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ARTICLE INFO ABSTRACT

Keywords: Objectives: The objective of the present study was to assess trace element status in morbidly obese subjects before

Ob?SitY and one year after Roux-en-Y gastric bypass (RYGB) in order to identify possible deficiencies.

&Efrlatrlctsflrgery Methods: The study population included 46 patients in the age range 27-59 years, the majority (85 %) were
icronutrients

women. The enrolled patients attended an eight week course on lifestyle changes before bariatric surgery. After
RYGB they were recommended daily micronutrient supplements with a commonly used multivitamin-mineral
tablet in addition to intramuscular vitamin Bj» injections (1 mg) every third month for 12 months. Whole
blood concentrations of Cu, Mn, Se and Zn were determined using high resolution inductively coupled plasma
mass spectrometry.

Results: During the 12 months follow up after bariatric surgery, the patients had lost mean 32.3 kg and median
whole blood concentrations of Cu (-16 %) were reduced, Mn (+14 %) and Zn (4+6%) were increased, while the Se
values were essentially unchanged. Compared with reference ranges, median postoperative concentrations of all
essential trace elements were either below (Zn) or in the lower reference range (Cu, Mn, Se).

Conclusion: Essential trace elements were below or in the lower reference range twelve months after RYGB. Our
results indicate a need for updated guidelines in Nordic countries for trace metal monitoring and supplements in
patients after bariatric surgery, especially when gastric bypass surgery is used. Further studies are required to
explore and prevent trace element deficiency related to obesity and bariatric surgery.

Trace elements
Deficiency diseases

1. Introduction

An increasing number of obese patients are being treated with bar-
iatric surgery. In Norway at least 3000 patients have undergone bariatric
surgery every year since 2008 [1,2]. In the USA alone 252,000 bariatric
procedures were performed in 2018 [3]. Although weight loss improves
obesity associated comorbidities such as metabolic dysfunction with
insulin resistance, type 2 diabetes (T2DM) and cardiovascular disease
[4] the surgical disruption of the gastrointestinal tract renders the pa-
tients at risk of malabsorption and malnutrition. Some of these de-
ficiencies can result in severe consequences, such as neuropathy,

* Corresponding author.

anemia, heart failure, and encephalopathy. Clinically significant
micronutrient deficiencies are reported to be common after bariatric
surgery, and patients who have underwent malabsorptive procedures,
such as RYGB, are at particularly high risk for micronutrient deficiencies
[5,6]. Postoperatively, all these patients are instructed to take lifelong
vitamin and mineral supplements. However, concerns have been raised
regarding patient compliance [7]. In this context, it is essential that
patients comprehend the importance of compliance and the need for
lifelong supplementation [2]. Several guidelines for postoperative
monitoring after gastric bypass exist [6,8,9] and recommendations for
supplementation and trace element biomarker monitoring vary,
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reflecting a lack of robust evidence in this field.

It is of interest that obesity in itself has an impact on trace element
status. Significant positive correlations between BMI and copper (Cu)
and manganese (Mn), and negative correlations between BMI and se-
lenium (Se) and zinc (Zn) are reported in children [10]. Obese adults are
reported to have higher concentrations of Se and lower Zn in hair
compared to lean controls [11].

In the present study we have determined whole blood concentrations
of the essential trace elements Cu, Mn, Se and Zn in 46 Norwegian obese
patients before and 12 months after RYGB. We have compared the
values with Norwegian reference ranges. Since more reliable informa-
tion about trace element status is considered to be obtained by investi-
gating concentrations in blood cells or whole blood rather than in
plasma, not only for zinc [12], but also for the other elements assessed in
the present study we have used whole blood determinations in our
evaluation [13-15].

2. Materials and methods
2.1. Study population

Patients aged 18-60 years eligible for bariatric surgery due to a
BMI > 40kg/m? or a BMI>35kg/m? with serious weight related
comorbidities, like T2DM or cardiovascular disease, were consecutively
recruited at Innlandet Hospital Trust, Gjgvik, Norway, during the period
2012-2014. Exclusion criteria were major psychiatric disorders, serious
somatic disorders not related to obesity, alcohol or drug addiction,
former obesity surgery and other major abdominal surgery. The enrolled
patients received brief dietetic counselling six months before surgery. At
the end of this period they attended an eight week course on lifestyle
changes, followed by bariatric surgery.

