 2.51-19.33), colorectal and anal
(SIR =1.95, 95%CI = 1.32—-2.87), brain and central nervous system (SIR = 6.14, 95%Cl =
2.73-13.84), gastric (SIR = 3.09, 95%ClI = 1.47-6.50), urinary (SIR = 2.66, 95%CI = 1.88—
3.76), hematological (SIR = 1.89, 95%CI = 1.17-3.06), pancreatic and small intestine (SIR =
2.59, 95%CI = 1.58—4.24), and connective tissue (SIR = 3.15, 95%CI = 1.18-8.36) cancers,
was higher among patients with acromegaly than among the general population. No associ-
ation between acromegaly and hepatobiliary, respiratory, reproductive, skin, breast, or pros-
tate cancer was observed. This study demonstrated that acromegaly patients have a
modestly increased chance of cancer as compared to the general population. Risk factors
for cancer need to be further explored to monitor patients with acromegaly at a high risk for
cancer more carefully.

Introduction

Acromegaly is a rare endocrine disease characterized by excessive release of growth hormone
(GH) and insulin-like growth factor 1 (IGF-1), mainly due to GH-secreting pituitary adeno-
mas. Patients usually present with bone, joint, skin, and soft tissue changes that can cause sys-
temic multisystem and tumor-related complications [1]. Conventionally, acromegaly patients
may have a higher mortality rate than the general population. With improvements in
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treatment, the survival rate of patients with acromegaly has increased. However, with the pro-
longed life expectancy of the aforementioned population, chronic multisystem damage and
malignant tumor-related complications have become the leading causes of mortality [2].

Experimental studies have revealed that GH-IGF-1 signaling plays a significant role in the
growth of cancer in patients with acromegaly, by affecting cell proliferation. Nevertheless,
whether cancer rates are increased due to acromegaly remains controversial in clinical studies
[3]. A number of studies have indicated that patients with acromegaly have an increased inci-
dence of cancer, particularly thyroid and colorectal cancers [4, 5]. A few studies have reported
a high incidence of breast cancer [6]. However, some studies have shown that the incidence of
cancer in patients with acromegaly is similar to or even lower than that in the local population.
A large meta-analysis [7] has shown an increased rate of cancers, mainly thyroid and colorectal
cancers, in acromegaly patients. However, the effects of other specific cancer categories and
sex on cancer incidence remain inconclusive.

We herein conducted a meta-analysis of the standardized incidence rates (SIRs) and 95%
confidence intervals (CIs) of cancers overall and of various significant cancers related to acro-
megaly, to evaluate the risk and tendency for cancer in patients with this disease, qualitatively.
This study was registered in INPLASY (registration number INPLASY202340037) (S1 File).

Materials and methods
Search strategy and data extraction

Relevant studies published from the time of database inception up to June 30, 2022, were
obtained from the PubMed, Web of Science, and EMBASE databases. We combined the fol-
lowing text words and MeSH terms as the search strategy: (“Neoplasm™” OR “Tumor*” OR
“Neoplasia®” OR “Cancer™” OR “carcinoma®” OR “malignancy®” OR “tumor*”) AND (“Acro-
megaly” OR (“Somatotropin Hypersecretion Syndrome*”).

We included studies that reported SIRs and 95%ClIs, that included patients diagnosed with
acromegaly, and in which the cancer incidence rate of representative populations was used to
calculate the expected number of SIRs. We excluded studies that were not original articles,
such as case reports and reviews, that involved non-representative populations, including
patients with specific diseases, for calculating the expected number of SIRs.

Two researchers searched the aforementioned databases independently and recorded data
on the author, publication year and country, data origin, calendar period, number of acromeg-
aly and cancer patients, and follow-up years. We evaluated the quality of articles using the
Newcastle-Ottawa scale (NOS) checklist, and studies that scored > 6 were considered to have
high quality [8]. The degree of agreement between the researchers was evaluated by calculating
Cohen’s kappa. In cases of differences in the selection and data extraction of articles, the two
researchers would discuss the issue at hand until a consensus was reached.

Statistical analysis

SIRs, including 95%Cls, were used to evaluate the association between acromegaly and cancer.
The I? test was used to assess heterogeneity. When heterogeneity was notable (P < 0.1, 1> >
50%), a random-effects model was used. Otherwise, a fixed-effects model was used [9]. Publi-
cation bias was weighed using Egger’s test, and a P-value < 0.05 was considered to indicate
publication bias. If publication bias existed, a trim-and-fill analysis was used to evaluate the
effect of publication bias on the pooled SIRs and 95%Cls. One article was excluded each time,
and a meta-analysis pooled the remaining articles (n-1 articles) to assess the robustness and
reliability of the pooled results. All tests were two-sided, and P-value < 0.05 was regarded as
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statistically significant [10]. All statistical analyses were performed using STATA version 17.0
(Stata Corp, College Station, TX, USA).

Results

Description of studies in our meta-analysis

A total of 14,105 articles were retrieved from the three databases, and 7,588 remained after
removing duplicate articles. By reading the title and abstract, we removed 5,836 articles
because they were unrelated to acromegaly and cancer. We then read the remaining articles in
full. Based on strict inclusion and exclusion criteria, we excluded studies that did not include
“representative populations” or that were unable to provide SIRs and 95%Cis (Fig 1).

Characteristics of studies and patients

Nineteen eligible studies, comprising 11,494 patients, from the inception of these databases to
2022, were enrolled. The study with the highest sample size included 1,634 patients and was a
population-based survey from Denmark and Sweden published by Baris et al. [11] in 2002. A
multi-center survey conducted in Japan by Huiguchi et al. [12] in 2000 had the smallest sample
size (40 individuals). Most studies were conducted in Europe and Asia. Six were single-center
studies, eight were multi-center, and five were population-based. Fifteen studies reported their
follow-up time, and only 4 studies did not mention follow-up duration. All studies received a
score of 6 or higher on the Newcastle-Ottawa scale, meaning that all studies were of high qual-
ity. Cohen’s kappa for all evaluation items were higher than 0.61, among which that for 5 items
were higher than 0.81, indicating strong inter-researcher consistency (S1 Table).

Organization of cancer groups

A total of 1,108 acromegaly patients were diagnosed with cancer. Most cancer diagnoses were
based on national databases, cancer registries, or pathological diagnoses. A small number of
diagnoses were based on the patients’ claims. Only 2 studies [7, 11] excluded patients diag-
nosed with cancer during the first year after acromegaly diagnosis. Another study [13]
included all patients diagnosed with cancer at least 4 years after acromegaly diagnosis. Five
studies [14-18] excluded patients who developed cancer before acromegaly diagnosis. Three
studies excluded patients whose cancers were diagnosed 6 [5], 5 [19], and 1 [20] year before
the diagnosis of acromegaly. One study [21] excluded patients who died in the first year after
acromegaly diagnosis, three studies did not exclude patients diagnosed with cancer before
acromegaly diagnosis, and four studies did not state whether such patients were included
(Table 1).

