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Abstract

The aim of this work is to study the associations of adipose tissue TE concentrations
with type 2 diabetes (T2DM) incidence over a 16-year follow-up period in an adult
cohort from Southern Spain. Clinical information, including 16-year T2DM incidence,
was gathered from hospital records. Chemical analyses of Cr, V, Zn, Fe, Cu and Se in
adipose tissue were performed using inductively coupled plasma mass spectrometry.
Multivariable Cox-regression models were used. Adipose tissue concentrations of
individual TEs showed that Fe (HR= 1.59, 95% CI: 0.99 to 2.56, p=0.057), Cr (HR=
1.58, 95% CI: 1.07-2.33, p=0.022) and Cu (HR= 1.61, 95% CI: 1.01- 2.58, p=0.046)
were positively associated with T2DM incidence. The Cr-association was maintained in
multi-TEs analysis (HR=1.68, 95% CI:. 1.02-2.76, p=0.041). Furthermore, adipose
tissue V ($=0.283, p=0.004) and Zn (B=0.217, p=0.028) concentrations were positively
associated with B-pancreatic cell function (HOMA-B), while Se showed an inverse
association (B= -0.049, p=0.027). Although further research is warranted on the
potential mechanisms of action, our results suggest that adipose tissue concentrations of
certain trace elements (particularly Fe, Cr and Cu) are associated with the risk of
incident T2DM, while V and Zn might have a protective effect. These biomarkers might
complement prediction algorithms and contribute to identify patients with an increased
risk of T2DM.

Keywords: adipose tissue, chromium, diabetes, iron, copper, trace elements.

Capsule

Adipose tissue trace elements such as Fe, Cr and Cu were associated with the risk of
incident type 2 diabetes mellitus in an adult cohort.

Abbreviations: AMPK: AMP-activated protein kinase; BMI: Body mass index; CP:
calculated using glucose and C-peptide levels; Cr: Chromium; Cu: Copper; FDA: Food
and Drug Administration; GAM: Generalized additive models; HOMA2 f: B-cell
function; HOMAZ2-1S: insulin sensitivity; HOMAZ2-IR: insulin resistance; I. calculated
using glucose and insulin levels; HRs: Hazard ratios; Iron: Fe; ROS: reactive oxygen
species; Se: Selenium; T2DM: type 2 diabetes mellitus; TEs: Trace elements; V:
Vanadium; WHO: World Health Organization; ZFP36: Zn finger protein 36; Zn: Zinc.
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1. Introduction

Type 2 diabetes (T2DM) is characterized by increased blood glucose levels
caused by a reduced insulin secretion from pancreatic B-cells and/or insulin resistance
(Franks and McCarthy, 2016). In addition, T2DM is closely related to highly-prevalent
comorbidities such as cardiovascular disease, hypertension, obesity or dyslipidemia
(Petrie et al., 2018). The World Health Organization (WHO) estimated that 422 million
adults worldwide (nearly 9%) suffered from diabetes (WHO, 2016).

Although far from been completely understood, the etiology of T2DM is
considered a complex mixture of internal and external risk factors, many of them
susceptible of modification e.g., sedentary lifestyle or unbalanced diet (Zheng et al.,
2018). In this regard, most studies have focused their research on the macronutrient’s
status e.g., increasing the intake of complex carbohydrates to the detriment of simple
sugars as a strategy to prevent T2DM. However, micronutrients and, specifically, some
trace elements (TEs) have been postulated as determinants of T2DM risk (Pasula and
Sameera, 2013; Tinkov et al., 2015). TEs are present at very low concentrations in
natural and perturbed environments, and are required at low amounts by humans
(usually < 100 mg/day). However, TEs are essential for a number of physiological
processes, mainly involved in immunity and metabolism, since they serve as cofactors
for multiple enzyme systems (Wiernsperger and Rapin, 2010; Dubey et al. 2020).
Specifically, the imbalance of Chromium (Cr), vanadium (V), zinc (Zn), copper (Cu),
iron (Fe) and selenium (Se) seems to be linked to T2DM development and progression,
as well as to T2DM-derived complications (Kazi et al., 2008; Moreno-Navarrete et al.,
2014; Wiernsperger and Rapin, 2010). It has been proposed that both TE deficiencies or
overload could be associated with oxidative stress, which is closely related to insulin
resistance and diabetes (Dubey et al. 2020). In addition, Cr, Zn, Cu, Fe and Se exert
antioxidant effects and, therefore, might ultimately enhance insulin action by the
activation of insulin receptor sites or increment of insulin sensitivity (Hussain et al.,
2009).