The surgical technique used was laparoscopic RYGB, which involves
transection of the upper part of the stomach leaving a gastric volume of
about 30 mL, which is anastomosed to the distal jejunum, resulting in
bypass of the remaining part of the stomach, duodenum and proximal
jejunum [16]. Reduced size of the stomach results in earlier satiety and
thus restricted food intake. Furthermore, food bypasses the duodenum
and enters directly into the distal jejunum, leading to reduced absorp-
tion in the small intestine [16].

After surgery the patients were recommended daily supplementation
with iron (100 mg), calcium (1000 mg) and vitamin D (20 pg) for 6
months, intramuscular vitamin B, injections (1 mg) every third month
for 12 months, and lifelong daily multivitamin/mineral supplements
(MVM) with a commonly used supplement in Norway. The most
frequently used MVM supplements in Norway contains: Cu 1.0 mg, Mn
2mg, Se 60 pug, Zn 12 mg Mg 100 mg, Fe 15 mg, iodide 150 pg, as well as
multivitamins. Recommendations for supplements and follow-up rou-
tines in the present study were essentially the same as those used in a
previous Norwegian study in which the compliance during the first year
for MVM was 84 % [17].

Ethical approval of the protocol was obtained by the Regional
Committee for Medical and Health Research Ethics (REK), Region South-
East, Norway, ref. number 2012/1394. The study was conducted in
accordance with the Declaration of Helsinki, and written informed
consent was obtained from all patients before enrolment.

2.2. Sample collection, preparation and analysis

Whole blood samples were collected before surgery and 12 months
after surgery. The samples were obtained from the cubital vein between
8:00 and 10:30 a.m. and collected in Vacuette Trace Element Sodium
Heparin tubes (Greiner Bio-One) for trace element analyses. The samples
were stored at —80 °C before analysis. Approximately 0.7 mL blood was
transferred to metal-free 18 mL teflon tubes. The exact weight of each
sample was measured and converted back to volume by multiplying
with 1.06 g/mL (the average density of whole blood). The samples were
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acidified with 1.0 mL 65 % (V/V) ultrapure nitric acid, produced in-
house from p.a. quality nitric acid (Merck, Darmstadt) using a sub-
boiling distillation system (SubPur, Milestone, Shelton, CT). The sam-
ples were then digested using a high performance microwave reactor
(UltraClave, Milestone). Digested samples were decanted into pre-
cleaned 15 mL polypropylene vials (VWR, USA) and diluted with ul-
trapure water (Purelab Option-Q, Elga) to achieve a final acid concen-
tration of 0.6 M. Trace element concentrations were measured using
high resolution inductively coupled plasma mass spectrometry (HR-ICP-
MS, Thermo Finnigan Element 2, Bremen). The sample introduction
system consisted of an SC2-DX auto-sampler with ULPA filter, a prep-
FAST system, a concentric PFA-ST nebulizer coupled to a quartz cyclonic
micro mist Scott spray chamber with auxiliary gas port, aluminium
skimmer and sample cones, and an O-ring-free quartz torch and 2.5 mm
injector (Elemental Scientific, Omaha, NE). The radio frequency power
was set to 1350 W; nebulizer and T-connection sample gas flow were
0.75L/ min, and 0.55 L/min, respectively. Cooling gas flow was 15.5 L/
min, auxiliary gas flow was 1.1 mL/min and additional gas consisted of
10 % methane in argon with flow rate of 0.01 L/min.