Association between acromegaly and cancers

We independently analyzed the risk of major cancer types, such as thyroid, colorectal and
anal, gastric, hepatobiliary, pancreas and small intestine, prostate, and breast cancers in
patients with acromegaly. For other types of cancer, we classified each cancer into brain and
central nervous system, urinary system, reproductive system, hematologic system, respiratory
system, connective tissue, and skin cancer.

Owing to the high heterogeneity between studies, the pooled SIR of 13 studies was used to
report the overall cancer risk using a random-effects model. We found a slightly increased risk
of overall cancer in patients with acromegaly (SIR = 1.45, 95%CI = 1.20-1.75) as compared to
the general population in all three study types: population-based (SIR = 1.44, 95%CI = 1.21-
1.70); multi-center (SIR = 1.17, 95%CI = 0.81-1.68); and single-center (SIR = 3.02, 95%
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Identification

Screening

Potential relevant reports identified through database searching:
Pubmed :5390
Embase :2804

Web of science :5911

A4

Reports after duplicates
removed:(n =7588 )

\4

Reports screened
(n=6530)

\4

Reports excluded
(n=15836)

Reports assessed for
eligibility (n = 694)

'

Studies included in
quantitative synthesis
(n=19)

A 4

Studies included in
quantitative synthesis
(Meta-analyse) (n =19 )

Reports excluded with
reason(n=675)

Non-original study
(n=261)
“Non-representative
populations” for SIRs
(n=365)
Studies did not reported
SIRs and 95% Cls.
(n=49)

Fig 1. Study selection flowchart.
https://doi.org/10.1371/journal.pone.0285335.9001

CI = 2.13-4.29) (Fig 2). With the high correlation found in the single-center studies in previ-
ous studies and our study, the risk of cancer was reduced after the deletion of the six single-
center studies, although the conclusion remained the same (S2 Table).

Two of the most controversial cancers had varying degrees of increased risks. In the ran-
dom-effects model, thyroid cancer risk in acromegaly patients was 6.96 times higher than that
of the general population (SIR = 6.96, 95%CI = 2.51-19.33), whereas the risk of colorectal and
anal cancer was nearly double (SIR = 1.95, 95%CI = 1.32-2.87). Notably, we demonstrated an
association between acromegaly and the development of brain and central nervous system
tumors (SIR = 6.14, 95%CI = 2.73-13.84), mainly meningioma, malignant astrocytoma, and
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Table 1. Characteristics of studies included in the meta-analysis.

First author | Year

Durmug
(14]

Daniela [5]

BekirUcan
[22]

Julien [23]
Wu [15]

Dal [7]

Maione [24]
Terzolo [19]

Petroff [25]
Ritva [21]
Makiko [26]

Baris [11]

Huiguchi
(12]

Orme [16]
Popovic [27]

Cheung [20]
Barzilay [13]

Brunner
[17]

Ron [18]

2022

2021

2020

2020
2019

2018

2017
2017

2015
2010
2008

2002

2000

1998
1998

1997
1991
1990

1990

Country
Turkey
Sweden
Turkey

France
China

Denmark

France
Italy

Germany
Finland

Japan

Sweden and
Denmark

Japan

England

Serbia

Australia
America

America

America

Data origin Calendar period Number of ACRO Number of Follow-up NOS
patients (female%) | cancer patients (years) scores

Anonymized hospital 2008-2019 179 (59) 24 5+3.9 8

Swedish National Patient 1987-2017 1,296 (52) 186 11.7 8

Registry

Diskapi and Numune Training 2010-2019 280 (57) 19 NA 7

and Research Hospital

Single center 2000-2015 221 (60) 17 7.35+4.6 6

The National Health Insurance 1997-2013 1,195 (50) 87 7.28 8

Research Database of Taiwan

Danish National Patient 1978-2010 529 (49) 81 13.6 £8.3 8

Registry

The French Registry 1999-2012 999 (54) 102 6.7

Italian nationwide multi—center 1980-2002 1,512 (59) 124 10 7

cohort

German Acromegaly Registry 2003-2010 445 (56) 42 15

5 university hospitals in Finland 1980-2006 331 48 14.6 7

Tokyo Women’s Medical before 2002 140 (61) 22 NA

University Hospital

Nationwide registry-based Denmark 1977-1993; 1,634 (54) 117 Sweden 10.3; 8

cohorts of patients hospitalized Sweden 1965-1993 Denmark 9.0

Chiba University Hospital and 1976-1998 44 (42) 5 NA 6

tertiary referral hospitals

15 tertiary referral centers 1958-1995 1,239 79 NA 8

Tokyo Women’s Medical 1992-1998 220 (62) 23 45+04

University

Westmead Hospital 1979-1995 50 (42) 7 8.7

Lahey Clinic 1957-1988 87 (49) 7 13

Southeastern Michigan and 1935-1985 52 (46) 2 125+9

northern Ohio

All VA hospitals in USA 1969-1985 1,041 (0) 116 8.3 8

ACRO, acromegaly; NOS, Newcastle-Ottawa scale; and VA, Veterans’ Health Administration

https://doi.org/10.1371/journal.pone.0285335.t001

schwannoma. Acromegaly was also associated with a high risk of urinary cancer (SIR = 2.66,
95%CI = 1.88-3.76) and hematological cancer (SIR = 1.89, 95%CI = 1.17-3.06) using the ran-
dom effects model. The urinary system included kidney, ureter, and bladder cancer, and the
hematological system mainly included malignant lymphomas, leukemia, and multiple mye-
loma. In gastrointestinal cancers other than colorectal and anal cancer, we revealed that acro-
megaly was associated with gastric cancer (SIR = 3.09, 95%CI = 1.47-6.50), using a random-
effects model. With low heterogeneity between studies, the risk of pancreatic and small intes-
tine cancer was also shown to be increased in the fixed-effects model (SIR = 2.59, 95%
CI = 1.58-4.24). However, no association between acromegaly and hepatobiliary cancer was
found (SIR = 1.48, 95%CI = 0.83-2.64). Moreover, acromegaly was related to an increased risk
of connective tissue cancer (SIR = 3.15, 95%CI = 1.18-8.36) using a fixed-effects model, with
no heterogeneity found between studies.

