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Abstract

The Swedish Apolipoprotein MOrtality RISk study (AMORIS) contains information on more than 500 biomarkers collected from 397,443
men and 414,630 women from the greater Stockholm area during the period 1985-1996. Using a ten-digit personal identification code,
this database has been linked to Swedish national registries, which provide data on socioeconomic status, vital status, cancer diagnosis,
comorbidity, and emigration. Within AMORIS, 18 studies assessing risk of overall and site-specific cancers have been published, utilising
a range of serum markers representing glucose and lipid metabolism, immune system, iron metabolism, liver metabolism, and bone
metabolism. This review briefly summarises these findings in relation to more recently published studies and provides an overview of where
we are today and the challenges of observational studies when studying cancer risk prediction.

Overall, more recent observational studies supported previous findings obtained in AMORIS, although no new results have been reported
for serum fructosamine and inorganic phosphate with respect to cancer risk. A drawback of using serum markers in predicting cancer risk
is the potential fluctuations following other pathological conditions, resulting in non-specificity and imprecision of associations observed.
Utilisation of multiple combination markers may provide more specificity, as well as give us repeated instead of single measurements.
Associations with other diseases may also necessitate further analytical strategies addressing effects of serum markers on competing
events in addition to cancer. Finally, delineating the role of serum metabolic markers may generate valuable information to complement
emerging clinical studies on preventive effects of drugs and supplements targeting metabolic disorders against cancer.

Keywords: cancer, serum lipids, serum glucose, C-reactive protein, leukocytes, IgE, calcium, iron, gamma-glutamyl transferase

Published: 23/07/2015 Received: 05/11/2014

ecancer 2015, 9:555 DOI: 10.3332/ecancer.2015.555

Copyright: © the authors; licensee ecancermedicalscience. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, and reproduction
in any medium, provided the original work is properly cited.




ecancer 2015, 9:555

Introduction

The Swedish AMORIS database is by far one of the largest prospective cohort studies with detailed information on serum biomarkers.
Between 1985 and 1996, the Central Automation Laboratory collected and analysed blood samples of 397,443 men and 414,630 women,
mainly from the greater Stockholm area [1—4]. All individuals were either healthy individuals referred for clinical laboratory testing as part of
a general health checkup or outpatients. This database with information on >500 biomarkers has been linked to several Swedish national
registries such as the National Cancer Register, the Patient Register, the Cause of Death Register, the consecutive Swedish Censuses dur-
ing 1970-1990, and the National Register of Emigration. By using the Swedish ten-digit personal identity number one can get information
on socioeconomic status, vital status, cancer diagnosis, comorbidity, and emigration.

With respect to cancer outcomes, 18 studies to date investigated the association with serum biomarkers of lipid and glucose metabolism,
the immune system, liver metabolism, iron metabolism, and bone metabolism in AMORIS [5-22]. Following a brief overview of the results
found for all biomarkers studied in AMORIS, the current review aims to summarise subsequently published epidemiological evidence on
these serum biomarkers in relation to risk of cancer development.

Literature review

For each following subsection we used related medical subject headings (MeSH) terms for the biomarkers studied in AMORIS as well as
‘neoplasm’. Both PubMed and Embase were searched only using the date of AMORIS publications as a limitation to ensure that we found
all epidemiological evidence published subsequently to our findings in this Swedish prospective cohort. Studies relevant to previous work
in AMORIS were selected and included in this review.

Lipid metabolism

Selected biomarkers

A wide variety of serum biomarkers allow the investigation into the association between lipid metabolism and cancer. Triglycerides con-
stitute the majority of the lipids in the body, whereas cholesterol is a precursor for plasma membranes, bile salts, steroid hormones, and
other specialised molecules. Cholesterol requires lipoproteins to be transported in the blood stream. Low density lipoproteins (LDL) are
the main cholesterol carriers and they deliver cholesterol to cells throughout the body [23]. In contrast, high-density lipoproteins (HDL)
remove excess cholesterol from blood and tissue. Apolipoproteins A-l and B (ApoA-I and ApoB) are structural proteins of these lipopro-
tein particles assisting in their transport [24].

Dyslipidaemia, or abnormal lipid metabolism, is thought to be involved in cancer development through a pathway linked to fatty acid syn-
thesis [25—-29]. High serum levels of lipid components such as triglycerides, total cholesterol, LDL, and ApoB have also been implicated in
development of certain types of cancers such as breast and prostate by stimulating the Akt and AMPK pathways, which are associated with
DNA damage and cell proliferation [30-32]. Additionally, hypercholesterolaemia has been shown to up-regulate the activity of transcrip-
tional factors such as Sterol Regulatory Element-Binding Proteins (SREBP) and low-density lipoprotein receptor (LDLr), which promote
carcinogenesis [33, 34]. All these evidence suggests a potential role of serum lipids in the prediction of cancer.

Findings in AMORIS

We have studied the interplay between glucose, triglycerides, total cholesterol and the associated risk of prostate, kidney, and gastrointes-
tinal cancers [10, 11, 14, 15]. Our findings supported the hypothesis that components from the lipid metabolism influence risk of developing
cancer, although a greater risk of prostate cancer with increasing triglycerides was only seen in men with higher glucose levels [11].

Low levels of HDL and ApoA-I were also found to be associated with increased prostate cancer risk [14]. Additionally, we studied the link
between serum lipids and risk of breast, endometrial, and ovarian cancer [7, 8], and found a positive association between serum triglycer-
ides and risk of endometrial cancer, whereas only a weak inverse relation was observed for breast cancer.
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New epidemiological findings in the literature

Since the last AMORIS publication, several epidemiological studies have also focused on serum lipid markers and risk of prostate cancer
(Table 1). A statistically significant positive association was observed with total cholesterol [35-38], whereas an inverse association was
found for triglycerides [39]. When focusing specifically on aggressive prostate cancer, the Cancer Prevention Study Il Nutrition Cohort [40]
reported that neither total cholesterol, LDL- or HDL-cholesterol were associated with it. Also for gastrointestinal cancers, many more stud-
ies have been published. Total cholesterol and triglycerides have been positively associated with risk of colorectal cancer [41, 42], whereas
HDL has been found to either have no effect or reduce this risk [43]. Most studies failed to demonstrate any effect of circulating lipids on
risk of rectal cancer alone [43—-45].