Two multi-element stock solutions (Elemental Scientific, Omaha,
NE) were used in the analytical procedure, one serving as a calibrating
solution and the other as a quality control. These solutions were matrix
matched with the blood samples for acid strength (0.6 M ultrapure nitric
acid), and by adding 160mg/L sodium and 115mg/L potassium
(Spectrapure Standards, Oslo). Corrections for instrumental drift were
done by repeated measurements of one of the multi element standards.
The stability of the instrument was checked by inspection of the argon
signal and measurements of 1 pg/L rhenium added as an internal stan-
dard through the prepFAST system. Repeated analysis of the same
reference material (Seronorm Level 1, Sero, Norway) was used to assess
the precision of the analytical procedure, showing a coefficient of
variation less than 10 %. The accuracy of the method was checked by
analyzing Seronorm Serum Level 1 and Level 2 reference material (Sero,
Norway), showing values within 90-110 % of the certified concentra-
tions. The detection limits for the elements studied were as follows: Cu
0.59, Mn 0,18, Se 1.5 and Zn 0.73 pg/L. Reference values for trace ele-
ments in whole blood were provided by the analyzing laboratory at the
Norwegian University of Science and Technology (NTNU) based on re-
sults published in the HUNT3 study [18].

2.3. Statistical analysis

Results are presented as mean and standard deviation (SD) and
compared by Student’s t-test or Anova, and as median and interquartile
range (IQR) and compared by Mann-Whitney U test or Kruskal-Wallis
test. Chi-square test was used for categorical data. Spearman correla-
tions were used to explore relationships between data. Tests of
normality were Kolmogorov-Smirnov and Shapiro-Wilk. The SPSS sta-
tistical program (version 23) was used for the statistical analyses. Two-
sided p-values<0.05 were considered statistically significant.

3. Results
3.1. Baseline demographics

The study population included 46 patients (age range 27-59 years)
with baseline characteristics given in Table 1. The majority were
women, of whom 21/39 (54 %) were of reproductive age (< 45 years).
At inclusion, both women and men tended to eat more meat than fish
and seafood (Table 1). During the 12 months follow-up, the percentage
of daily smokers declined from 22 % at inclusion to 3 % 12 months after
surgery, whereas the percentage of patients who reported use of alcohol
more than once a month, remained essentially unchanged (43 % versus
41 %).

Total mean weight loss from inclusion to 12 months after bariatric
surgery was 42.5 (SD 11.9) kg (range 13.4-68.7 kg). Approximately 25
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Table 1
Baseline characteristics in patients admitted for gastric bypass (n = 46).

39/46 (85 %)

Female gender”

Age, years” 43.9(9.1)
Body mass index” 42.4 (3.6)
Education, years“ 13 (3)

Full time occupation” 23/45 (51 %)
Married/cohabitant” 38/44 (86 %)
Daily intake of meat, grams” 164 (60)
Daily intake of fish/seafood, grams” 80 (49)

Daily smoker®

Alcohol intake > 1 per month®
Current diagnosis of hypertension®
Current diagnosis of diabetes”

10/45 (22 %)
20/46 (43 %)
15/44 (34 %)
7/44 (16 %)

# Data are expressed as numbers (%).
b Data are expressed as mean (SD).

% of weight loss was achieved by dieting and exercise before surgery
(mean 10.3 (SD 4.6) kg), while 75 % was achieved after surgery (mean
32.3 (SD 10.6) kg). There was a mean reduction of 33 % in BMI from
inclusion to 12 months postoperatively, with no gender difference
(p=0.81).

3.2. Trace element concentrations before and 12 months after bariatric
surgery

Whole blood concentrations of the trace elements before and 12
months after bariatric surgery and percent change during follow up are
given in Table 2. The concentrations of Cu, Mn and Zn changed signif-
icantly during the observation period, median concentration of Cu
decreased by 16 %, while median Mn and Zn concentrations increased
by 14 % and 16 %, respectively. The concentrations of Se remained
essentially unchanged.

Before surgery, Cu was inversely correlated to Zn (rho: -0.37,
p =0.01). Mn was positively correlated to Zn (rho: 0.38, p =0.007). Se
was positively correlated to Zn (rho: 0.39, p = 0.03). After surgery the
only positive correlation observed was between Cu and Mn (rho: 0.36,
p =0.01). Negative, weak correlations were observed between total
weight loss and Cu (rho: -0.23, p =0.13) and Mn (rho: -0.21, p =0.16),
and a weak positive correlation was seen for Zn (rho: 0.25, p=10.10) 12
months after surgery. No correlation was seen between total weight loss
and Se (rho: 0.04, p =0.80). No significant correlations were seen be-
tween trace element concentrations and BMI, neither before (p > 0.37)
nor 12 months after surgery (p > 0.19).