Seven studies analyzed acromegaly and respiratory system cancer within a random-effects
model. The findings indicated that acromegaly was not related to respiratory cancer
(SIR = 1.00, 95%CI = 0.73-1.38), mainly including lung cancer. No increased risk of
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%
Design and Study/Year SIR (95% CI) Weight
Population-based
Daniela/2021 = 1.30 (1.10, 1.50) 9.87
Wu/2019 | —— 1.91 (1.55, 2.35) 9.37
Dal/2018 T 1.10 (0.90, 1.40) 9.23
Ritva/2010 —— 1.50 (1.10, 1.90) 8.65
Baris/2002 : - 1.50 (1.30, 1.80) 9.80
Subgroup, DL (I" =72.9%, p = 0.005) <> 1.44 (1.21,1.70) 46.92
Multi-center |
Terzolo/2017 —— 1.41 (1.18, 1.68) 9.68
Petroff/2015 — i 0.75 (0.55, 1.00) 8.34
Huiguchi/2000 - * 2.65 (0.86, 6.19) 2.70
Orme/1998 —— 0.76 (0.60, 0.95) 9.14
Ron/1991 . i 1.60 (1.30, 1.90) 9.55
Subgroup, DL (I" = 89.8%, p = 0.000) T 1.17 (0.81, 1.68) 39.41
Single-center E
Popovic/1998 ; —_— 3.39 (2.12, 5.12) 6.68
Cheung/1997 : * 2.50 (1.00, 5.20) 3.48
Barzilay/1991 : * 2.45(0.98, 5.04) 3.51
Subgroup, DL (I" = 0.0%, p = 0.699) ! e 3.02 (2.13, 4.29) 13.68
Heterogeneitg between groups: p = 0.000 :
Overall, DL (I° = 85.2%, p = 0.000) <> 1.45(1.20,1.75)  100.00

T T
125 1 8

Fig 2. Pooled SIR of overall cancer in patients with acromegaly.

https://doi.org/10.1371/journal.pone.0285335.9002

reproductive system cancer (SIR = 1.57, 95%CI = 0.54-4.56), mainly including uterus, ovarian,
and testicular cancers, was found. Acromegaly was also not associated with breast cancer

(SIR =1.13, 95%CI = 0.87-1.48), prostate cancer (SIR = 1.05, 95%CI = 0.80-1.38), or skin can-
cer (SIR = 1.12, 95%CI = 0.35-3.58). The fixed effects model was used for prostate cancer, and
the random effects model was used for the remaining cancers (Fig 3).

As for the association between acromegaly and sex, the results successfully shed light on the
association between acromegaly and enhanced risk of cancer in both sexes within a random
effects model. For males, the overall incidence of cancer (SIR = 1.77, 95%CI = 1.32-2.38), as
well as that of thyroid cancer (SIR = 32.69, 95%CI = 9.85-108.52), and colorectal and anal can-
cer (SIR = 4.16, 95%CI = 1.85-9.35), was higher among patients with acromegaly than among
the general population. The same was true for females patients in terms of the overall incidence
of cancer (SIR = 1.83, 95%CI = 1.42-2.35), as well as that of thyroid cancer (SIR = 6.22, 95%

CI =2.91-13.27), colorectal and anal cancer (SIR = 3.43, 95%CI = 2.00-5.87) (Fig 4).

Publication bias

Egger’s test was used to estimate possible publication bias. The findings showed that, among

females, except for the overall incidence of cancer (P = 0.021), thyroid cancer (P = 0.046), sin-
gle-center nature (P = 0.031), and connective tissue cancer (P = 0.028), the P-values of Egger’s
test were all higher than 0.05, suggesting that, in addition to the aforementioned four types of
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(A) Thyroid " Colorectal and anal % ©) Brain and CNS
Study/Year SIR (95% Cl) Weight %
Study/vear SIR (95% CI) Weight Studyivear SIR (95% CI) Weight
Daniela/2021 | s 1.50 (1.00, 2.20) 8.89
WuUi2019 —— 1.31(0.77,2.20) 8.30
Terz0l0/2017 —— 3.99 (2,32, 6.87) 18.08 Wui2019 == 0.66(0.18. 1.69) 538 :
Dall2018 ——— 1.40 (0.70, 2.60) 764 Daniela/2021 3 1.70(0.60, 3.70) 16.28
Petroff/2015 ——— 2.00(0.45, 5.80) 1467 Terzolo/2017 |—— 1.67 (1,07, 2.58) 870 i ; 26,00 (25.00,367.00) 1312
11201 —_— 1(0.17, 1. 4 julien - g ) a3
Ritva/2010 ——— 13.40 (4.90, 29.30) 1662 :’:‘l"’g;?os ] ': :v ‘Z g fz' 2 4: H
e i (0.70, 4.10) Bekirlican/2020 - 3.70/(2.90, 4.60) 2012
Makiko/2008 —=— 87.72(28.48,204.71) 16.18 Makiko/2008 —+— 18.20(8.70, 33.40) 756 3
Baris/2002 —— 260 (1.60, 3.80) 873 WUI2019 ——— 14.98 (6.23, 35.98) 1652
Baris/2002 — 3.70 (1.80, 10.90) 16.59 Barker2002 i 250 (1.30, 4.20) 800 :
Orme/1998 2,54 (0.07, 14.15) 833 Orme/1998 — 168 (087, 2.93) 789 Baris/2002 —— 2.70 (1.20,5.00) 1767
Orme/1998 —_— 086 (0.23,2.20) 534 i
Ron/1991 430020, 21.40) 954 470060, 17.10) S Ron/1991 —r 360 (1.30, 8.00) 1629
Overall, DL ( = 84.1%, p = 0.000) 6.96 (251, 19.33) 100.00 Ron19L, G 340(1.70,5.10) 9.18 Overall, DL (I = 87.2%, p = 0.000) <> 614(273,1384)  100.00
Overall, DL (I" = 80.0%, p = 0.000) 1.95(1.32,2.87) 100.00
1 256 1 1 32 0019531 1 512
NOTE: Weights are from random-effects mode! NOTE: Weights are from random-effects model NOTE: Weights are from random-effects model
(D) Gastric . (E) Urinary W F) Hematologic -
udvlyGar) SIR (95% Cl) Weight Study/Year SIR (95% Cl) Weight
Study/Year SIR (95% CI) Weight
Durmug/2022 ————————— 22.73(1.14,112.10) 209
T Daniela/2021 —— 1.50 (0.90, 2.40) 2047
Durmusr2022 ——————— 20401.02.10070) 208 i ¢ 3
Durmusi2022 | ————— 2270(381.7509) 1380 Daniela/2021 . 4,00 (2.30, 6.50) 15.80 wurzote —E— 6910145 1688
: BekirUcan/2020 280 (2.20, 3.50) 2207 Dali2018 1.30 (0.40, 3.00) 12.00
Daniela/2021 1.70 (0.60, 4.00) 2061
‘WUR2019 2.10(0.87, 5.05) 9.50 Ritva/2010 2.00(0.70, 4.70) 1272
wur2019 —— 3.95(1.97,7.89) 244 Dal2018 S 1.00(0.30, 2.40) 764 Barisi2002 120050, 220) 1567
Terzolo/2017 2.87 (1.55, 5.34) 1376
Baris/2002 1.40 (0.50, 3.00) 21.39 ¢ d Ron/1991 2.00 (0.60, 4.90) 147
Ritva/2010 - 2.20(0.70, 5.10) 813
Ron/1991 1.20 (0.10, 6.00) 451
Ron/1991 't 2.50 (0.80, 6.00) 19.76 Baris/2002 3.20 (1.60. 5.50) 1378
O I, DL (1 = 66.4%, 0.018) @ 3.09 (1.47, 6.50) 100.00 Saa/20i2 020(010.150) et i e i
L 4 d ¢ d Overall, DL (" = 51.9%, p = 0.028) 266(188,376) 100,00 Overall, DL (I = 53.9%, p = 0.034) 189(1.17,306)  100.00
015625 1 64 078125 1 128 k 1 16
NOTE: Weights are from random-effects model NOTE: Weights are from random-efects model NOTE: Weighis are from random-effects model
G) Pancreatic and small intestine « H) Connective tissue ()] Hepatobiliary
%
%
Study/Year SIR (95% Cl) Weight
Study/vear SIR (95% CI) Weight Studyivear SIR (95% CI) Weight
Daniela/2021 * 2.10(0.90, 4.10) 4222 i
H Wur2019 ———————— 4380062.31.11) 24.89 wu2019 126 (0.63,251) 6062
Baris/2002 — 2.20(0.90, 4.30) 39.68 :
H Baris/2002 — 310 (0.40, 11.10) 3456 Baris/2002 240 (050, 6.90) 1931
Baris/2002 —_— 6.00 (1.20, 17.40) 13.57 i
Ron/1991 6.20(0.30, 30.80) 453 Ron/1991 —* 2.60 (0.40, 8.60) 40.55 Baris/2002 1.80 (0.20, 6.40) 1.07
Overall, IV (= 0.0%, p = 0.471) <> 259 (1.58, 4.24) 100.00 Overall, IV (I = 0.0%, p = 0919) 345 (1.18,8.96) 100.00 Overal, IV (1" = 0.0%, p = 0.678) 148(083.264) 10000
03125 1 32 03125 1 32 125 G 8
@ Respiratory & K) Reproductive (L) Skin
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Fig 3. Pooled SIRs of various significant cancers in patients with acromegaly.
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Fig 4. Pooled SIRs of cancer in patients with acromegaly according to sex.
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cancers, there was no notable publication bias in the results. As for the aforementioned four
types of cancer, we used a trim-and-fill analysis to assess the effect of publication bias on the
results. Publication bias for the overall incidence and incidence of connective tissue cancers
was considered to have little impact on the pooled SIRs and 95%CI among females. Therefore,
for females, the findings other than those for thyroid cancer, were stable (S3 Table).