According to Kruse-Jarres and Rilkgauer (2000), the most accurate information
on the potential contribution of TEs to disease prevention/onset comes from the tissues
that reflect the immediate biochemical processes. Nevertheless, most of the researches
have been focused on TE concentrations in blood (plasma or serum) and urine. In this

regard, adipose tissue has been overlooked, despite being considered a metabolically
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active tissue closely related to T2DM onset. Adipose tissue also intervenes in metabolic
homeostasis through the synthesis of biologically active substances, sending and
responding to signals that modulate energy intake or insulin sensitivity, among other
functions (Abranches et al., 2015; Coelho et al., 2013). In fact, the adipose tissue
dysfunction observed under obesity conditions can cause impaired insulin action or
even insulin resistance (Abranches et al., 2015). Additionally, it has been hypothesized
that an unbalance of some TE concentrations in adipose tissue could lead to insulin
resistance and further metabolic disruption (Kazi et al., 2008; Tinkov et al., 2015),
although there is scant epidemiological research in the field. Indeed, we evidenced
negative associations of adipose tissue concentrations of Co, Cu, Mo and Se with the
degree of obesity in adults from GraMo cohort (Rodriguez-Pérez et al., 2018). Thus,
further studies are warranted to elucidate the potential influence of TEs in adipose tissue
dysfunction.

Based on the foregoing, the present work, which is encompassed in a largely
characterized adult cohort from Southern Spain, aims to study the associations of
adipose tissue concentrations of Cr, Zn, Cu, V, Se and Fe with T2DM incidence over a

16-year follow-up period.
2. Materials and methods

2.1. Study area and GraMo cohort

This research is part of a wider investigation focused on identifying
environmental factors affecting the development of several chronic diseases in an adult
cohort from Southern Spain (GraMo cohort). The design and population recruitment
have been described elsewhere (Arrebola et al., 2010, 2009; Rodriguez-Pérez et al.,
2018). Briefly, study participants were recruited in two public hospitals in Granada
province: San Cecilio University Hospital in the city of Granada (considered urban area,
240,000 inhabitants) and Santa Ana Hospital in the town of Motril (considered semi-
rural area, 50,000 inhabitants). Participants were recruited from patients undergoing
non-cancer-related surgery. Main surgery reasons were: hernias (41%), gallbladder dis-
eases (21%), varicose veins (12%) and other conditions (26%). Inclusion criteria were:
age over 16 years, residence in one of the study areas for at least 10 years, absence of
cancer, and non-receipt of hormonal therapy. Of 409 individuals initially contacted, 387

(95%) agreed to participate and were included in the initial cohort. From these, TE
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concentrations in adipose tissue samples were available for 226 (58%) participants.
After exclusion of type 2 diabetics at recruitment (n=12), 214 participants were included
in the longitudinal analyses. From these, a total of 132 participants additionally had
glucose biomarkers measured in serum samples and were included in the
complementary cross-sectional analyses. All participants included in the study were
requested to sign an informed consent. The study was approved by the Ethics
Committee of Granada (Comité de Etica de la Investigacion Provincial de Granada,
8/2016).

2.2. Sampling and trace element analysis

Sampling and TE analyses have been detailed elsewhere (Rodriguez-Pérez et al.,
2018). In brief, adipose tissue samples were freeze-dried in lyophilizer (for at least 72
hours) until a plateau weight was reached, subsamples of 0.1 g adipose tissue were
totally digested in a microwave oven (Multiwave 3000, Anton Paar, Graz, Austria) with
a mixture of 7 mL HNO3 and 0.1 mL HF. After digestion, indium (1 pg/L) was added to
each sample as internal standard. High-resolution inductively coupled plasma mass
spectrometry (HR-ICP-MS) using an Element 2 instrument (Thermo, Bremen,
Germany) was used for multi-element analyses of adipose tissue samples, following the
analytical conditions previously published (Cukrov et al., 2008; Fiket et al., 2007).
Standards were prepared by appropriate dilution of a multi-element reference solution
(Analytika, Prague, Czech Republic) containing Co, Cr, Cu, Fe, Mo, Mn, Se, V, and Zn.

Concentrations <LOD were substituted with the LOD/square root of 2.

A simultaneous analysis of the blank and certified reference materials (Mussel
NCS DC 78005, Scallop (Pecten maximus) IAEA 452) was performed as quality
control of the analytical procedure. For all elements, good agreement between analyzed

and certified concentrations was obtained (within analytical uncertainty + 10%).
2.3. Outcome assessment
Data on incident cases of T2DM were retrieved from the DIRAYA clinical

records database between September and October 2019, as previously described
(Salcedo-Bellido et al., 2021).

A participant was considered as incident type-2 diabetic when: 1) T2DM
diagnosis had been registered during the follow-up period in his/her DIRAYA records,
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and 2) regular prescription of antidiabetics had been registered in the prescription
database. There were 26 patients with inconsistencies between the two databases. This
was further elucidated by performing a thorough review of the individual clinical

history sheets, consultation reports, laboratory data and other medical reports.

