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Introduction

Thanks to modern health care and the improvement of life
quality, the average life expectancy of Europeans has almost
doubled over the past 100 years. Consequently in the European
Union the demographic old-age dependency ratio continues
to rise significantly over the coming decades due to a large in-
crease in the population above 65 years old. Being about 25%
in 2010, it has risen to 29.6% in 2016 and is projected to rise
further, in particular up to 2050, and eventually reach 51.2%
in 2070 [1]. The increase in the mean age is associated with an
increasing number of multimorbid patients, who suffer from
nutrition-associated diseases and usually depend on complex
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Abstract

Interactions between drugs and micronutrients have re-
ceived only little or no attention in the medical and phar-
maceutical world in the past. Since more and more phar-
maceutics are used for the treatment of patients, this topic
is increasingly relevant. As such interactions — depending
on the duration of treatment and the status of micronutri-
ents — impact the health of the patient and the action of
the drugs, physicians and pharmacists should pay more at-
tention to such interactions in the future. This review aims
to sensitize physicians and pharmacists on drug micronutri-
ent interactions with selected examples of widely pescribed
drugs that can precipitate micronutrient deficiencies. In this
context, the pharmacist, as a drug expert, assumes a partic-
ular role. Like no other professional in the health care sec-
tor, he is particularly predestined and called up to respond
to this task. The following article intends to point out the
relevance of mutual interactions between micronutrients
and various examples of widely used drugs, without claim-
ing to be exhaustive.

pharmacotherapy [2,5]. For example a population study in Scot-
land found an overall prevalence of multimorbidity of 23.2% [3].
A recent cross-sectional analysis in Germany with more than
10,000 participants aged 50 years and older revealed that even
more than 95% of the patients with osteoporosis had at least
one coexisting disease [4]. The prevalence of multimorbidity in
a population increases with age and leads inevitably to poly-
pharmacotherapy. Polypharmacotherapy is a major concern in
the elderly [5,6]. 40% of institutionalized patients take more
than nine drugs on a daily basis [7]. Each additional medication,
however, increases the risk of adverse drug reactions [8,9].
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It is suggested that more than 5% of all hospital admissions
are the result of adverse drug reactions, and that about 20% of
inpatients have at least one adverse event during their hospital
stay. The actual incidence of adverse drug reactions may be even
greater because some of them present often as symptoms of a
disease and may therefore be undetected. As doctors and re-
searchers with clinical practice for more than 25 years involved
in the subject of adverse drug reactions we find it remarkable,
that the current data and studies in pubmed about drug-micro-
nutrient interactions are very scarce. Furthermore many stud-
ies explored these interactions using a drug as monotherapy.
Moreover, little consideration is often given to individual pa-
tients’ experiences and reporting of specific drug-micronutrient
interaction. But this does not correspond to usual clinical prac-
tice where drugs are frequently combined, exposing patients to
potential synergic effects on micronutrient metabolism.

In clinical practice the decision of the physician and/or phar-
macist to screen for drug induced micronutrient deficiencies
should therefore rely on an individualized approach taking into
account the patient’s medication, his comorbidities, his diet,
and lifestyle factors (Figure 1) [9a,9b].

In the year 1998 a meta-analysis of 39 prospective studies
from US hospitals has shown that the overall incidence of seri-
ous adverse drug reactions was 6.7% (95% Cl: 5.2%-8.2%) and of
fatal adverse drug reactions was 0.32% (95% Cl: 0.23%-0.41%)
of hospitalized patients. In this analysis adverse drug reactions
were the fourth and sixth leading cause of death. Although the
results of this analysis should not be overrated given the het-
erogeneity of the conducted studies, it becomes clear that ad-
verse drug reactions are of high clinical relevance and can take
on critical dimensions [10-12].