Sensitivity analysis

Sensitivity analysis results showed that Wu et al. [15] and Baris et al. [11] significantly
impacted the pooled SIR in the analysis of connective tissue cancer. The SIRs and 95%ClIs for
other cancers were not significantly affected by any single study. Based on the above-men-
tioned results, meta-analysis results were generally stable (S1 Fig).

Discussion

Our findings supported an increased cancer rate in acromegaly. The incidence of cancer was
higher in single-center studies than in other types of studies. There was a modest reduction in
cancer risk after we deleted the single-center studies, possibly because of the insufficient num-
ber of patients in some single-center studies and the fact that most patients in tertiary referral
hospitals were possibly severely ill. Population-based studies are generally considered to have
the highest quality and to reflect the cancer risk in patients with rare diseases best [28]. In our
analysis, the pooled SIRs of population-based studies were similar to the overall SIR. Hence,
our data indicate that the overall incidence of cancer was mildly elevated in acromegaly
patients, which was consistent with the results of the study by Dal et al. [7].
We found that acromegaly patients had a higher risk of thyroid, colorectal and anal, gastric,
and urinary system cancers than did the general population. Our study revealed that the inci-
dence of thyroid cancer in acromegaly patients was 6.96 times that in the general population.
However, in the research by Dal et al., the risk of thyroid cancer was increased 8.2 times
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among acromegaly patients as compared to the general population (SIR = 9.2, 95%CI = 4.2—
19.9), which was significantly higher than our result. This difference may be due to the studies
we included, as we only selected studies in which the expected number of SIRs were calculated
using representative populations. The control groups of some studies were not representative,
such as in the study conducted by Wolinski et al. [6] in 2017, where the control group included
patients with hormonally inactive pituitary lesions, which may lead to an overestimation of the
incidence of acromegaly.

Thyroid cancer showed the greatest elevation in risk in agromegaly patients. However,
there may have been some surveillance bias. Acromegaly causes goiter in patients. In another
meta-analysis [29], the pooled odds ratio (OR) for thyroid lesions was 3.1 times higher in
patients with acromegaly than in the general population (95%CI = 1.8-5.5), suggesting that
the former population had a higher rate of thyroid lesions. The clinical practice guidelines
for Endocrinology Practice [30] recommend thyroid ultrasonography in acromegaly patients
with palpable thyroid nodules, which may lead to a higher diagnosis of some silent thyroid
cancers. However, the risk of thyroid cancer varies greatly, depending on location and diet.
Both excessive iodine intake and iodine deficiency may contribute to the development of
thyroid cancer [31]. The CIs are wide. Although the increased incidence of acromegalic thy-
roid cancer is not controversial, the specific risk needs to be evaluated comprehensively in
the context of local dietary habits. Dal et al. reported a slight increase in the rate of breast
cancer among patients with acromegaly as compared to that in the general population
(SIR = 1.6, 95%CI = 1.1-2.3). We analyzed 9 studies and found no correlation between acro-
megaly and breast cancer. Half of these studies were published after 2018, and we speculate
that the outcome bias may have been caused by the small sample size and insufficient statisti-
cal power.

Most importantly, we have recently demonstrated that acromegaly increases the incidence
of hematological, brain and central nervous system, connective tissue, and pancreatic and
small intestine cancers. This phenomenon can be explained through several biological mecha-
nisms. Patients with acromegaly have chronically high levels of GH and IGF-1. The two RAS/
RAF and PI3K/AKT pathways downstream of IGF-1 are the main pathways involved in the
pathogenesis of meningioma [32], multiple myeloma [33], pancreatic cancer [34], and other
malignant tumors. This axis can also promote tumor development by boosting epithelial-mes-
enchymal transition [35] and angiogenesis [36], interfering with endocrine metabolism [37],
immunoregulation [38], and cross-linking with other pathways [39]. Thyroid cancer among
patients with acromegaly has been discussed for decades, although brain and central nervous
system cancer (SIR = 6.14, 95%CI = 2.73-13.84) requires more research. Three of the 6 studies
on these cancers included benign brain tumors. When we excluded these three articles, the
risk was reduced (SIR = 4.49, 95%CI = 1.17-11.76). Owing to the small number of cancer
patients observed and expected, the CI was very wide, and it was difficult to quantify this risk
accurately. Acromegaly, malignant meningioma, malignant astrocytoma, and malignant
schwannoma require more attention. Julien et al. [23] showed that acromegaly with MEN-1
may have an enhanced association with meningiomas. However, a history of radiotherapy and
somatostatin analog therapy are both important confounders that should be discussed further.
Moreover, we found that patients with acromegaly appeared to have the same risk of hepato-
biliary, respiratory, reproductive system, skin, and prostate cancer as the general population,
which contradicts the findings of previous cell studies [39, 40].