In order to assess potential early subclinical effects of TE exposure, a subsample
of the study population with available serum samples (n=132) was included in the cross-
sectional evaluation of glucose homeostasis markers in those participants free of T2DM
at recruitment. Biomarkers of glucose homeostasis [i.e., serum glucose, immunoreactive
insulin (1) and C-reactive protein (CP)] were analyzed in serum samples collected at
recruitment under 12-h fasting conditions. Glucose concentrations were analyzed by
means of a validated enzymatic method by using a Cobas c311 bioanalyzer (Roche)
(Wu, 2006). Insulin and C-peptide were quantified by using validated in vitro
immunological tests performed on a Cobas e-411 bioanalyzer (Roche) (Clark, 1999;
Sapin, 2003). By using the abovementioned markers, the following set of indicators of
B-cell function and insulin resistance/sensitivity were calculated -homeostasis model
assessment (HOMAZ2)-: HOMAZ2-IR (insulin resistance), HOMAZ2-IS (insulin
sensitivity) and HOMAZ2-B (B-cell function). These indicators were calculated by using
the tool available at http://www.dtu.ox.ac.uk/homacalculator/index.phpStatistical, based
on the updated HOMAZ2 formula (Levy et al., 1998).

2.4. Covariates

Data on socio-demographic characteristics, lifestyle, and health status, including
sex, age, residence, education, occupational class, smoking habit, alcohol consumption,
adipose tissue origin, and body mass index (BMI), were collected by face-to-face
interviews conducted by trained personnel at the time of recruitment during the hospital
stay. The questionnaire was previously validated (Riboli et al., 2002).

Smokers were defined as those with daily tobacco consumption > 1 cig., while
alcohol consumption was considered at a weekly consumption > 1 drink. Residence in
the area of Granada at the time of the surgery was considered “urban” and residence in
the area of Motril was considered ‘“semi-rural”. A participant was considered
hypertensive at recruitment when the diagnoses and/or chronic consumption of anti-

hypertensive medication were registered in his/her clinical records.
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2.5. Statistical analyses

Descriptive analyses included the calculation of medians and 25-75th percentiles
for the interval variables and percentages for the categorical variables. Spearman
correlation tests were employed to evaluate the relationship between pairs of TE

concentrations.

The longitudinal associations of TE concentrations with incident T2DM risk
were explored by means of Cox-regression models, with time-to-events as the time
variable. Therefore, hazard ratios with their corresponding 95% confidence intervals
(Cls) were calculated as risk estimators. Data on participants who died before the
observation of a study outcome were censored; therefore, only their disease-free time
was considered in the analyses. Generalized additive models (GAM) were used for the
evaluation of the functional form of the associations. The cox.zph function,
implemented in the R survival package, was used for performing a test for the

proportional hazards assumption, obtaining satisfactory results.

Cross-sectional associations of TE concentrations with serum glucose
biomarkers were analyzed using linear regression models, for which beta coefficients

and 95% Cls were reported.

TE concentrations were log-transformed in order to reduce the skewness of the
distribution. Models were adjusted for a priori identified potential predictors of the
exposure (Rodriguez-Pérez et al., 2018) or the disease. Additional covariates included
variables whose inclusion produced changes > 10% in beta coefficients and/or those
reported as relevant confounders in previous studies, such as sex (male/female), age
(years), residence (urban/semi-rural), education (primary schooling not
completed/primary or higher), occupational class (manual workers / non-manual
workers, as defined by Regidor et al., 2001), hypertension diagnosis at recruitment,
body mass index (BMI), smoking habit (smoker/ex-smoker), and alcohol consumption
(consumer/non-consumer). Sensitivity analyses were performed by removing BMI and
hypertension from the covariates. Rationale for these analyses is further described in the

results and discussion section.

The associations of TE concentrations with glucose homeostasis markers were

explored by means of multivariable linear regression models, entering In-transformed
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biomarkers of glucose homeostasis as dependent variables. Models were adjusted for

the same covariates as Cox-regression models.

Data were stored and processed using the R statistical computing environment

v3.2.3 (http://www.r-project.org/). We used the following packages: “survival” for cox

regression analyses (Therneau, 2021), “gamlss” for GAM models (Rigby and
Stasinopoulos, 2005), and CoxR2 for computing R? (Hyeri and Ronghui, 2020). The
significance level was set at p <0.05 and p <0.10 as borderline significant, and all tests

were two-tailed.
3. Results

Main characteristics of the participants, including a comparison between those
who developed T2DM during follow-up vs T2DM-free, are summarized in Table 1. Out
of 214 participants, 25 males (64.1%) and 14 females (35.9%) developed T2DM during
the follow-up. Compared to participants free of incident T2DM, those that developed
T2DM over follow-up cases were more likely to have primary or higher education
(59.0%), be manual workers (76.9%), and be smokers or ex-smokers at recruitment
(71.8%). Noteworthy, those participants who developed T2DM during the follow-up
had significantly higher BMI [median (25th-75th percentile): 29.7 (25.9-32.5) vs. 26.6
(23.6-29.4) kg/m?] and were older [median (25th-75th percentile): 59 (53-70) vs. 48
(34-64) years old] than those who did not.