In addition, an increased risk for breast, bladder, and pancreatic cancer has been observed among those with high circulating levels of total
cholesterol, triglycerides, LDL, and low circulating levels of HDL [35, 46—49] compared to those with normal levels. In contrast, no statisti-
cally significant association was found between lipid components and risk of ovarian cancer in the Metabolic syndrome and Cancer project
(Me-Can) [50]. Similarly, null-findings were observed in a prospective cohort study based on a Korean population focusing on cervical,
kidney, gall bladder, pancreatic, lung, and oesophageal cancers. However, in the same study when authors analysed serum lipid levels and
the associated risk of stomach and liver cancer, they found an inverse association [35]. With respect to the inverse association between
ApoA-I and cancer, as observed in AMORIS, four studies corroborated these findings [14, 43, 48, 49, 51].

Where are we today?

Dyslipidaemia is closely linked to obesity, another emerging risk factor for several cancers [52]. This implies that despite the suggested
mechanisms, abnormal lipid metabolism may be a proxy of other lifestyle-related factors underlying carcinogenesis. Nevertheless, there
is evidence suggesting that statins, a class of lipid-lowering drug, may suppress cell proliferation and increase apoptosis by inhibiting the
action of the enzyme hydroxymethylglutaryl coenzyme A (HMG-CoA) reductase [53-55], further indicating the involvement of lipids in
carcinogenesis. The inverse association between ApoA-I and cancer as found in our study was potentially related to not only inflammation
[56], but other lifestyle factors such as body mass index (BMI), cigarette smoking, alcohol intake, diabetes, or hypertension influencing the
circulating levels of ApoA-I. This lipid biomarker has been shown to be predictive of cardiovascular risk [4, 57] and it is thus possible that
the oetiological pathway between lipid profiles and atherosclerosis is different from the pathway between lipid profiles and cancer. The
strong association between the lipid metabolism and cardiovascular disease also indicates a potential competing risk situation [58], where
individuals at risk of cancer may die of cardiovascular disease before being diagnosed with cancer. This urges further studies to address
the issue especially when assessing serum lipids in relation to cancer.

Glucose metabolism

Selected biomarkers

Disruptions in the glucose metabolism, which encompass an array of metabolic abnormalities such as diabetes, have been linked to chronic
diseases including cancer [59]. Serum glucose is the most commonly measured marker of the glucose metabolism, representing current
levels of glucose in the circulation. Fructosamine is another commonly used marker and reflects the average level of serum glucose in
the previous 10-14 days [60]. Insulin, with elevated levels marking the initial stage of impaired glucose metabolism, has been suggested
to be involved in carcinogenesis through its growth-promoting effects on cells [61]. Similar mutagenic effects have been suggested for a
closely linked marker, insulin-like growth factor | (IGF-I) [62]. Additionally, serum glucose may directly affect cancer through generation of
Advanced Glycation End-products (AGE), which leads to chronic inflammation [63]. Fructosamine, which represents all glycated serum
proteins, may therefore also be involved in this mechanism. The role of impaired glucose metabolism in cancer development and survival
has been suggested [64], for instance, Hammarsten et al showed in a prospective study of 320 prostate cancer patients that men who died
of clinical prostate cancer during follow-up had a higher prevalence of type 2 diabetes (P < 0.035) and higher levels of fasting plasma insulin
(P =0.004) [65]. These results indicated that insulin levels could be used as markers of prostate cancer prognosis and tumour aggressive-
ness, regardless of the patient’s prostate cancer stage, cancer grade, and PSA level. Data from another prospective cohort in Sweden also