However, it is worth noting that various studies have shown a dose-dependent relationship
between the risk of malignancy and IGF-1 levels. Vargas et al. [41] found a direct impact in the
middle of the duration of exposure to the GH-IGF-1 axis on the occurrence of thyroid cancer,
which shows that the effective control of the disease is a factor that cannot be ignored.
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However, the data source for most studies was the National Center for Disease Registries, and
it is difficult to determine the disease remission rates for these patients.

We found that sex had little effect on the overall cancer rate of patients with acromegaly.
However, the hazard of thyroid cancer was much higher in males than in females, and that for
colorectal and anal cancers was also increased to a certain extent. Torre et al. [42] found that
smoking (OR = 21.335, 95%CI = 2.345-194.085) and high levels of glycated hemoglobin
(OR =5.58, 95%CI = 1.275-20.074) were risk factors for cancer in acromegaly cases. Most
smokers are males, which may indirectly contribute to their increased risk of cancer; therefore,
more research to determine whether males need more frequent cancer screening is warranted.
Blood glucose levels are also a non-negligible factor. Albertelli et al. [43] demonstrated a signif-
icant negative correlation between colon tumors and metformin intake (OR = 0.22, 95%

CI = 0.06-0.77), confirming the view of Torre et al. As acromegaly is a chronic disease, these
results highlight the importance of long-term disease surveillance in these patients.

In terms of publication bias and sensitivity analysis, we found no significant publication
bias except for the overall incidence of cancer, thyroid cancer incidence, single-center studies,
and connective tissue cancer in females. Using the trim-and-fill analysis, we found that publi-
cation bias for the other three types of cancer, except female thyroid cancer, did not signifi-
cantly impact the results. In the sensitivity analysis, we found that the studies of Wu et al. [15]
and Baris et al. [11] greatly influenced the pooled SIR and 95%CI of connective tissue cancer.
However, we showed that publication bias pertaining to patients with connective tissue cancer
had little effect on outcomes. Therefore, the pooled SIRs and 95%CI of thyroid cancer in
females requires further explanation.

The meta-analysis performed in our study had a rigorous design and the analysis results
were objective and scientific. However, this study still had some limitations. First, due to the
small observed and expected numbers, the CIs for thyroid, brain and central nervous system
cancers, and connective tissue cancers were wide. It is difficult to determine whether the
increased risk of these cancers is large or small. Further research is needed to determine
whether the risk of these cancers increases substantially. Second, the results may be influenced
by unpublished studies; positive results are more likely to be published, and unpublished nega-
tive consequences may impact the overall conclusion. Third, given the differences in the orga-
nization criteria of the cancer groups in the study, there may be a risk associated with
exclusion, although the diagnosis of acromegaly is always delayed. Finally, due to an insuffi-
cient data volume, other factors, including age, disease duration, and blood glucose level, were
not analyzed along with sex and study design. Therefore, larger epidemiological studies are
needed to resolve this problem.

Conclusion

Our study confirmed a modest increase in the incidence of multiple malignancies among
patients with acromegaly. In addition to the screening for 2 cancers recommended by the
Endocrine Society’s clinical practice guidelines, systematic cancer screening may be needed,
although the benefits may be limited based on the current finding of a modestly increased risk
over that in the general population. Future studies are needed to identify the cancer-related
risk factors in patients with acromegaly, to ensure individualized cancer surveillance.

Supporting information

S1 Fig. Sensitivity analysis of pooled SIRs for various cancers.
(TTF)

PLOS ONE | https://doi.org/10.1371/journal.pone.0285335 November 30, 2023 10/13


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0285335.s001
https://doi.org/10.1371/journal.pone.0285335

PLOS ONE

Cancer risk in patients with acromegaly

S1 Table. Cohen’s kappa index for all items in the NOS scale.
(DOCX)

$2 Table. Pooled SIRs for various cancers except for single-center.
(DOCX)

S3 Table. Egger’s test values for pooled SIRs for various cancers.
(DOCX)

S1 File. INPLASY protocol of this study.
(PDF)

S1 Checklist. PRISMA 2020 checklist.
(DOCX)

Author Contributions

Conceptualization: Yong Li.

Data curation: Zhehao Xiao, Pingping Xiao, Yong Wang, Chen Fang.
Formal analysis: Zhehao Xiao.

Methodology: Pingping Xiao, Chen Fang.

Software: Pingping Xiao, Chen Fang.

Writing - original draft: Zhehao Xiao, Yong Wang.

Writing - review & editing: Zhehao Xiao, Yong Li.

References

1. Colao A, Grasso LFS, Giustina A, Melmed S, Chanson P, Pereira AM, et al. Acromegaly. Nat Rev Dis
Primers. 2019; 5(1):20. Epub 2019/03/23. https://doi.org/10.1038/s41572-019-0071-6 PMID:
30899019.

2. Boguszewski CL, Ayuk J. MANAGEMENT OF ENDOCRINE DISEASE: Acromegaly and cancer: an old
debate revisited. Eur J Endocrinol. 2016; 175(4):R147-56. Epub 2016/04/20. https://doi.org/10.1530/
eje-16-0178 PMID: 27089890.

3. Boguszewski CL, Boguszewski M. Growth Hormone’s Links to Cancer. Endocr Rev. 2019; 40(2):558-
74. Epub 2018/12/01. https://doi.org/10.1210/er.2018-00166 PMID: 30500870.

4. ParkKH, Lee EJ, Seo GH, Ku CR. Risk for Acromegaly-related Comorbidities by Sex in Korean Acro-
megaly. J Clin Endocrinol Metab. 2020; 105(4). Epub 2020/01/07. https://doi.org/10.1210/clinem/
dgz317 PMID: 31903478.

5. Esposito D, Ragnarsson O, Johannsson G, Olsson DS. Incidence of Benign and Malignant Tumors in
Patients With Acromegaly Is Increased: A Nationwide Population-based Study. J Clin Endocrinol
Metab. 2021; 106(12):3487-96. Epub 2021/08/04. https://doi.org/10.1210/clinem/dgab560 PMID:
34343297.