A detailed description of this subcohort including adipose tissue TE
concentrations has been reported elsewhere (Rodriguez-Pérez et al., 2018). In brief, the
TEs under study were detected in all the adipose tissue samples except Se, which was
found in concentrations above the LOD in only 53.5% of them (data not shown in
tables). Fe, Zn and Cu showed the highest median adipose tissue concentrations,
followed by Cr > Se > V. The 39 participants that developed T2DM over the follow-up
showed higher median adipose tissue concentrations of Cr (462 vs 373, p=0.163), Fe
(59500 vs 41600, p=0.171), Cu (996 vs 647, p=0.026) and lower Zn (9350 vs 9900,
p=0.404) and Se (9.3 vs 23, p=0.231).

Results of adjusted Cox regression analyses of the associations of individual
natural log-transformed adipose tissue concentrations of TEs with T2DM risk are

displayed in Table 2 and in Figure 1 (the latter using quartiles of TE concentrations). In
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addition, GAM models assessing the shape of the relationships of the associations are
shown in Figure 2. Although not all are entirely significant at the traditional p<0.05
level, we evidenced positive individual associations of continuous log-transformed V
(HR=1.19, 95% CI: 0.60-2.39, p=0.615), Cr (HR= 1.58, 95% CI: 1.07-2.33, p=0.022),
Fe (HR=1.59, 95% CI: 0.99-2.58, p=0.057) and Cu (HR= 1.61, 95% CI: 1.01-2.58,
p=0.046) with T2DM risk. Those significant associations showed a seemingly dose-
response pattern, as displayed in Figure 1. Furthermore, negative but non-statistically
associations with T2DM risk were found for Se (HR=0.97, 95% CI: 0.84-1.12 and Zn
(HR=0.95, 95% CI: 0.48-1.90). When all TEs were entered simultaneously in a global
model, the results were similar to those found in individual models (Table S1). A Cox-

model fitted only with the covariates is shown as supplementary material (Table S2).

Sensitivity analyses (BMI- and hypertension- unadjusted models) did not
substantially change the magnitude of the associations found (Tables S1 and S2).
Further adjustment for type of surgery at recruitment (hernia, gall bladder, varicose

veins, others) produced no relevant changes in model coefficients (data not shown).

Tables 3 and S3 summarize the results from multivariable linear regression
models assessing the cross-sectional associations of adipose tissue TEs with log-
transformed biomarkers of glucose homeostasis. We observed that increased
concentrations of V (= 0.283, p=0.004) and Zn (p= 0.217, p=0.028), as well as lower
Se concentrations (B=-0.049, p=0.027), were associated with increased p-cell function.
In addition, higher adipose tissue concentrations of Cu were related to increased
HOMAZ2-IS estimated from fasting glucose and insulin levels (B= 0.209, p=0.015).

In order to shed light on the relationship of our longitudinal results with the
complementary cross-sectional analyses, we explored the associations of HOMAZ2
indices with T2DM risk (Table S4). Although not statistically significant, HOMA2_f
(CP and I) and HOMAZ2_IS (CP and 1) were negatively associated with T2DM
incidence, (HR= 0.59, 95% CI: 0.32-1.13, p=0.112; HR= 0.69, 95% CI: 0.38-1.25,
p=0.215 and HR=0.47, 95% CI: 0.21-1.05, p=0.064; HR=0.62, 95% CI: 0.35-1.15,
p=0.104, respectively). Additionally, a positive association between insulin resistance
calculated using glucose and C-peptide levels -HOMAZ2 IR (CP)- with T2DM risk
(HR=2.14, 95% CI: 0.95- 4.80, p=0.065) evidenced that higher insulin resistance at
baseline is associated with future T2DM risk.
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Figure S1 shows the Spearman correlations between pairs of adipose tissue TE
concentrations. Positive correlations were found between all pairs of TEs except for
Zn-Se and V-Se, that were not significantly associated. Further discussion of
correlations between TE concentrations has been shown elsewhere (Rodriguez-Pérez et
al., 2018).

Finally, sensitivity analyses were performed by testing the associations in BMI-

and hypertension-unadjusted models (Tables S5 and S6).
4. Discussion

This is the first epidemiologic study addressing the associations of TEs
accumulated in adipose tissue with the risk of T2DM, which appears to be of relevance
for the ethology of insulin resistance and other metabolic disturbances, as previously
suggested elsewhere (Tinkov et al., 2015). We evidenced positive associations of
adipose tissue Fe, Cr and Cu with T2DM incidence.

Laboratory studies have evidenced diabetogenic and obesogenic effects of low
adipose tissue Cr concentrations (Tinkov et al., 2015). However, no epidemiological
studies have verified these effects in humans. The importance of Cr in glucometabolic
disorders has been observed in clinical stages of relatively severe Cr deficiency but, on
the contrary, its supplementation could have no effect in healthy individuals
(Wiernsperger and Rapin, 2010). In vivo and in vitro studies have identified several
potential mechanisms of action of Cr to enhance the insulin signalling pathway and
AMP-activated protein kinase (AMPK) activity, possibly acting as antioxidant agent or
up-regulating cellular glucose uptake (Hua et al., 2012). Nevertheless, there are
conflicting results from different case-controls studies, in which salivary or
plasma/serum Cr concentrations have been measured in individuals with T2DM
compared to controls (Chen et al., 2017; Martinez et al., 2018). However, it is worth to
mention that saliva and blood TE concentrations commonly reflect recent intakes while
adipose tissue concentrations have been suggested as a potential proxy of the biological
availability of TEs (Kizalaite et al., 2019).