3 www.ecancer.org



ecancer 2015, 9:555

(80G°1-G90°L 1D %S6

Jaoueo
|B108.0]09 JO

192°L = HO) elwepuadA|bupedAy | sioeyysu pue | 9] ‘0-1dH 0-1A1 [evl eloz’SH
SEeM JadUued |B}08.10|09 JO JojaIpald aous|eAald ‘91 ‘WojAd'H ‘INg ZE6vL Joyon ‘wiry
suigjosdodi| pue spidi] wnies ‘SO 9|qeInoAe} |BAIAINS ‘gody ‘Lvody ‘91
JBYJ0 pue solsuajoeleyd e Upm pajeloosse alom (08°0-2G'0 | ewouioled [eab ‘loJgisaloyo 1aH Ansibal [Ll #1022
[BO1UI[D 10} JuBwSN[pY 1D %SG6 ¥9°0 = HH) S|eA9| |-yody -ukreydosen | ‘jossiseloyo 1@ ‘0L | 'sjuened 208 Hoyod Jsoued o ‘Buelr
S9sed Jaoued
18}0810]00 987
pue Joyoo
‘wnjojeo Sl Jaoued pejos|as
Aiejaip pue ‘Jaqu AJejalp ‘Jleaw | |B}0840]|00 PasEaIdul )M PajeIoosse (Bunsey) Ajwopuel
pai Arejaip ‘uojdwinsuod 21am (92°2-22°} 1D %S6 28" LHH) ‘D1 ‘|o18)sa|0yd ur oG8
|oyoole ‘Ajanoe |eaisAyd [ejo} | |0483s810y2 1T PUB (S¥'2—21° L %S6 3Sl Jaoued T1dH ‘|o48388|0Y0 sjuedioied SOsed Jaoued [L¥] v102
‘Bunjows ‘|Ng Jopusb ‘eby 99'| = YH) (B30} JO sB|11S} JsaybiH |E0810]0D 1a1°0L veLL uoyo) [B30210]00 "D ‘ljouby
“asoon|b S|0J}U0D aseqejep
"ewoulolesouape oneasoued o} pajejal pooiq Bunsey Auyyeay uopeuwlojul
Apueoyiubis a1em (£99'€8—/15'G1L ysu ‘gode ‘| yody ‘O 1 0€9 ‘ewou juaned
%56 G90°9€ = ¥O) Yody pue | ewourdiedsouspe ‘loJ8)saj0yd 1aH -ldJeoouspe |043u00 HOWNd [8¥]
"x8s pue aby (€10°€-290°) %G6 £6.°1—H0) OL onealoued | ‘loseyseloyo a1 ‘0L | oneasoued 0Lz -9sed [ENdsoH | Z10Z 'O ‘NM
‘01 pue 9] Joj pajsnipe "SI Jaoued
sjopow oney "elwaedA|6 | (£20-81°0 10 %S6 9€°0 = HH) Isealq
pue Aep sad axejul ABious pue (28'0-6€'0 1D %56 95°0 = HH)
‘sbnip anisuspadAynue ||EJOA0 U)IM Pa]eIDoSSE Ajasianul
sbnip Buemol-9 | ‘euljeseq sem |eode Ajjus}sisuo) sk Jeoueo
je snjejs |esnedousw ‘Bdq | (£8°0-82°0 1D %S6 870 = HH) Isesiq
jo Kioysiy Ajiwey ‘|Ng Wibay pue (28'0-9%'0 1D %S6 19°0 = ¥H) Apnys
‘|9A8| |eUONEINPD ‘SNIE)S | ||BJBAO Y)IM Pa)eIDoSSE A|9sianul os|e sjuepAxonue
Bupjows "Ayanoe |eaisAyd SeM 9-TaH “sH Jaoued (66'0—69°0 Xnelauiw 18
‘Rep 1ad axejul joyoole 1D %S6 €8°0 = YH) }sealq pue gode ‘| yody ‘91 saulwe)iA
‘spJooal Alejelp Jo sequinu | (00°L—28°0 1O %G6 L6°0 = HH) lle1eA0 3sl eDd pue ‘loJaysajoyd TaH us uoney l67]
‘dnoub uonuaniaiul ‘oby Uum pajeloosse Ajasionul sem O | Jeoued jsealg | ‘loleyseloyo 1Q1 ‘DL | syoelgns 166/ HoyoD | -uswseiddng | ‘#10Z N ‘SIH
(91°1-28°0 1D %S6) 260 Hoyoo
yoene ueay Jo Aiojsiy pue pue |018)s8|0y9 [B10} 10} (1" 1—9/2°0 ‘(Bunsey-uou) uonunu
‘sBnip Buliemol-|o181s8|0yo 1D %S6) £6°0 JO "ead Jo %su ypm "losg)s8|oyo JQH-uou 'S|0J3U0o || Apnis
Jo asn ‘AjAnoe [eoisAyd pa}eID0SSE 919M SUOHBIUSIU0D ‘loso)seloyo JaH | payolew 9gg uopuanald | [ov] zLoz '3
‘a)ep meup poojq ‘eoel ‘aby | [0J81sajoyd TaH Jou “1aT ‘|elol JoyleN 3NSU BDd | ‘|loselseloyo 1a ‘DL | pue sesed 9gg "Hoyoo Jaoue) ‘sqooer
"(¥0'L—¥2'0) 880 @3uInb wopoq 'OL1 pue
(S¥'1-90°L) ¥Z'|L ¥¥ Smuinb doj ead ‘loJaysajoyo ‘asoon|b
40 YslI PSSEAIOSP B Y)im pajeloosse ‘ainssald poojq ‘|Ng ‘Pepnjoul Hoyoo yoyoo | [eel2L0Z 'H
‘NG ‘Bupjows a1am saplLI2A|bL jo sjans| ybiH 3su eDd ‘snjejs Bupjows | usw 998‘68Z | @Andadsoid ueD-s\ ‘wousbbeH
dn-mojjo}
‘syoelqns ubisap uone|ndod
sjuawysnipy s)nsal ulepy awo2InQ ainsodx3 JO 'ON Apnig Apnig uoneslgnd

*1aoued pue wsijoge}aw pidi] uo saipnjs |esibojolwapidy °| ajqer

WWw.ecancer.org



555

ecancer 2015, 9

19°6-LLL 1D

%SG6 ‘82 ¥H PuUNO} Sem |0Ja)sajoyd
TAH UM uoneloosse jueoiiubis

e Jaoued a)ejsold aaissalbbe-uou
10} seasaym ‘Jaoued ajejsold
anissalbbe 10} paAIasqo alom s)nsal
Jejuwig Ajeanoadsal (z0'z—00' L