6. Wolinski K, Stangierski A, Dyrda K, Nowicka K, Pelka M, Igbal A, et al. Risk of malignant neoplasms in
acromegaly: a case-control study. J Endocrinol Invest. 2017; 40(3):319-22. Epub 2016/10/23. https://
doi.org/10.1007/s40618-016-0565-y PMID: 27770388.

7. DalJ, Leisner MZ, Hermansen K, Farkas DK, Bengtsen M, Kistorp C, et al. Cancer Incidence in Patients
With Acromegaly: A Cohort Study and Meta-Analysis of the Literature. J Clin Endocrinol Metab. 2018;
103(6):2182-8. Epub 2018/03/29. https://doi.org/10.1210/jc.2017-02457 PMID: 29590449.

8. Stang A. Critical evaluation of the Newcastle-Ottawa scale for the assessment of the quality of nonran-
domized studies in meta-analyses. Eur J Epidemiol. 2010; 25(9):603-5. Epub 2010/07/24. https://doi.
org/10.1007/s10654-010-9491-z PMID: 20652370.

9. DerSimonian R, Kacker R. Random-effects model for meta-analysis of clinical trials: an update. Con-
temp Clin Trials. 2007; 28(2):105—14. Epub 2006/06/30. https://doi.org/10.1016/j.cct.2006.04.004
PMID: 16807131.

PLOS ONE | https://doi.org/10.1371/journal.pone.0285335 November 30, 2023 11/13


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0285335.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0285335.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0285335.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0285335.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0285335.s006
https://doi.org/10.1038/s41572-019-0071-6
http://www.ncbi.nlm.nih.gov/pubmed/30899019
https://doi.org/10.1530/eje-16-0178
https://doi.org/10.1530/eje-16-0178
http://www.ncbi.nlm.nih.gov/pubmed/27089890
https://doi.org/10.1210/er.2018-00166
http://www.ncbi.nlm.nih.gov/pubmed/30500870
https://doi.org/10.1210/clinem/dgz317
https://doi.org/10.1210/clinem/dgz317
http://www.ncbi.nlm.nih.gov/pubmed/31903478
https://doi.org/10.1210/clinem/dgab560
http://www.ncbi.nlm.nih.gov/pubmed/34343297
https://doi.org/10.1007/s40618-016-0565-y
https://doi.org/10.1007/s40618-016-0565-y
http://www.ncbi.nlm.nih.gov/pubmed/27770388
https://doi.org/10.1210/jc.2017-02457
http://www.ncbi.nlm.nih.gov/pubmed/29590449
https://doi.org/10.1007/s10654-010-9491-z
https://doi.org/10.1007/s10654-010-9491-z
http://www.ncbi.nlm.nih.gov/pubmed/20652370
https://doi.org/10.1016/j.cct.2006.04.004
http://www.ncbi.nlm.nih.gov/pubmed/16807131
https://doi.org/10.1371/journal.pone.0285335

PLOS ONE

Cancer risk in patients with acromegaly

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

Egger M, Davey Smith G, Schneider M, Minder C. Bias in meta-analysis detected by a simple, graphical
test. Bmj. 1997; 315(7109):629-34. Epub 1997/10/06. https://doi.org/10.1136/bmj.315.7109.629 PMID:
9310563

Baris D, Gridley G, Ron E, Weiderpass E, Mellemkjaer L, Ekbom A, et al. Acromegaly and cancer risk:
a cohort study in Sweden and Denmark. Cancer Causes Control. 2002; 13(5):395—-400. Epub 2002/07/
31. https://doi.org/10.1023/a:1015713732717 PMID: 12146843.

Higuchi Y, Saeki N, luchi T, Uchino Y, Tatsuno |, Uchida D, et al. Incidence of malignant tumors in
patients with acromegaly. Endocr J. 2000; 47 Suppl:S57—60. Epub 2000/07/13. https://doi.org/10.1507/
endocrj.47.supplmarch_s57 PMID: 10890185.

Barzilay J, Heatley GJ, Cushing GW. Benign and malignant tumors in patients with acromegaly. Arch
Intern Med. 1991; 151(8):1629-32. Epub 1991/08/01. PMID: 1678593.

Durmus ET, Atmaca A, Colak R, Durmus B. Cancer prevalence and cancer screening in patients with
acromegaly: a single center experience. Endocrine. 2022; 77(2):363—71. Epub 2022/05/25. https://doi.
org/10.1007/s12020-022-03082-z PMID: 35608772.

Wu JC, Huang WC, Chang HK, Ko CC, Lirng JF, Chen YC. Natural History of Acromegaly: Incidences,
Re-operations, Cancers, and Mortality Rates in a National Cohort. Neuroendocrinology. 2020; 110(11—
12):977-87. Epub 2019/12/11. https://doi.org/10.1159/000505332 PMID: 31822015.

Orme SM, McNally RJ, Cartwright RA, Belchetz PE. Mortality and cancer incidence in acromegaly: a
retrospective cohort study. United Kingdom Acromegaly Study Group. J Clin Endocrinol Metab. 1998;
83(8):2730—4. Epub 1998/08/26. https://doi.org/10.1210/jcem.83.8.5007 PMID: 9709939.

Brunner JE, Johnson CC, Zafar S, Peterson EL, Brunner JF, Mellinger RC. Colon cancer and polyps in
acromegaly: increased risk associated with family history of colon cancer. Clin Endocrinol (Oxf). 1990;
32(1):65—71. Epub 1990/01/01. https://doi.org/10.1111/j.1365-2265.1990.tb03751.x PMID: 2331812.

Ron E, Gridley G, Hrubec Z, Page W, Arora S, Fraumeni JF Jr., Acromegaly and gastrointestinal can-
cer. Cancer. 1991; 68(8):1673-7. Epub 1991/10/25. https://doi.org/10.1002/1097-0142(19911015)
68:8<1673::aid-cncr2820680802>3.0.c0;2-0 PMID: 1913507.

Terzolo M, Reimondo G, Berchialla P, Ferrante E, Malchiodi E, De Marinis L, et al. Acromegaly is asso-
ciated with increased cancer risk: a survey in Italy. Endocr Relat Cancer. 2017; 24(9):495-504. Epub
2017/07/16. https://doi.org/10.1530/erc-16-0553 PMID: 28710115.

Cheung NW, Boyages SC. Increased incidence of neoplasia in females with acromegaly. Clin Endocri-
nol (Oxf). 1997; 47(3):323—7. Epub 1997/11/28. https://doi.org/10.1046/j.1365-2265.1997.2561053.x
PMID: 9373454.

Kauppinen-Mékelin R, Sane T, Valimaki MJ, Markkanen H, Niskanen L, Ebeling T, et al. Increased can-
cer incidence in acromegaly—a nationwide survey. Clin Endocrinol (Oxf). 2010; 72(2):278-9. Epub
2009/05/21. https://doi.org/10.1111/j.1365-2265.2009.03619.x PMID: 19453622.