It is well known that T2DM is frequently developed together with other
comorbidities, e.g. obesity (Frayn et al., 2007). In fact, the prevalence of obesity among
T2 diabetics can reach 90% (Bhupathiraju and Hu, 2016). Furthermore, adipose tissue
dysfunction has been pointed out as a very probable link between diabetes and obesity

10
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(Tsave et al., 2016). In fact, in GraMo cohort, BMI (kg/m?) at recruitment was
positively associated with the risk of incident T2DM in a multivariable model with only
covariates (HR:1.11, 95%CI: 1.05-1.16, Supplementary Material Table S2). In this
context, we hypothesized a potential modifying effect of obesity in the associations
between Cr adipose tissue concentrations and T2DM incidence, which was tested by
entering the product term of BMI (at recruitment) * Cr concentrations as well as by
stratifying the models by median BMI (data not shown). Although we found no
significant interaction, it is important to highlight that we only used BMI at recruitment.
Therefore, a potential confounding effect of weight changes over the follow-up cannot

be discarded.

It is remarkable that both Cu and Fe are essential metals implicated in oxidative
stress status. Uriu-Adams and Keen (2005) reported a potential bi-directional
relationship between Cu metabolism and T2DM. Indeed, we found increased adipose
tissue Cu concentrations at recruitment in those participants that developed T2DM over
the follow-up, and Cu concentrations were positively associated with incident T2DM
risk. Conversely, in our complementary cross-sectional analyses, Cu was positively
associated HOMAZ2_IS (1), which could be understood as a protective effect, since
HOMAZ2-IS (1) was negatively related to T2DM risk. We need to bear in mind that
cross-sectional analyses are more prone to biases such as reversed causality, which
might explain the divergent associations. Our findings emphasize the need for assessing

the implications of environmental factors by using complementary designs.

Interestingly, Tinkov et al. (2012) reported an increase in the oxidative stress
and inflammation status in adipose tissue of Wistar rats following Cu administration.
The same authors reported an enhancement of Fe absorption during Cu repletion, which
could explain the positive association between Fe adipose tissue concentration and
T2DM risk. Fe also participates in the formation of reactive hydroxyl radicals, including
reactive oxygen species (ROS), which play an important role in insulin resistance and
T2DM (Zabtocka-Stowinska and Grajeta, 2017). Several biomarkers of body Fe stores
e.g., serum ferritin concentrations have been proposed and have been shown to be
associated with increased risk of T2DM in adult volunteers (Chen et al., 2018;
Fernandez-Real et al., 2002). Earlier studies have linked the total body Fe stores with
insulin resistance in the general population (Fernandez-Real et al., 1998). Whilst overall

adipose tissue Fe concentrations were not found to differ between metabolically healthy

11
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obese vs metabolic syndrome individuals (Kizalaite et al., 2019), significantly higher Fe
concentrations in upper subcutaneous adipose tissue of those with metabolic syndrome
were found (Kizalaite et al.,, 2019). In addition, Wlazlo et al. (2013) observed
correlations between markers of Fe metabolism (e.g. ferritin and transferrin) and
adipocyte insulin resistance in 574 adults from the Diabetes and Atherosclerosis
Maastricht (CODAM) cohort, suggesting that Fe adipose tissue stores could be involved
in the development of insulin resistance. Moreover, insulin is known to stimulate iron
uptake by adipocytes and hepatocytes (Davis et al., 1986). Data from the adipose tissue
of 4 different Caucasian cohorts showed a direct relationship between elevated body Fe
storages and certain metabolic disorders by leading the accumulation of intracellular
iron in adipocyte, decreasing ADIPOQ gene and protein expression and insulin action
(Moreno-Navarrete et al., 2014). Interestingly, in our study we observed a U-shaped
relationship between Fe adipose tissue concentration and the risk of T2DM in the GAM
models (Figure 2). This trend was also found after quartile-stratification (Figure 1).
These results suggest that not only Fe overload but also Fe depletion in adipose tissue
could be associated with T2DM risk. Further validation on larger and more diverse
populations is necessary to confirm these novel findings.