Before surgery CRP was positively correlated to Mn (rho =0.29,
p=0,05) and Cu (rho=0.36, p=0.01). After surgery CRP was only

Table 2
Whole blood concentrations of essential trace elements in Norwegian obese
patients before and 12 months after bariatric surgery (n = 46).

Parameters Before 12 months Percent p- Reference
surgery after change value” values”
surgery
Copper, mg/ 1.01 0.85 (0.77, —16% <0.001 1.01 (0.82,
L (0.87, 0.92) 1.27)
1.11)
Manganese, 6.98 7.93 (5.73, +14 % 0.02 8.92 (5.81,
pg/L (5.25, 10.11) 14.92)
9.34)
Selenium, 76.6 77.8 (68.4, +2% 0.85 99.3 (75.4,
pg/L (67.7, 88.5) 136.9)
86.8)
Zinc, mg/L 5.05 5.34 (4.99, +6% 0.003 7.5 (5.90,
(4.46, 5.78) 9.10)
5.50)

@ Data before and after surgery are given as median (25th,75th percentiles)
and compared by Kruskal-Wallis test.

b Median (5th, 95th percentiles) from Norwegian adults (20-91 years,
n=1011) [18].
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correlated to Cu (rho=0.48, p=0.001). Smoking was significantly
correlated to whole blood Cu before surgery (rho=-0.33, p=0.03)
whereas the correlation after surgery was marginal (rho=-0.36,
p=0.05).

4. Discussion

In this study of morbidly obese patients, who underwent gastric
bypass surgery and were recommended a standardized set of dietary
supplements, we found that median whole blood concentration of Cu
was reduced, whereas Mn- and Zn-concentrations were modestly
increased, and the median Se-concentration remained unchanged, as
assessed twelve months after the surgery. Compared with reference
ranges based on healthy Norwegian adults, postoperative median con-
centrations of the determined essential trace elements were either below
(Zn) or in the lower reference range (Cu, Mn, Se). Except for Cu, the
preoperative concentrations were also low.

The observed low concentrations of these trace elements may be due
to obesity related factors, inappropriate intake, reduced absorption or a
combination of these factors.

Low concentrations of Zn and Se [5,19] and high concentrations of
Cu [20,21] have been reported previously in obese patients. Sanches
et al. (2015) reported low plasma concentrations of zinc and iron, but
physiological values for copper, preoperatively in a morbidly obese
population in Chile [22]. Data on other essential trace elements in
relation to obesity and bariatric surgery are scarce.

Postoperative changes in concentrations of the different trace ele-
ments may be related to their absorption sites in the gastrointestinal
tract. Most of the Cu and Zn absorption occurs in the jejunum and du-
odenum [5,23], although Cu is also absorbed in the stomach [24]. RYGB
surgery involves bypass of the duodenum and a significant part of the
jejunum, which may explain the relatively low postoperative blood
levels observed for these elements. The subnormal Zn status post-
operatively in spite of supplement is in part ascribed to a disrupted Zn
uptake after RYGB as is described previously [25]. Mn is also absorbed
mainly in the jejunum, but the prescribed supplementations may be
sufficient to make up for a diminished absorption of this element. In
addition, a marginal Fe status after gastric bypass [26], is assumed to
favor Mn absorption due to the interactions between these two elements
[27,28]. Postoperative changes in the function of the divalent metal
transporter in jejunum may have contributed to the observed absorptive
disruptions [29]. The supplementation of Se appears to cover the mini-
mal nutritional needs, although an optimal Se status may require higher
intakes [30].