Ucan B, Kizilgul M, Karci AC, Duger H, Erkam Sencar M, Imga NN, et al. THE PREVALENCE OF CAN-
CER AND ITS RELATION TO DISEASE ACTIVITY IN PATIENTS WITH ACROMEGALY: TWO CEN-
TERS’ EXPERIENCE. Endocr Pract. 2021; 27(1):51-5. Epub 2021/01/22. https://doi.org/10.4158/ep-
2020-0398 PMID: 33475501.

Engelhardt J, Nunes ML, Pouchieu C, Ferriere A, San-Galli F, Gimbert E, et al. Increased Incidence of
Intracranial Meningiomas in Patients With Acromegaly. Neurosurgery. 2020; 87(4):639—46. Epub 2019/
10/19. https://doi.org/10.1093/neuros/nyz438 PMID: 31625569.

Maione L, Brue T, Beckers A, Delemer B, Petrossians P, Borson-Chazot F, et al. Changes in the man-
agement and comorbidities of acromegaly over three decades: the French Acromegaly Registry. Eur J
Endocrinol. 2017; 176(5):645-55. Epub 2017/03/02. https://doi.org/10.1530/eje-16-1064 PMID:
28246150.

Petroff D, Ténjes A, Grussendorf M, Droste M, Dimopoulou C, Stalla G, et al. The Incidence of Cancer
Among Acromegaly Patients: Results From the German Acromegaly Registry. J Clin Endocrinol
Metab. 2015; 100(10):3894—-902. Epub 2015/08/06. https://doi.org/10.1210/jc.2015-2372 PMID:
26244491.

Kurimoto M, Fukuda I, Hizuka N, Takano K. The prevalence of benign and malignant tumors in patients
with acromegaly at a single institute. Endocr J. 2008; 55(1):67—71. Epub 2008/01/19. https://doi.org/10.
1507/endocrj.k07e-010 PMID: 18202526.

Popovic V, Damjanovic S, Micic D, Nesovic M, Djurovic M, Petakov M, et al. Increased incidence of
neoplasia in patients with pituitary adenomas. The Pituitary Study Group. Clin Endocrinol (Oxf).
1998; 49(4):441-5. Epub 1999/01/07. https://doi.org/10.1046/j.1365-2265.1998.00536.x PMID:
9876340.

Renehan AG, Shalet SM. Acromegaly and colorectal cancer: risk assessment should be based on pop-
ulation-based studies. J Clin Endocrinol Metab. 2002; 87(4):1909; author reply Epub 2002/04/05.
https://doi.org/10.1210/jcem.87.4.8369 PMID: 11932345.

PLOS ONE | https://doi.org/10.1371/journal.pone.0285335 November 30, 2023 12/13


https://doi.org/10.1136/bmj.315.7109.629
http://www.ncbi.nlm.nih.gov/pubmed/9310563
https://doi.org/10.1023/a%3A1015713732717
http://www.ncbi.nlm.nih.gov/pubmed/12146843
https://doi.org/10.1507/endocrj.47.supplmarch%5Fs57
https://doi.org/10.1507/endocrj.47.supplmarch%5Fs57
http://www.ncbi.nlm.nih.gov/pubmed/10890185
http://www.ncbi.nlm.nih.gov/pubmed/1678593
https://doi.org/10.1007/s12020-022-03082-z
https://doi.org/10.1007/s12020-022-03082-z
http://www.ncbi.nlm.nih.gov/pubmed/35608772
https://doi.org/10.1159/000505332
http://www.ncbi.nlm.nih.gov/pubmed/31822015
https://doi.org/10.1210/jcem.83.8.5007
http://www.ncbi.nlm.nih.gov/pubmed/9709939
https://doi.org/10.1111/j.1365-2265.1990.tb03751.x
http://www.ncbi.nlm.nih.gov/pubmed/2331812
https://doi.org/10.1002/1097-0142%2819911015%2968%3A8%26lt%3B1673%3A%3Aaid-cncr2820680802%26gt%3B3.0.co%3B2-0
https://doi.org/10.1002/1097-0142%2819911015%2968%3A8%26lt%3B1673%3A%3Aaid-cncr2820680802%26gt%3B3.0.co%3B2-0
http://www.ncbi.nlm.nih.gov/pubmed/1913507
https://doi.org/10.1530/erc-16-0553
http://www.ncbi.nlm.nih.gov/pubmed/28710115
https://doi.org/10.1046/j.1365-2265.1997.2561053.x
http://www.ncbi.nlm.nih.gov/pubmed/9373454
https://doi.org/10.1111/j.1365-2265.2009.03619.x
http://www.ncbi.nlm.nih.gov/pubmed/19453622
https://doi.org/10.4158/ep-2020-0398
https://doi.org/10.4158/ep-2020-0398
http://www.ncbi.nlm.nih.gov/pubmed/33475501
https://doi.org/10.1093/neuros/nyz438
http://www.ncbi.nlm.nih.gov/pubmed/31625569
https://doi.org/10.1530/eje-16-1064
http://www.ncbi.nlm.nih.gov/pubmed/28246150
https://doi.org/10.1210/jc.2015-2372
http://www.ncbi.nlm.nih.gov/pubmed/26244491
https://doi.org/10.1507/endocrj.k07e-010
https://doi.org/10.1507/endocrj.k07e-010
http://www.ncbi.nlm.nih.gov/pubmed/18202526
https://doi.org/10.1046/j.1365-2265.1998.00536.x
http://www.ncbi.nlm.nih.gov/pubmed/9876340
https://doi.org/10.1210/jcem.87.4.8369
http://www.ncbi.nlm.nih.gov/pubmed/11932345
https://doi.org/10.1371/journal.pone.0285335

PLOS ONE

Cancer risk in patients with acromegaly

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

Wolinski K, Stangierski A, Gurgul E, Bromifiska B, Czarnywojtek A, Lodyga M, et al. Thyroid lesions in
patients with acromegaly—case-control study and update to the meta-analysis. Endokrynol Pol. 2017;
68(1):2—6. Epub 2017/03/04. https://doi.org/10.5603/ep.2017.0001 PMID: 28255974.

Fleseriu M, Biller BMK, Freda PU, Gadelha MR, Giustina A, Katznelson L, et al. A Pituitary Society
update to acromegaly management guidelines. Pituitary. 2021; 24(1):1-13. Epub 2020/10/21. https:/
doi.org/10.1007/s11102-020-01091-7 PMID: 33079318.

Winder M, Kosztyta Z, Boral A, Kocetak P, Chudek J. The Impact of lodine Concentration Disorders on
Health and Cancer. Nutrients. 2022; 14(11). Epub 2022/06/11. https://doi.org/10.3390/nu14112209
PMID: 35684009.