1D %S6) 2¥ L pue (88°L—€0L 1D
%G6) 6E° | HH Jeoued ajejsold Jo

snyjlow Sl pasealoul ue YIm pajeioosse Apnis
sajagelp Jo AJojsiy pue xapul Apueoyiubis alom |018)s8|0YD |esipawolg [og] LLOZ
ssew Apoq ‘abe 1o} paysnipy 1a74eybly pue [ejo} oybiH ¥suedd | 1d7171aH ‘0L ‘9l zv8e poyo) uabawliN EER DY
‘(s1eah usi<
‘sieak us)>) awiy dn-mojjo}
Aq BuiAyens pajonpuod
alam sasAjeue dnoibgng
"9ejul WNIojed ‘g UIWeyA
‘lounjal Asejaip ‘loyooje
‘Jeaw pal ‘s|qejabon yiniy
‘jey [ejo) ‘ABisus |B10) ‘sniejs J90ued ajejsold (G600 = puas-d
[eysew ‘NG ‘siqey Bujows ‘€0°€—€L"L 1D %G6 ‘G8'L = HH
‘adA} joJe)sejoyo Jayjo | Ip/Bw 0OZ>SNSIOA OZ<) paduepe
‘90UBpISal UBQIN pue ‘[9Ad) pue (100 = puand ‘P L—€0°L 1D
uoneonps ‘Ieoued a)eysold Jo | 9%G6 ‘22 L = UH :Ip/Bw 00Z> SNSIoA
Aiojsiy Ajwey ‘joseydoooy-o 0¥ 2) I1B4oA0 JO YsH paseatou e [2€] 1102
winJas 1o} paysnipy aIoM O] wnuss Jaybiy yim usiy 3sl eDd (Bunsey) 1aH ‘0L 102 poyod | Apmis OdLV | /e je Inpuon
(100" > d 'G6°0—28°0 ‘1D %56
'16°0 “dH) uswom pue (100 > d
‘98°0-18°0 1D %S6 ‘¥8°0 “dH) 3sU
usw Yjoq Ui 80USpIoUl JooUBD-{|e YIm | Jaoued ajejsold
pajeloosse AjosJanul Sem [018)Sajoyd ‘|ejoal ‘Janl| uonelsodion
[eoL (€0 = pualy d ‘€€'L—€0'L ‘1O ‘ioppeyq |[eb aouelInsu|
- 9s00n|6 wnias Bunse} | %G6 (/171 “YH) Jeoued jseaig uswl ul ‘snbeydosao yjesH
pue uoisuspadAy ‘ANAnoe | (G0 =d ‘GZ'L—00"} ‘1D %S6 ‘211 “dH) | ‘Aeupn Jeppe|q [euoneN 8y}
jeoisAyd ‘|Ag ‘uondwnsuoo Jaoued uojod pue (L00 = d ‘v’ L— ‘sealoued USWIOM ul pajjolud
loyooje ‘Buptows 20°L 1D %S6 ‘7' L "H) Dd Uim ‘Bun| ‘uojoo S.v'vZ pue s)inpe [sel 110z
apa.ebio Joj syuswisnipy pajeroosse sem (p/bw 0¥z 2) D1 ‘}sealq ‘XIAI8D (Bunsey) 01 usw y46'cS Hoyo) uealoy| | e }o eieyepy
SNje}s OILOoU0I80I00S pue
Burjows ‘xapul ssew Apoq 10} ‘(6LL = u) @duapioul eDd sisouboud
juswisnipe Jaye jueoyiubis | apeib ybiy jo piezey yym pajeroosse pue (seseo 0G9) | Apnis poyod salpn)s [ge]l zLoOZ
paulewal Uoeloossy sem |oJaysajoyo ewseld auljeseg | eod jo aouspiou| | |0Jo)sajoyd auleseqg usw 9zge'zl | @Aioadsold uedspiy | "M ‘enbueys

"panuyuoy -1 ajqey

Www.ecancer.org



ecancer 2015, 9:555

INg jo sejpuinb
pue juswainseaw

“("(uswiom) G8°L—60"L

11D %G6 ‘2P’ L -2iuinb jsuy snsiea
Uyl 404 Y ‘(usw) €12-22°L 1D
%G6 ‘G9"L :8|uInb 1S1i SNSISA Yyl

1e abe ‘yealk yuiq jo 10} H¥ XS J9oUBD UM pPajeloosse MSl J9oued Bunsej-uou uswiom 1981 Apnys [9¥] 1102
saoba)eo oAl ‘Bunjows AjaAnisod aq 0} punoy a1am s9) | |e10810]00 | pue Bunsey) D1 ‘O1 ‘usw €82 HoyoH uen-a\ ‘le 1o s)}001S
‘ysi||oys
pue ‘ysi ‘)eaw passasoid
pue pai ‘sajgejoban pue 1111071 1D %SG6 ‘9E° | :uswom
s}inJ} Jo uonidwnsuod ‘eyeul ul p/Bwg < snsiaA p/Bwog s
Jaqy ‘Auanoe |eoisAyd pue uaw ul 1p/BwQy < SnsIaA (01d3)
‘uondwnsuod [oyooje p/Bw O S 10} {Y YSU Jeoued 3Sl Jaoued (Bunsey-uou pue |0J)UOD-8SED [s¥] LLoZ e 20
‘uoneonpa ‘snjejs Bupjows | uojod Y)Im pajeloosse JqH paonpay ‘lejoai ‘uojo) Bunsey) “1aH ‘OL 689 pa)seN Apnis D143 | eaolpuesyaly
vZL-LL0
11D %G6 76°0 :(uswom) Tp/Buog
Z snsiaA p/bw 0G> Jo (usw) Ip
‘awolpuAs oljogelaw /Bwopyz snsien Tp/Bwoy > 10} YH
JO sjuauoduwiod Jayjo (-)1QH LG 160 11D %S6 ‘811
‘ewouape Jo Aio)siy 1sed Ip/BwOG L > SA |p/BwOGL = 10} YH 3Sl Jaoued [[eilile%] Ansibal [ev] LLOZ
‘Bujuup ‘Bupjows ‘xas ‘aby - )SH J9OUBD Y)IM PB)eID0SSEe SO | 1e10810]0D (Bunsey) 1aH ‘9L /6 -ase) 190UB) ‘le 1@ nH
Jej-uou wouly ‘Alannoadsal
ABisus pue jej woly ABisus (#6°0-22°0 1D %S6) Z8°0 pue
‘@1qy Jo axejul ‘joyodle pue | (68°0—89°0 1D %S6) 820 J0 yode ul
usl ‘Jesw ‘sa|qejoban Jiny Ip/Bw 0°zg pue 1aH ut Ip/Bw 9'9L
4O uoRdwINsUod ‘uolEdNPd 4O @sEBI0UI S | 404 YY) J90UEed (SN) (21d3) lev] 1102
‘Ayanoe |eaisAyd ‘syqey UoJ09 JO ¥SI 8y} YlIM pajeloosse 3Sl J9oued g ody ‘ |-y ody |0J)U0D-8SED ‘le Jjo uanoy
Bunjows ‘ybrom JybioH Ajesianul a1om yode pue 1aH [e}o8J0[0D | “1d1 1AH ‘OL ‘DL 8eclh pejseN Apmis O1d3 -uling uep
INg JO S|oAs| ajuinb pue
Bupjows ‘uswainseaw - (Bunsey-uou Apnis [og] LLOZ
1e abe ‘yuiq Jo Jeap Jaoueo ueleAaQ | pue Bunsey) D1 ‘O1 9 Hoyo) ueD-a\ ‘le 1o eblolg
‘uondwnsuod |oyooje pue
‘Bunjows ‘Buipasjisealq
‘sanne|al 9a1bap 1sdiy Ul
J90Ued Jsealq Jo Alojsiy
‘uoneonpa jo sieak ‘Adelay
auowJoy ‘saAideoenuod
|eJo ‘ypiq isii ye abe Sl pasealoul YIm pajeloosse
‘saroueubaid wisl-||ny Apueoyiubis alem sapuadA|buy ybiy
JO Jaqwinu ‘esnedouaw puE |0J3)S3|0Yd-1aH WNIas Mo
wol} sieak ‘ayoseusw je | ([€€'2—20° | |BAIBIUI DOUBPIUOD %GE]
abe ‘abe 10} pue sajgelen 8G'| Oljel ajed) ysu Jaoueod jsealq 3SU Ansibal [z]1 0102
Buiyojew Joj pajsnipy | yum pajeioosse awoIpuAs oljogelsly | 18oued jsealg 1aH ‘91 €9l Hoyod J90UB)D ‘le jo 1jouby