It is in accordance with generally accepted guidelines that all pa-
tients subjected to bariatric surgery are instructed to take lifelong MVM
supplements [2]. Although concerns have been raised regarding the
persistency of patient compliance over years [7], some Norwegian
studies using the same follow-up routines as used in the present study
have found a compliance of about 80 % for MVM supplement during the
first year after surgery [17,31]. However, the postoperative supplements
routinely used in Norway for Cu (1 mg), Zn (12 mg) and Se (60 pg) after
RYGB may very well result in marginal or insufficient intakes. Thus, the
American Society for Metabolic and Bariatric Surgery in recent guide-
lines [6] recommends up to 2 (two) MVM tablets daily after RYGB
corresponding to specified doses of 2 mg for Cu and 22 mg for Zn.

In Norway the regulation of content of commercial multivitamin/
mineral (MVM) supplements is described in “Forskrift om kosttilskudd”
[32]. Specified in the regulation is the minimum content of minerals in
any MVM per recommended Daily Value (DV); 0.15 mg for Cu, 1.5 mg
for Zn, 0.3 mg for Mn, and 8.3 pg for Se.

According to the Nordic Nutrition Recommendations (NNR) the
recommended dietary intake (RI) for healthy adults of Cu is 0.9 mg/day,
for Se the RI is 50 pg/d for women and 60 pg/day for men, and for Zn the
RI is 7mg/day for women and 9 mg/day for men [33]. The NNR
concluded that no recommendations could be given for Mn due to lack of
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sufficient evidence whereas The European Food Safety Authority (EFSA)
has proposed an Adequate Intake (AI) of 3 mg Mn/day for adults [34].

In healthy individuals the actual mean daily intakes and the recom-
mended dietary intakes are assumed to be approximately the same for
most trace elements [35]. However, it appears evident from the detailed
discussions by Mechanick et al. (2020) [36] that it is highly questionable
whether the prescribed doses for trace element supplementation in
Norway after RYGB gastric bypass, which are essentially based on these
recommendations, contain sufficient and adequate amounts of trace
elements for this group of patients.

In the following paragraphs our findings on the concentrations
observed for the different trace elements are discussed more in detail,
and the determined levels are related to the physiological roles of each
element.

4.1. Copper (Cw

The median Cu concentration in whole blood, about 1 mg/L, was
reduced by 16 % during the first year after RYGB and declined then into
the lower reference range (Table 2). The optimum dose of Cu supple-
mentation for deficiency prevention is not known, but it has been sug-
gested that MVM supplements for bariatric surgery patients should
contain Cu at doses close to the RI of 0.9 mg/day [20], as was used in the
present study. However, the American Society for Metabolic and Bar-
iatric Surgery in recent guidelines [6] recommends up to 2 MVM tablets
daily after RYGB surgery corresponding to 2mg for Cu. The observed
decrease in Cu indicates a marginal intake, although a minor decline in
blood plasma and whole blood levels could be mediated by reduced
obesity related inflammation, as both Cu concentrations and obesity are
positively associated with inflammation [37].

Cu-containing enzymes are essential in intracellular oxidation-
reduction reactions and in scavenging of free radicals [38,39]. Cu defi-
ciency is rare in the general population, but can result from malnutrition
or malabsorption [24]. Previous reports have indicated that such defi-
ciency occurs in about 10 % of patients treated with gastric bypass when
adequate supplementation has not been given [20]. In some cases Cu
deficiency has been associated with severe anemia and myeloneurop-
athy [40].

4.2. Manganese (Mn)

In this study median whole blood Mn concentrations increased by 14
% during the study period, from a preoperative value of about 7 pg/L
Both pre- and postoperative median values were in the lower reference
range (Table 2). The human body contains 10-20 mg of Mn, of which
about 40 % is in bone [41]. There is no recommended dietary intake (RI)
for Mn, but a proposed Adequate Intake (AI) of 3 mg/day [34]. A daily
supplementation of about 2 mg, as is used in the present study, appears
to be an adequate dose.

Mn is a constituent of several enzymes, of which the mitochondrial
Mn-superoxide dismutase is of particular importance for the defense
against reactive oxygen species [43-45]. Mn deficiency is rare, but may
result in abnormal skeletal development [46]. Toxic levels are associ-
ated with neurological damage [41,47,48]. Researchers have proposed a
protective role of Mn on the occurrence of metabolic syndrome and
T2DM. Thus, Kazi et al. reported on lower blood levels of Mn in diabetic
patients [44]. According to Aschner et al. elevated serum glucose can be
caused by low Mn concentrations, which subsequently may cause an
increase in body fat [43]. The raised concentrations as observed in the
present study may contribute to the observed beneficial effect of RYGB
on glucose regulation [49].