Johnson M, Toms S. Mitogenic signal transduction pathways in meningiomas: novel targets for menin-
gioma chemotherapy? J Neuropathol Exp Neurol. 2005; 64(12):1029-36. Epub 2005/12/02. https://doi.
org/10.1097/01.jnen.0000189834.63951.81 PMID: 16319713.

Peng, LiF, Zhang P, Wang X, Shen Y, Feng Y, et al. IGF-1 promotes multiple myeloma progression
through PI3K/Akt-mediated epithelial-mesenchymal transition. Life Sci. 2020; 249:117503. Epub 2020/
03/07. https://doi.org/10.1016/).1fs.2020.117503 PMID: 32142767

Ye Z, Zhuo Q, Hu Q, Xu X, Mengqi L, Zhang Z, et al. FBW7-NRA41-SCD1 axis synchronously regulates
apoptosis and ferroptosis in pancreatic cancer cells. Redox Biol. 2021; 38:101807. Epub 2020/12/04.
https://doi.org/10.1016/j.redox.2020.101807 PMID: 33271455.

Pastushenko I, Brisebarre A, Sifrim A, Fioramonti M, Revenco T, Boumahdi S, et al. Identification of the
tumour transition states occurring during EMT. Nature. 2018; 556(7702):463-8. Epub 2018/04/20.
https://doi.org/10.1038/s41586-018-0040-3 PMID: 29670281.

Wallin JJ, Bendell JC, Funke R, Sznol M, Korski K, Jones S, et al. Atezolizumab in combination with
bevacizumab enhances antigen-specific T-cell migration in metastatic renal cell carcinoma. Nat Com-
mun. 2016; 7:12624. Epub 2016/08/31. https://doi.org/10.1038/ncomms12624 PMID: 27571927.

Zhang AMY, Wellberg EA, Kopp JL, Johnson JD. Hyperinsulinemia in Obesity, Inflammation, and Can-
cer. Diabetes Metab J. 2021; 45(3):285-311. Epub 2021/03/30. https://doi.org/10.4093/dmj.2020.0250
PMID: 33775061.

Marlina M, Rahmadian R, Armenia A, Aviani JK, Sholihah IA, Kusuma HSW, et al. Conditioned medium
of IGF1-induced synovial membrane mesenchymal stem cells increases chondrogenic and chondro-
protective markers in chondrocyte inflammation. Biosci Rep. 2021; 41(7). Epub 2021/06/19. https://doi.
org/10.1042/bsr20202038 PMID: 34143208.

Yeo CD, Kim YA, Lee HY, Kim JW, Lee SH, Kim SJ, et al. Inhibiting IGF-1R attenuates cell proliferation
and VEGF production in IGF-1R over-expressing EGFR mutant non-small cell lung cancer cells. Exp
Lung Res. 2017; 43(1):29-37. Epub 2017/04/11. https://doi.org/10.1080/01902148.2017.1282994
PMID: 28394654.

Tas F, Bilgin E, Tastekin D, Erturk K, Duranyildiz D. Serum IGF-1 and IGFBP-3 levels as clinical mark-
ers for patients with lung cancer. Biomed Rep. 2016; 4(5):609—14. Epub 2016/04/29. https://doi.org/10.
3892/br.2016.629 PMID: 27123256.

Vargas-Ortega G, Romero-Gameros CA, Rendén-Macias ME, Balcazar-Hernandez L, Sosa-Eroza E,
Mercado M, et al. Risk factors associated with thyroid nodular disease in acromegalic patients: A case-
cohort study in a tertiary center. Growth Horm IGF Res. 2021; 60—-61:101431. Epub 2021/11/06. https://
doi.org/10.1016/j.ghir.2021.101431 PMID: 34740022.

Torre ML, Russo GT, Ragonese M, Giandalia A, De Menis E, Arnaldi G, et al. MTHFR C677T polymor-
phism, folate status and colon cancer risk in acromegalic patients. Pituitary. 2014; 17(3):257—-66. Epub
2013/06/29. https://doi.org/10.1007/s11102-013-0499-8 PMID: 23807201.

Albertelli M, Nazzari E, Dotto A, Grasso LF, Sciallero S, Pirchio R, et al. Possible protective role of met-
formin therapy on colonic polyps in acromegaly: an exploratory cross-sectional study. Eur J Endocrinol.
2021; 184(3):419-25. Epub 2021/02/24. https://doi.org/10.1530/eje-20-0795 PMID: 33621192.

PLOS ONE | https://doi.org/10.1371/journal.pone.0285335 November 30, 2023 13/13


https://doi.org/10.5603/ep.2017.0001
http://www.ncbi.nlm.nih.gov/pubmed/28255974
https://doi.org/10.1007/s11102-020-01091-7
https://doi.org/10.1007/s11102-020-01091-7
http://www.ncbi.nlm.nih.gov/pubmed/33079318
https://doi.org/10.3390/nu14112209
http://www.ncbi.nlm.nih.gov/pubmed/35684009
https://doi.org/10.1097/01.jnen.0000189834.63951.81
https://doi.org/10.1097/01.jnen.0000189834.63951.81
http://www.ncbi.nlm.nih.gov/pubmed/16319713
https://doi.org/10.1016/j.lfs.2020.117503
http://www.ncbi.nlm.nih.gov/pubmed/32142767
https://doi.org/10.1016/j.redox.2020.101807
http://www.ncbi.nlm.nih.gov/pubmed/33271455
https://doi.org/10.1038/s41586-018-0040-3
http://www.ncbi.nlm.nih.gov/pubmed/29670281
https://doi.org/10.1038/ncomms12624
http://www.ncbi.nlm.nih.gov/pubmed/27571927
https://doi.org/10.4093/dmj.2020.0250
http://www.ncbi.nlm.nih.gov/pubmed/33775061
https://doi.org/10.1042/bsr20202038
https://doi.org/10.1042/bsr20202038
http://www.ncbi.nlm.nih.gov/pubmed/34143208
https://doi.org/10.1080/01902148.2017.1282994
http://www.ncbi.nlm.nih.gov/pubmed/28394654
https://doi.org/10.3892/br.2016.629
https://doi.org/10.3892/br.2016.629
http://www.ncbi.nlm.nih.gov/pubmed/27123256
https://doi.org/10.1016/j.ghir.2021.101431
https://doi.org/10.1016/j.ghir.2021.101431
http://www.ncbi.nlm.nih.gov/pubmed/34740022
https://doi.org/10.1007/s11102-013-0499-8
http://www.ncbi.nlm.nih.gov/pubmed/23807201
https://doi.org/10.1530/eje-20-0795
http://www.ncbi.nlm.nih.gov/pubmed/33621192
https://doi.org/10.1371/journal.pone.0285335