"panupuo) °| ajqel

WWw.ecancer.org



ecancer 2015, 9:555

suggested that insulin resistance related factors might be important for tumour progression [66]. With regards to breast cancer, two genetic
variations (MNTR1a and 1b genes) have been shown to be associated both with cancer susceptibility and perturbed expression of insulin
and glucose [67].

Findings in AMORIS

Apart from the interplay between glucose, triglycerides, total cholesterol, we also investigated possible associations between glucose
levels and risk of breast, endometrial, and ovarian cancer in a cohort of more than 230,000 women [7, 8, 21]. Our results indicated that
glucose levels below diagnostic threshold for diabetes increased the risk of endometrial and postmenopausal breast cancer. Most recently,
we investigated repeated measurements of glucose, and fructosamine in relation to cancer risk and found highest cancer risks for those in
the highest tertile of glucose and lowest tertile of fructosamine [16].

New epidemiological findings in the literature

The more recent literature provides further epidemiological evidence on how the glucose metabolism play a role in the risk of a number of
cancers such as colon, liver, and endometrial cancers [68—72] (Table 2). Interestingly, one study on thyroid cancer found a positive asso-
ciation for serum glucose in men and an inverse association in women [73]. This might imply a different role of the glucose metabolism in
endocrine-related cancers. However, studies on the role of serum glucose concentrations and breast cancer risk were inconclusive [74].
No new findings have been reported for the link between fructosamine and risk of cancer.

Where are we today?

Common key players in impaired glucose metabolism and cancer may indicate that both share an underlying mechanism rather than any
causal role of serum glucose in carcinogenesis [75]. However, a protective effect against cancer has been suggested for metformin, one of
the main medications to lower blood glucose [76—78], which supports the role of the glucose metabolism. In addition to glucose-lowering
effects, metformin also possesses a direct anti-tumour effect by inhibiting protein synthesis and cell proliferation [79]. Another issue to be
addressed when assessing the glucose metabolism in relation to cancer is turnover times for the serum markers. Fructosamine and HbA1c,
which remain in the circulation for a longer duration than serum glucose, may provide more accurate representation of individual glycaemic
status. The variability of serum glucose may also be accounted for by using multiple measurements as performed in one of our studies [16],
either as a cumulative average or time-varying covariates [80]. Future studies should also consider the role of glucose metabolism markers
in other chronic diseases, which may distort its association with cancer.

Immune system

Selected biomarkers

The role of the immune system in carcinogenesis was first shown by an observation of cancer occurring in chronic inflammation [81]. It is
thought that inflammation is capable of triggering both tumour initiation and promotion through the formation of reactive oxygen species
(ROS) and reactive nitrogen intermediates (RNI) [82]. C-reactive protein (CRP) is one of the most investigated markers of inflammation
in the context of cancer detection and prognosis. Higher levels of post-diagnosis CRP have been linked with worse survival rates in vari-
ous malignancies [83—85]. In addition to CRP, albumin, haptoglobin, and leukocytes are other commonly used markers of inflammation.
Albumin is an acute-phase protein involved in blood volume regulation and transportation of molecules of low water solubility such as lipid
soluble hormones and calcium. Together with leukocytes, albumin has been studied as a marker of systemic inflammation in the context
of cancer survival and so far results have shown that low levels of albumin and high levels of leukocytes are associated with worse cancer
prognosis [86]. Haptoglobin is a positive acute-phase protein and its plasma levels increase during inflammatory processes such as infec-
tion, extreme stress, burns, major crush injury, or allergy. The full scope of the biological function of haptoglobin is not yet defined, however

7 www.ecancer.org



ecancer 2015, 9:555

ajuinb
}samo| snsian jsaybiy

(srewsy)
sieak g'z| pue
(usw) sieah g'z|

(uawom)