4.3. Selenium (Se)

In the present study no significant change was observed for median
whole blood Se which remained unchanged at about 77 pg /L. This is in
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the lower range of the reference interval (Table 2). The Se status of the
present obese population may be considered suboptimal [50]. Decreased
or suboptimal Se levels in obese individuals have been reported in
previous studies [51]. Zadeh et al. recommend lifelong supplementation
and regular patient monitoring [52].

Se is an essential part of antioxidative enzymes such as glutathione
peroxidases and thioredoxin reductases. Se deficiency has been associ-
ated with increased risk of some types of cancer [53], cardiovascular
disease and defective immune response, and severe deficiency may lead
to cardiomyopathy and hypothyroidism [54-56]. Low maternal Se sta-
tus is also associated with low psychomotor score in infants [57]. Se
supplementation does not seem to prevent T2DM [58]. However, whole
blood as well as blood plasma concentrations below 90-100 pg /L is
considered suboptimal [59,60], implying that a daily supplement with 2
MVM tablets, corresponding to 120 pg/day, should be recommended
after RYGB also in Norway.

4.4. Zinc (Zn)

In this study the median whole blood Zn concentration of about
5mg/L increased modestly by 6% post-operatively, but was below the
reference range (5.9-9.1 mg/L) both before and after surgery (Table 2).
Zn deficiency in patients before and after bariatric surgery due to low
intake and reduced absorption, have been reported previously [5,19,
61]. It is evident from these observations on Zn status in obese pop-
ulations that updated guidelines concerning Zn monitoring and sup-
plementation, before and after bariatric surgery, are required. Zn
supplementation should be recommended to severely obese patients
both before and after bariatric surgery. The current recommendation of
postoperative Zn supplementation (12 mg/day) appears to be insuffi-
cient. The American Society for Metabolic and Bariatric Surgery rec-
ommends up to 2 tablets of MVM tablets or 22 mg zinc daily after gastric
bypass [6].

Zn is a cofactor for enzymes involved in protein synthesis, digestion,
immunity, and regulation of gene transcription [41]. In pancreatic
B-cells, Zn is involved in insulin synthesis and storage in secretory
granules [62]. Furthermore, Zn may play a role in appetite control [63].
It has also been reported that inadequate maternal intake of Zn is
associated with neural tube defects in the fetus [64]. This is relevant
when evaluating results in populations treated with bariatric surgery,
where about 75 % are women of reproductive age.

5. Strengths and limitations

In this study we have determined whole blood trace element levels in
patients after moderate weight loss prior to surgery and one year after
RYGB. We have taken into consideration that blood plasma values both
for zinc and other elements may fluctuate more than intracellular
values, and may not reflect the true whole body status of a trace element,
and therefore we have used whole blood analyses in this study. Possible
Zn contamination of blood specimens is known from several previous
studies [65], but is not considered a probable source of error in the
present study with its rigorous precautions as to sampling and analyses.
However, a small sample size with only 46 participants in the present
study represents a clear limitation, and this calls for further studies on
larger populations of morbidly obese patient referred for bariatric
surgery.

6. Conclusion

RYGB results in substantial weight loss and important health bene-
fits. However, it is important to realize that altered anatomy of the
gastrointestinal tract puts the patients into a state of constant malab-
sorption and possible malnutrition. The fact that the studied essential
trace element blood levels were below or in the lower reference range
indicates a need for updated dietary guidelines for severely obese
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patients after bariatric surgery, especially after gastric bypass. Our
knowledge concerning the bioavailability of essential trace elements in
food and supplements, and the nutritional requirements for humans, is
incomplete. Our findings should encourage clinicians to be aware of
deficiency symptoms after bariatric surgery. Women of reproductive age
are particularly vulnerable, as deficiency of essential trace elements may
have serious consequences for the offspring. Long term follow up studies
on morbidly obese patients before and after bariatric surgery should be
encouraged.
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