Micronutrients have major impact on health

Vitamins and other micronutrients have considerable poten-
tial in the prevention and treatment of diet-related diseases. In
general, micronutrient is the umbrella term used to mark es-
sential vitamins, minerals and trace elements required from the
diet to sustain virtually all normal cellular and molecular func-
tions. It is widely recognized that micronutrient deficiencies are
a significant public health problem. Chronic micronutrient de-
ficiencies can lead to complex metabolic disorders which, over
the years, lay the foundation for serious lifestyle-related illness.
The immune system is weakened, leading to an increased preva-
lence of infectious diseases, and susceptibility to chronic degen-
erative diseases increases, as physical and mental development
and functional capacity in general are clearly reduced [13]. An
estimated 2 billion people worldwide suffer from micronutri-
ent deficiencies. Those commonly affected include schoolchil-
dren, working men and women, pregnant women, sportsmen
and sportswomen, the elderly, and people with impaired ab-
sorption or who are on regular medication. Chronic illness and
multimorbidity, particularly in the elderly, necessitate greater
consumption of drugs, which can considerably impair the ab-
sorption and utilization of micronutrients. For example, globally
one in two pre-school children suffers from anemia, many of
them because of iron deficiency. Furthermore, about 190 mil-
lion pre-school children suffer from vitamin A deficiency, but
deficiencies in iodine, vitamin D, folate, and zinc are also highly

prevalent. Inadequate micronutrient intake can have serious
health consequences for individuals, but also has a wider im-
pact on economies, healthcare systems, societies, and welfare
systems. A recent publication describes that the use of dietary
supplements among those who are at a high risk of experienc-
ing a costly disease-related event can lead to healthcare cost
savings. For example, the full utilization of folic acid, B6, and
B12 among the target population at preventive intake level’s ef-
fect on potential avoided coronary heart disease (CHD)-related
hospital utilization costs would be an average savings of $1.52
billion per year—a cumulative cost avoidance to health care
payers of $12.12 billion from 2013 to 2020. The potential net
savings in avoided CHD-related health care costs after account-
ing for the cost of folic acid, B6, and B12 utilization at preventive
daily intake levels would be an average of $654.0 million per
year and more than $5.23 billion in cumulative health care cost
net savings from 2013 to 2020 [14,15].

Drugs and micronutrients

Drugs and micronutrients use the same transport and metab-
olism pathways in the body for their intestinal absorption, me-
tabolism, and elimination. This means that when one or more
drugs are taken, there is always a potential risk of interactions
with the nutrient status. Consequently the action of a drug may
be adversely affected by a micronutrient (e.g. calcium, magne-
sium and zinc can interfere with the gastrointestinal absorption
of tetracycline antibiotics) and simultaneously the physiological
function of a vitamin or mineral may be impaired by a drug (e.g.
methotrexate is a folic acid antagonist that can cause mucosal,
gastrointestinal, hepatic or haematologic side effects) [16,17].
Disruption of micronutrient status can result in serious meta-
bolic dysfunctions, as there is hardly a single physiological proc-
ess in the body that is not mediated by one or other of these
biocatalysts. Given the ever-increasing number of drugs on the
market and the frequency with which they are used, greater at-
tention must be paid in daily medical and pharmaceutical prac-
tice focused in particular on the adverse effects of drug therapy
on the micronutrient status (Figure. 1) in order to minimize the
potential risk to the health of patients. This review aims to sen-
sitize physicians and pharmacists on important drug micronu-
trient interactions with selected examples of widely pescribed
drugs that can precipitate micronutrient deficiencies.

Drug:
- Route of administration
(oral, intravenous)

- Galenic formulation
- Pharmacodynamic

Aono—ipolypharmaootherapy\

- Pharmacokinetic

i i Patient:
Micronutrient:
- Physiological function g - Age, Slex
- Water or fat soluble - Nutritional status
- Nutrikinetic . Mull\morbldlty
- Nutridynamic - Lifestyle factors

(e.g. smoking, sports)

Impact on micronutrient status:
- Inhibition of endogenous micronutrient synthesis
- Impairment of micronutrient absorption/utilisation
- Induction of micronutrient metabolizing enzymes
- Increased renal/intestinal excretion
- Impaired absorption of energy sources and micronutrients

Figure 1: Checklist: Interaction drugs and micronutrients,
according to [9]
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Important Drug-Micronutrient interactions
Proton pump inhibitors (PPls)

First introduced in 1989, proton pump inhibitors (PPIs) are
among the most widely utilized medications worldwide, both in
the ambulatory and inpatient clinical settings, with a high inap-
propriate prescription rates, exceeding partially 50% in the eld-
erly [20-22]. PPIs block the gastric H*/K*-ATPase, inhibiting gas-
tric acid secretion. This effect enables healing of peptic ulcers,
gastroesophageal reflux disease (GERD), Barrett’s esophagus,
and Zollinger-Ellison syndrome, as well as the eradication of
Helicobacter pylori as part of combination regimens. But by in-
creasing the intragastric pH, PPIs can impair the absorption and
utilisation of micronutrients such as iron, calcium, magnesium,
vitamin C and vitamin B12. This can induce clinical problems
related to the deficiencies of these micronutrients (e.g. anemia,
fractures, hypomagnesemia, vitamin B, deficiency) [23].