L '¥¥ pue (usw) ¢y abe
ueaw ‘UsWwoM pue usw
‘uspamg ‘AemioN ‘elsny

abe ‘Bupjows ‘N g 10} paisnipy ay} 1o} (6 v—18°0 J90UBd N4 ueaw ‘Jeoueo ‘(uep-a) 108loud JooUEd [z21 0102
‘1eak yuig ‘poyoo Aq paunens 1D %SG6) SO'Z ¥ onjealoued | #soon|b wnieg JNOYNIM GLE/ /G Hoyon pue awoJpuAs oljogelan ‘uasueyor
(uawom)
a|juInb 1s8MO| SNSJaA L' pue (usw) g'c abe
1s8ybiy ay} 4o} ‘uswom ueaw ‘UsWOM pue uaw
ur (69°0-10°0) 91°0 payoads jou ‘uspamg ‘Aemion ‘euisny
abe ‘Bupjows ‘|Ng 1o} paisnipy ‘usw Ul (9°66-9¥°L N4 ueaw ‘Jaoueo ‘(uen-a) 108loud Jooued [e/] 1102
-abe ‘Woyoo Aqg paunens 1D %G6) 26 ‘Y | 19oueo plotAy] | @soon|b wnieg INoYIM 00/8/G Hoyo)H pue awoIpuAs dlj0geaN sinbwiy
(uawom)
(uawiom) L' pue (usw) g'c abe
sleak €| pue ueaw ‘UsWoOM pue uaw
Bunjows ‘ebe Joj pajsnipy aseaJoul Jiun 6oj (usw) s1eah g'z| ‘uspams ‘AemioN ‘elsny
'X8s pue Aiana 1oy (y1°€-9/7°L (Arewud) N4 ueaw ‘Jaoued ‘(uen-a) 108loud Jooued [L2] 1102
“Jeak yuiq ‘Woyoo Aq paunens 1D %G6) 8E°Z 1y 190UB) JAAIT | @s0on|b wniag INOYNIM $9€901 Hoyo)H pue awoIpuAs o1j0geaN ‘eualog
sieak
a[puinb |t obe uesw ‘uswiom
1samo| snsian jsaybiy sleak ¢ ‘uspamg ‘Aemiop ‘elysny
Bupjows ‘abe 10} pasnipy "yuiq Jo oy} Jos (96°1L-0Z°0 N4 ueaw ‘Jaoued ‘(uen-a) 109loud Jooued [0]
Jeak pue ‘xas ‘ajuso Aq paunens 1D %SG6) 29°0 :¥H | Jeoueo |eoiale) | esoon|b wnieg INOYIM $/2882 Hoyon pue awolpuAs oljogelely | Z1L0ozZ “Jawin
aseaJoul un
abe 1o} paysnipy Aiana 1oy (Ep L—LL'L J90UBD S|0Jjuoo |ouod | (S|0J3U0D) GG pue (S8sed) gG [69] ZLOZ
'sdnoub abe uo payojel 1D %SG6) 92°)L *HO |eljawopuy | asoon|b wnieg 296 ‘sosed G ase) | obe ueaw ‘uswom ‘epeue) | ‘youuapal4
salpn}s
1oyoo ased auo
(€2°1-00"} 11D % G6) ‘lojuoo eseo | sishjeue Aley ‘esioy [v2]
% 0 'zl LL'L sy Aewwng | Jeoued jsealg | @soon|b wniag | 984y} ‘Hoyod XIS -eJoN ‘uspams ‘elsny ‘vsSn | €10z ‘elkog
J8oUeo
Uo|02 10} ¥SII pasealoul Jejiwis
‘puelb piotAy) oy} pue ‘suebio
Aseuunoyuab ‘syoely aaizonpoudal
alewsay ‘swalsAs |elpylopus | (swn Buuosuad 0y Joud
-o|noijai ‘Joeu} [eunysajulonseb | sieak +Qg painsesw)
By} JO sJeoueD se paulep J9MO| SNSISA
alaMm s190uUed paje|al-AlIsaqO Ip/Bw Q< @so0on|b sieak /¢ sieak +Qg obe ‘uswom
‘|INg pue ‘Bujows Bunsey Joy (LL'z—21°L slaoued 9soon|6 | uoneinp ‘Jeoued pue usw ‘yYSn ‘Uoyon [g9]l €102
‘loyooje ‘xas ‘ebe Joj pajsnlpy 1D %S6) /G°L “¥H | palel-AyseqO | wnuss Bunse INOYIM /0/E Hoyo)D Bundsyo weybuiwel sy ‘Uyaled
dn-mojjo} ubisap
sjuawysnipy s)nsal ulepy awo2nQ ainsodx3 ‘sjoalgns jo ‘oN Apn)g uone|ndod Apnjg uoneslgnd

"190UeD pue wsijoqe}aw asooan|B uo saipnys [esibojoiwapid] "z ajqel

WWw.ecancer.org



ecancer 2015, 9:555

experimental studies have hypothesised that haptoglobin polymorphisms may contribute to increased oxidative stress and low-grade
chronic inflammation [87, 88]. There is also observational evidence indicating that allergy (measured by Immunoglobulin E (IgE)), which
is highly linked to inflammation, is associated with higher risk of solid tumours such as breast, prostate, and colorectum [9].

Findings in AMORIS

We have studied different immunological markers in relation to cancer risk [9, 13, 22]. One study was of particular interest, because it rep-
licated the findings for one measurement of CRP and leukocytes with three repeated measurements [13]. When looking into specific major
cancers including prostate, breast, lung, gastrointestinal, bladder, cervix. and skin cancer, a positive association was only seen for lung
cancer. The lack of association between inflammatory markers and specific cancer risk was further shown when we investigated serum
CRP, leukocytes, albumin, and haptoglobin in relation to prostate cancer [22]. We also assessed the association between total serum levels
of IgE and cancer risk in 24,820 persons and found a weak inverse association between quartiles of IgE and cancer risk [9].

New epidemiological findings in the literature

A consistent association between serum CRP and cancer risk is corroborated by more recent findings (Table 3), as shown by a meta-
analysis of 11 studies in Western populations showing an increased cancer risk for higher levels of CRP [89]. Similar findings were reported
in Asian populations [90]. Results for specific cancers remain conflicting except for lung cancer, where a positive association with CRP and
leukocytes has been reported. This is consistent with our findings seen in the AMORIS database [89, 91, 92]. Some evidence, although
weaker, has been reported for colorectal, breast, ovarian. and liver cancer [93—-97], whereas no association has been found for prostate and
pancreatic cancers [98—100]. Regarding serum IgE, most observational studies confirmed an inverse association with risk of developing
brain cancer, particularly glioma [101-104]. To date, little evidence exists for association with any other cancers.

Where are we today?

Although biological studies consistently link inflammation to carcinogenesis [105], the role of common serum inflammatory markers in pre-
dicting cancer risk still remains unclear. This may be partly because of the wide spectrum of inflammation, which is also an essential part of
many pathologic conditions such as cancer and cardiovascular disease. The non-specificity of such cancer markers may explain the lack
of associations found in observational studies, urging future studies to deploy novel methods to increase sensitivity of cancer prediction
using these markers. Another possible explanation is the genetic variation of these markers, instead of their quantitative protein expres-
sion, that influences cancer development. This is supported by two recent studies suggesting different risk of colorectal cancer conferred
by CRP polymorphisms [106, 107]. Additionally, these markers are usually analysed separately and a combined analysis may provide a
better approximation with respect to early cancer detection, as it has shown in the case when combining scores of CRP with IL-8 [108]
or haptoglobin with serum amyloid A (SAA) [109] in predicting lung cancer risk, and the ratio of reactive oxygen metabolites and CRP for
colorectal cancer [110].