Regarding our cross-sectional findings, Zn and V concentrations were positively
associated with B-cell function, exerting a potentially protective effect, since this
biomarker was eventually was linked to decreased T2DM risk, although with limited
statistical significance. Zn is involved in the synthesis, storage and secretion of insulin
by pancreatic B-cells (Gonzélez-Villalva et al., 2016; Shan et al. 2014), and Zn
supplementation has shown to improve insulin sensitivity in obese diabetic patients
(Cruz et al., 2017). A process of obesity-related chronic inflammation can alter the
metallothionein and Zip-14 zinc transporter protein, producing unbalanced Zn content
in organs and tissues, such as adipose tissue, thus inducing hypozincemia in obese
individuals (Noh et al., 2014). In agreement, Tinkov et al. (2016) found a significant
34% decrease in Zn adipose tissue concentration in high fat fed rodents compared to
controls, that also exerted lower insulin levels and HOMAZ2-IR values (Tinkov et al.,
2016). However, we did not achieve similar results in the present study. Bouchard et al
(2007) found that the expression of Zn finger protein 36 (ZFP36) in adipose tissue was
negatively correlated with fasting insulin levels, the insulin resistance index, and 2-h
post-glucose insulinemia in women, thus likely protecting against T2DM. In addition,
adequate Zn delivery by Zn transporters as mediators of pathogenesis of T2DM should
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not be discarded (Fukunaka and Fujitani, 2018), especially when previous studies have
found changes in the expression profile of Zn transporters in adipose tissue from
diabetic and non-diabetic rats (Maxel et al., 2015). Thus, looking at our results and the
previous findings from in vivo studies, we hypothesize that Zn concentrations in adipose
tissue might not be as determinant as the impairment of Zn transporters for the
development of T2DM. In addition, B-cell induction might be an early mechanism of
action of Zn to prevent insulin resistance. Congruently, we evidenced a lower incident
T2DM risk in those individuals in Q2-Q3 of Zn concentrations compared to those in
Q1, although this statement is somewhat speculative, since the association was not
statistically significant (Figure 1). A similar trend was reported by Shan et al. (2014) in
a case-control study among Chinese participants, in which higher plasma Zn
concentrations were associated with a lower T2DM risk in a dose-dependent manner.

Little is known about the potential diabetogenic effect of V. Previous in vivo
studies have shown that V exposure can regulate glucose homeostasis and improve
insulin sensitivity in animal models (Mehdi et al., 2006). Additionally, V treatment
significantly increased total B-cell number and total islets volume in diabetic adult male
Sprague-Dawley rats (Pirmoradi et al., 2016). A protective effect of V in pancreatic -
cells from palmitate-induced apoptosis have also found in vitro (Gao et al., 2011).
Congruently, in our population, V adipose tissue concentrations were significantly and
positively associated with HOMAZ2__ B calculated using both glucose and C-peptide
levels or glucose and insulin levels, which could suggest a protective effect of T2DM
development. However, we did not find a significant relationship between HOMA2_3
and T2DM in the complementary cross-sectional analyses. V has shown to activate
glucose uptake in 3T3-L1 differentiated adipocytes in vitro and in vivo, thus acting as an
insulin enhancer (Mehdi et al., 2006). Early studies suggested the enhancement of
glucose transport as a potential mechanism of action of V (Mohammad et al., 2006).
Despite most of the few previous in vivo researches in adipose tissue report a negative
relationship between V adipose tissue concentration and the onset of T2DM, they are in
general inconclusive. On the one hand, GLUT4 expression in adipose tissue was
significantly decreased in Streptozotocin-diabetic rats compared to controls, and normal
expression was restored after V treatment. Thus, the researchers suggested that V might
contribute to glucose homeostasis in vivo (Cam et al., 2001). On the other hand, Tinkov
et al. (2015) found a 33% decrease in V adipose tissue concentration in female Wistar
rats fed with a high-fat diet compared to controls together with an inverse correlation
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between V adipose tissue concentrations and markers of insulin resistance i.e. insulin
and HOMAZ2-IR values. High-fat foods are poor sources of V, thus, an adequate dietary
intake of V by including good V dietary sources, such as grain and grain products, seem
to be necessary to maintain an adequate adipose tissue V balance, which could improve
glucose homeostasis. Further than the above-mentioned research, no epidemiological
studies have been performed in human adipose tissue with or without T2DM and there
are still several gaps of knowledge on the mechanisms underlying the potential
protective effect of V on T2DM (Domingo and Gomez, 2016). Further research is

warranted on its clinical relevance in adipose tissue microenvironment.

Se is another TE involved in the antioxidant system (Tinggi 2008) and,
noteworthy, oxidative stress has been highlighted as a factor reducing insulin secretion
and increasing insulin resistance (Bleys, J. et al. 2007). However, we did not find any
significant association between Se adipose tissue concentrations and T2DM risk.
Similarly, De Vega et al. (2016) did not find any associations among total serum Se in
healthy and diabetic patients (de Vega et al. 2016). A recent intervention study
concluded that plasma Se concentrations in newly diagnosed T2DM patients did not
significantly differ from the control group (Binti Othman et al. 2017). Contrarily, highly
significant decrease of blood serum Se concentration in T2DM patients (n=40)
compared to healthy controls (n=36) was reported by Badran et al. (2016). Accordingly,
Yadav et al. (2016) observed lower serum Se in 35 pre-diabetic individuals compared to
the healthy control group. Moreover, they observed a significantly negative associations
of Se serum concentrations with insulin resistance. Contrarily, we also found a
significant negative association between Se adipose tissue concentrations and
HOMAZ2 B, which might indeed be related to a chance finding, residual confounding or
even reversed causality. In contrast, a positive association between serum Se
concentrations and incidence of diabetes has been found in a hospital-based case—
control study of 847 adults in Northern Taiwan (Lu et al. 2016), and similar results were
found in a cross-sectional analysis of 8,876 U.S. adults (Bleys et al. 2007). Higher
plasma Se levels were also related to a higher risk of T2DM in the Dongfeng-Tongji
cohort from China (Yuan et al. 2018). Interestingly, a systematic review of
observational studies concluded that there may exist a U-shaped non-linear dose—
response relationship between serum Se and T2DM risk, on the basis of the dissimilar