Liver metabolism

Selected biomarkers

Gamma-glutamyl transferase (GGT), is a central enzyme in the glutathione (GSH) metabolism, a ubiquitous antioxidant thiol, and plays
an important role in maintaining tissue oxidant/antioxidant balance, cellular defence, proliferation, and protection against further oxidative
stress [111]. The latter may explain its potential role in carcinogenesis, in addition to its links with type 2 diabetes, cardiovascular, and
chronic kidney disease [112—-115]. Elevated levels of GGT have been associated with poorer endometrial cancer prognosis, increased
risk of progression of high-grade cervical dysplasia to invasive carcinoma [116], increased risk of breast cancer amongst premenopausal
women [117], increased risk of cancer in men [118], increased risk of liver cancer [119] and it has been reported to play an independent role
in the prediction of overall survival (OS) in metastatic colorectal carcinoma [120].
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Findings in AMORIS

We have investigated GGT serum levels in relation to cancer risk in 545,460 persons and found evidence of associations between elevated
GGT and risk of developing different cancers. The strength of this association varied by levels of glucose which may suggest that hyperg-
lycaemia can result in oxidative stress which in turn initiate damaging pathways of carcinogenesis [19].

New epidemiological findings in the literature

Since the last AMORIS publication, several studies have analysed the association between GGT and cancer risk and prognosis [121-128]
(Table 4). All studies are in agreement with our findings in AMORIS and show that high levels of GGT are an indicator of elevated cancer risk
and poor disease prognosis. Three studies showed that high pre-therapeutic levels of GGT are associated with advanced tumour stage and
serve as an independent prognostic marker of poor prognosis in gynaecological cancers [122, 125, 126]. A case-cohort study in Taiwanese
men showed that high levels of GGT were associated with risk of all-cause death, all cancer, and hepatocellular carcinoma (HCC) mortality
[124]. Furthermore, another study analysing GGT and HCC prognosis showed that high levels of pre-treatment GGT were associated with
reduced OS rates, when compared to those with normal pre-treatment GGT levels [121]. In addition, elevation of serum GGT levels was
found to be an indicator of aggressive intrahepatic cholangiocarcinoma behaviours and a predictor of poor clinical outcomes [127]. Interest-
ingly, one study in Japanese adults found that GGT was only a predictor of cancer risk for alcohol-related cancers in current drinkers [123].
GGT has also been reported to play an independent role in the prediction of OS in metastatic colorectal carcinoma [120].

Finally, a meta-analysis by Long et al concluded that GGT predicts cardiovascular and cancer mortality [129], whereas Kunustor et al in
their meta-analyses showed that baseline levels of GGT are positive independent predictors of overall cancer risk as well as for all-cause
mortality [130, 131].

Where are we today?

Overall epidemiological evidence shows that high levels of GGT are associated with cancer risk and many experimental studies have
intended to explain this link suggesting different biological mechanisms [132—-136]. These pathways have been demonstrated for cancer
specific sites which may be explained by the high variability present in cancer cells together with the effect of other factors, such as environ-
ment, drugs, and diet that could modify cancer cells phenotype including GGT expression [137].

Iron metabolism

Selected biomarkers

The iron metabolism is another pathway potentially linked with carcinogenesis. Iron plays a fundamental role in important biological pro-
cesses in eukaryotic cells such as oxygen transport, cellular respiration, and redox reactions; consequently iron homeostasis is precisely
regulated. Most circulating iron is bound to transferrin; the rest of iron is either serum-free iron or iron stored in cells bound to ferritin. Total
iron-binding capacity (TIBC) measures the ability of plasma proteins to bind iron and reflects the fraction of transferring- free places to
bound iron, meaning that low values of TIBC evidence transferrin saturation (TSAT) and consequently high iron stores in cells.

Different mechanisms of iron involvement in carcinogenesis have been suggested, including oxidative DNA damage by iron-catalysed free
radical production, alterations in gene expression consistent with increased iron requirements in proliferating cells, as well as decreased
immune surveillance against cancer [138]. Excess iron has been shown to promote protein and genomic alterations mirrored in human
cancers [139] and this may occur via iron-induced persistent oxidative stress [139]. Moreover, iron sequestration machinery is activated
by inflammatory processes associated with chronic diseases such as breast cancer for which cancer-associated anaemia is being broadly
studied [140].
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Findings in AMORIS

Using a cohort of 220,642 participants with baseline measurements of serum iron, TIBC, and CRP, we found a positive association between
TIBC (i.e. low TSAT) and the risk of overall and in particular colon cancer [5]. Serum iron, on the other hand, did not correlate with overall
cancer risk, although a positive association with postmenopausal breast cancer was shown. These observations thus support a role of iron
metabolism in relation to specific cancer risk.

New epidemiological findings in the literature

Only one recently published study focused on serum iron as a marker of the iron metabolism in the context of cancer risk. This cohort
study of 309,443 men and women in Taiwan reported an increased risk of cancer in individuals with high serum iron [141]. Specific cancer
analysis showed an increased risk of breast cancer for serum iron 2140 pg/dL—hazard ratio (HR): 1.31 95%, confidence interval (Cl):
1.01-1.70—compared to lower levels, which is similar to our findings for postmenopausal breast cancer. Other recent studies measured
iron based on dietary intake subclassified as dietary heme iron, supplemental iron, and dietary intake of meat [142—145]. Dietary iron was
assessed mainly using food frequency questionnaires and heme iron intake was usually determined indirectly by calculating a type-specific
percentage of the total iron content in meat [144, 145]. Furthermore, a broad meta-analysis examining different cancer types in association
with serum iron markers and dietary iron markers, found a negative association between cancer risk and levels of iron storage biomarkers,
mostly with serum ferritin. Moreover, authors reported that a higher intake of heme iron showed a tendency towards a positive association
with cancer risk [146]. Similar conclusions for dietary markers were obtained in a colorectal cancer meta-analysis, suggesting a significant
positive association of heme iron intake and risk of colorectal cancer [147].