findings according the magnitude of Se concentrations (Wang et al. 2015).
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It is notable that a multivariable model fitted only with the covariates produced a
R-squared of 0.571 (Supplementary Material, Table S2), which increased to 0.637 after
adjustment for Cr, Cu and Fe concentrations (Data not shown). Although this was not a
large increase, our findings suggest that TE adipose tissue concentrations might help to
improve predictive algorithms. Despite that adipose tissue cannot not be easily reached,
those patients undergoing routine abdominal or inguinal surgery (from which many of
them are precisely under increased risk of metabolic diseases) could benefit from these

biomarkers.

Strengths of our study include the longitudinal design with a 16-year follow-up
and complementary longitudinal and cross-sectional studies. The use of adipose tissue
as a biological matrix for the quantification of TE concentrations in an epidemiological
setting was based on our previous work (Rodriguez-Pérez et al., 2018) and represents a
novel approach which, as abovementioned, might provide mechanistic information of in
situ processes that could be relevant at a systemic level. However, more research is
warranted on the clinical implications of the presence of these TEs in the adipose tissue.
Sample size in the present study was limited, although enough for yielding suggestive
associations, which were screened using different statistical approaches. Nevertheless,
caution should be taken when extrapolating our results to other populations with
different sociodemographic characteristics, TE concentrations and T2DM risk.
Furthermore, and despite we performed a thorough clinical follow up using clinical
databases, we cannot rule out a degree of underdiagnoses, since T2DM diagnoses over
follow-up were based on clinical records and not on biomarkers (Soriguer et al., 2012).
Another limitation is related to potential unmeasured changes in the covariates and/or
TE levels during the follow-up. In addition, the potential selection bias caused by the
hospital-based recruitment cannot be discarded, although we included a wide variety of
conditions that would, if so, reduce the risk estimates but not produce false positive
associations. Finally, sensitivity analyses were performed by testing the associations in
BMI- and hypertension-unadjusted models, given that these covariates might also be in
the causal pathway between TE and T2DM development. Further research on the
speciation status is planned in GraMo cohort that will shed light on which chemical

forms are mainly responsible for the observed effects.

5. Conclusions
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To date, this is the first study exploring the relationship between levels of TEs in
adipose tissue and incidence of T2DM in an adult cohort. Our findings suggest a
potential role of Fe, Cr and Cu as potential risk factors for T2DM, as well as a
protective role of V and Zn for the prevention of T2DM. Furthermore, our results
emphasize the relevance of adipose tissue as a matrix for the assessment of the
metabolic implications of certain TEs, which could complement current prediction
algorithms of T2DM risk. The results from this study could be particularly relevant for
individuals routinely undergoing abdominal surgery, in which adipose tissue samples

could be easily obtained.
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725  Figure 1. Quartiles of trace elements concentrations and type 2 diabetes risk.

726  Figure 2. TE concentrations and diabetes risk. Generalized Additive Models.
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Table 1. Characteristics of the studied population comparing those who developed type 2 diabetes mellitus
(T2DM) during follow-up vs diabetes-free during follow up.