Where are we today?

Iron homeostasis is closely linked to anaemia, which impairs many physiological processes [148]. Considering the association between
anaemia and mortality [149], it is possible that the positive association between serum iron and risk of cancer emerges as a consequence of
other fatal diseases in persons with low levels of iron, thus removing them from the population at risk of developing cancer. Future research
should address risks associated with different types of anaemia in addition to serum components of iron metabolism when assessing their
link to cancer susceptibility.

Bone metabolism

Selected biomarkers

Components of bone metabolism have been indicated to be involved in carcinogenesis. Since calcium homeostasis is mainly influenced by
vitamin D and parathyroid hormone instead of dietary calcium [150], the use of serum calcium could be useful in investigating the aetiology
of cancer. lonised serum calcium level is a direct measure of the amount of metabolically active serum calcium but is not routinely measured
[151]. Correction of total calcium levels based on serum albumin is therefore used to obtain an estimate of the free ionised calcium
level, since almost half of serum calcium is in protein-bound form and alteration of serum albumin may affect levels of free ionised calcium
[150, 151]. Inorganic phosphate (Pi) is another dietary constituent well-known for its role in skeletal mineralisation, and normal levels of Pi
are essential to maintain normal cellular function [152]. As a result, it has been suggested that Pi may act as an active regulator of growth
rather than a merely compulsory element in cellular homeostasis. A particular link between calcium and gastrointestinal cancer has been
suggested, since dietary calcium may activate calcium receptor and bind bile acids in gastrointestinal tract, in addition to the role of serum
calcium in cellular metabolism [153, 154]. Recent studies also indicated that inorganic phosphate might be implicated in carcinogenesis, as
high-inorganic phosphate diet has been linked to an increased development of lung and skin cancers [155, 156]. Abnormal levels of inorganic
phosphate are thought to affect carcinogenesis by amplification of Akt signalling and 5’ cap eukaryotic dependent translation [157, 158].
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Findings in AMORIS

We investigated serum calcium in relation to risk of prostate and gastrointestinal cancer, and serum inorganic phosphate in relation to risk
of overall and site-specific cancers [5, 17, 18, 20]. We found a weak negative association between calcium and prostate cancer, which was
likely explained by a strong association between calcium and all-cause mortality. For gastrointestinal cancer, higher risks of oesophageal
and colorectal cancer were linked to higher levels of albumin-corrected calcium in women, indicating the importance of calcium correction
based on albumin levels. In men, a similar but weaker association was found. The study focusing on inorganic phosphate showed a positive
association with risk of overall cancer in men, but an inverse association in women.

New epidemiological findings in the literature

In support of the above findings, another Swedish-based study showed a positive trend between levels of albumin-adjusted calcium and
risk of prostate cancer in men [159] (Table 5). Similar findings with total and ionised serum calcium were reported when prostate cancer
death was used as a surrogate outcome [160]. Nonetheless, an inverse association was observed in an Asian study [161]. No new studies
have been published investigating the association between serum inorganic phosphate and risk of cancer.

Where are we today?

In clinical studies, the potential chemopreventive effects of calcium in cancer, particularly colorectal cancer, remain conflicting [162]. A recent
dose-response meta-analysis showed an inverse association between dietary calcium, calcium supplementation, and risk of colorectal
cancer [163]. However, the role of serum levels of calcium as well as its counterpart, serum inorganic phosphate, in relation to cancer
prediction remains elusive. As bone metabolism is tightly regulated, abnormalities in calcium and phosphate levels may reflect a defect in
bone regulation instead of dietary intake. Further clinical and observational studies exploring the potential roles of calcium and phosphate in
cancer should take into account their regulators such as vitamin D, parathyroid hormone, and fibroblast growth factor 23 (FGF-23) [164, 165]
in order to fully comprehend how they are involved in carcinogenesis.

Table 5. Epidemiological studies on bone metabolism and cancer.

Publication | Study population | Study design :)Tl.ot‘:o;-sul;bjects, Exposure | Outcome Main results | Adjustments
Brandstedt, | The Malmo Diet Case control | 943 cases, Serum total | Prostate cancer | OR: 1.34 Matched on BMI, educational
2012 [159] | and Cancer Study 943 controls calcium (0.78-1.39) level, alcohol consumption,
cohort, Sweden, for highest and smoking.
men, born in versus lowest
1923-1945 quartile
Schwartz, National Health Cohort 6707 at baseline, | Serum total | Prostate cancer | HR: 1.50 Adjusted for age and BMI,
2012 [160] | and Nutrition 49 events, calcium mortality (95% ClI: serum albumin, and serum
Examination 1069327 1.04-2.17) 25-OHD and account for
Survey llI person-months for every unit | survey weights and the complex
(NHANES 111), increase sampling design of NHANES III
USA, age 18+
Salem, Iran, men, mean Case control | 194 cases, Serum total | Prostate cancer | OR: 0.27 Adjusted for age, body mass
2013 [161] | age 71.1 (cases) 317 controls calcium (0.12-0.59) index, occupation, educational
and 66.5 (controls) for or highest | level, smoking, alcohol, family
versus lowest | history of prostate cancer, and
tertile sex hormones. Similar results
with albumin-corrected calcium
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Conclusion

Overall, more recent observational studies supported previous findings obtained in AMORIS, although no new results have been reported
for serum fructosamine and inorganic phosphate with respect to cancer risk. A drawback of using serum markers in predicting risk of cancer
is its potential fluctuations following other pathological conditions, resulting in non-specificity and imprecision of associations observed.
Utilisation of multiple combination markers may provide benefit from enhanced specificity in relation to cancer, as well as repeated or
serial measurements instead of a single measurement. Associations with other diseases may also necessitate further analytical strategies
addressing effects of serum metabolic markers on competing events in addition to cancer. Finally, delineating the role of serum metabolic
markers may generate valuable information to complement emerging clinical studies on preventive effects of drugs and supplements
targeting metabolic disorders against cancer.
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