Free of T2DM during

Incident T2DM during

Total (N=214) p-value
follow-up (N=175) follow-up (N=39)
Sex 0.377
Male 98 (44%) 25 (64.1%) 123 (57.5%)
Female 77 (56%) 14 (35.9%) 91 (42.5%)
Residence 0.486
Urban 83 (47.4%) 21 (53.9%) 104 (48.6%)
Semi-rural 92 (52.6%) 18 (46.1%) 110 (51.4%)
Education 0.123
Primary uncompleted 48 (27.4%) 16 (41.0%) 64 (29.9%)
Primary or higher 127 (72.6%) 23 (59.0%) 150 (70.1%)
Occupational class 0.999
Non-manual worker 40 (22.9%) 9 (23.1%) 49 (22.9%)
Manual worker 135 (77.1%) 30 (76.9%) 165 (77.1%)
Smoking habit 0.999
Non-smoker 71 (40.6%) 11 (28.2%) 82 (38.3%)
Smoker or ex-smoker 104 (59.4%) 28 (71.8%) 132 (61.7%)
Alcohol consumption 0.999
No habitual consumer 83 (47.4%) 19 (48.7%) 102 (47.7%)
Habitual consumer 92 (52.6%) 20 (51.3%) 112 (52.3%)
Adipose tissue origin 0.981
Hernia 81 (46.3%) 20 (51.3%) 101 (47.2%)
Gall Bladder 34 (19.4%) 7 (18.0%) 41 (19.2%)
Varicose Veins 8 (4.6%) 1(2.6%) 9 (4.2%)
Other 52 (29.7%) 11 (28.2%) 63 (29.4%)
BMI (kg/m?)* 26.6 (23.6 - 29.4) 29.7 (25.9 -35.2) 27.2 (23.9 - 29.9) 0.000*
Age (years)* 48 (34 - 64) 59 (53 -70) 52.5 (36 - 66) 0.003*
Chromium (ug /kg)* 373 (201 - 609) 462 (232 - 655) 382 (204 - 618) 0.163
Iron (ug/kg)* 41600 (27400 - 69800) 59500 (34700 - 79800) 43700 (29900 - 70700) 0.171
Vanadium (ug/kg)* 12 (9-19) 14 (10 - 19) 13(9-19) 0.468
Copper (ug/kg)* 647 (470 - 1040) 996.5 (554 - 1466) 677 (475 - 1150) 0.026*
zinc (ug/kg)* 9900 (7100 - 13700) 9350 (6600 - 12700) 9800 (7100 - 13600) 0.404
Selenium (ug/kg)* 23 (0.5-63) 9.3(0.5-51) 18 (0.5 - 60) 0.231
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! Data expressed as median (25th - 75th percentile)
* p<0.05 level
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Table 2. Log-transformed individual TE concentrations (g/kg) and T2DM risk. Cox-

regression models

95% Confidence Interval

HR p-value
Lower Upper
Vanadium 1.19 0.60 2.39 0.615
Chromium 1.58 1.07 2.33 0.022
Selenium 0.97 0.84 1.12 0.681
Iron 1.97 0.99 2.58 0.057
Copper 1.61 1.01 2.58 0.046
Zinc 0.95 0.48 1.90 0.879

HR: Hazard Ratio. Models were adjusted by sex (male/female), age, residence (urban/semi-
rural), education (primary schooling not completed/primary or higher), occupational class
i.e., manual workers (social classes I1+11+111) and non-manual workers (social classes IV+V),
hypertension at recruitment, BMI, smoking habit (smoker/ex-smoker), alcohol consumption

(consumer/non-consumer).
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Table 3. Trace elements adipose tissue concentrations and log-transformed biomarkers of glucose homeostasis. Linear regression models.

Cr \ Zn Fe Cu Se

Beta SE p-value  Beta SE p-value  Beta SE p-value  Beta SE p-value  Beta SE p-value  Beta SE p-value
?C%';AAZ_ P 0.056 0.060 0.351 0.283 0.097 0.004 0217 0.098 0.028 -0.019 0.073 0796 0.095 0.086 0.272 -0.049 0.022 0.027
(F:)OMAZ_ P 0.057 0.063 0.366 0.256 0.102 0.014 0.152 0.103 0.141 -0.005 0.076 0.953 0.008 0.090 0.928 -0.045 0.023 0.050
?C%';/IAz_IS 0.001 0.043 0979 -0.099 0.071 0169 -0.104 0.070 0.141 -0.027 0.052 0.603 -0.037 0.061 0.542 0.013 0.016 0.414
|(_I|)OMA2_IS 0.604 0.061 0951 -0.085 0.101 0.404 -0.038 0.100 0.703 -0.029 0.074 0.695 0.209 0.085 0.015 0.002 0.022  0.940
?C%';AAZ_IR 0.(501 0.043 0979 0.099 0.071 0.169 0104 0.070 0.142 0.027 0.052 0.608 0.037 0.061 0544 -0.013 0.016 0.418
|(-||)0MA2_IR 0.(564 0.067 0344 0.012 0113 0918 0.034 0112 0.764 -0.026 0082 0.752 -0.094 0.096 0.329 -0.007 0.025 0.773

HOMA2_ B, p-cell function; HOMA2-IS, insulin sensitivity; HOMA2-IR, insulin resistance; CP: calculated using glucose and C-peptide levels; I, calculated using glucose and insulin
levels SE, standard error. Models were adjusted by sex (male/female), age, residence (urban/semi-rural), education (primary schooling not completed/primary or higher), occupational
class i.e., manual workers (social classes I+11+I11) and non-manual workers (social classes IV+V), hypertension at recruitment, BMI, smoking habit (smoker/ex-smoker), alcohol

consumption (consumer/non-consumer).
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Figure 2. Adipose tissue | E concentrations and incident diabetes risk. Generalized Additive Models.
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GAM models were adjusted for sex, age, residence, education, occupational class, smoking habit,

alcohol consumption, adipose tissue origin, and body mass index (BMI). df: degrees of freedom.



Figure 1. Quartiles of trace elements concentrations and T2DM risk.
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Highlights

e Fe, Cuand Cr adipose tissue concentrations were positively associated with T2DM

e Adipose tissue Cr, Cu and Fe levels might be indicative of an increased risk of T2DM
e Vand Zn concentrations were positively associated with 3-pancreatic cell function

e Vand Zn adipose tissue levels might have a protective effect on T2DM incidence
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