PPIs and vitamin B12

Vitamin B12 (Cobalamins) is an essential water-soluble vita-
min that is vitally important in haematopoiesis, nervous system
functions, maintenance of intact gastrointestinal mucosa and
regulation of numerous other B12-dependent metabolic proc-
esses. Cobalamins contributes significantly to haematopoiesis,
myelin synthesis and synthesis of epithelial tissue. As a coen-
zyme, it is also a principal component of fatty acid, carbohy-
drate and nucleic acid metabolism.

The metabolic pathway of the active absorption of vitamin
B12 starts when dietary cobalamin (Cbl), obtained through ani-
mal foods, enters the stomach bound to animal proteins. Hy-
drochloric acid (HCI) and Pepsin in the stomach serve the animal
protein, releasing free cobalamin. Most of the free cobalamin is
then bound to R-protein (R), which is released from the pari-
etal and salivary cells. Intrinsic factor (IF) is also secreted in the
stomach, but its binding to cobalamin is weak in the presence
of gastric and salivary R-protein. In the duodenum, dietary co-
balamin bound to R-protein is joined by cobalamin-R-protein
complexes that have been secreted in the bile. Pancreatic en-
zymes degrade both biliary and dietary cobalamin-R-protein
complexes, releasing free cobalamin. The cobalamin then binds
with intrinsic factor. The cobalamin-intrinsic factor complex re-
mains undisturbed until the distal 80 cm of the ileum, where it
attaches to mucosal cell receptors (cubilin) and the cobalamin
is bound to transport proteins known as transcobalamin I, Il
and I (TCI, TCIl and TClIl). Transcobalamin Il, although it repre-
sents only a small fraction (about 10%) of the transcobalamins,
is the most important because it is able to deliver cobalamin
to all cells in the body. The cobalamin is subsequently trans-
ported systemically via the portal system. Within each cell, the
transcobalamin ll-cobalamin complex is taken up by means of
endocytosis and the cobalamin is liberated and then converted
enzymatically into its 2 coenzyme forms, methylcobalamin and
adenosylcobalamin. Vitamin B12 absorption can also take place
independently of the intrinsic factor by means of passive diffu-
sion in the small intestine. This mechanism, however, is not very
efficient, since only about 1% of the ingested Vitamin B12 dose
is absorbed [24-26].

The increase of intragastric pH by PPIs disturbs the active
absorption of vitamin B12 by limiting the vitamins cleavage
from dietary proteins. Reduced gastric acid production in the
stomachs of older persons leads to alkalizing of the small in-

testine milieu, which eliminates the physiological barrier to
microorganisms. Bacteria from lower intestinal segments can
then increasingly enter the jejunum and ileum. Bacterial over-
growth with Clostridia and Campylobacter is accompanied by
increased consumption of Vitamin B12 (conversion into inactive
cobalamide) and by bacterial synthesis of substances that com-
pete with the vitamin for receptors in the ileum mucosa [27].
This further reduces the availability of Vitamin B12 (Figure 2).
In older persons (>65 years), atrophy of the gastric mucosa is
frequently due to an infection with Helicobacter pylori. As many
as 60% of elderly persons exhibit an increased infestation of the
gastric mucosa with Helicobacter pylori and thus a high risk
of developing chronic atrophic gastritis [26]. The influence of
PPls on malabsorption of vitamin B12 is documented by several
studies showing a significant and dose-dependent relationship
[28-33]. There are, however, some conflicting data in elderly
patients suggesting that the PPl use for more than 12 months
or even after treatment for up to 7 years does not increase the
risk of vitamin B, deficiency [34-36]. But PPIs may influence
negatively the vitamin B12 status under particular risk condi-
tions with age being one of them. In the elderly deficiencies of
folate, vitamin B6 and vitamin B12 are frequent. Vitamin B12
deficiency is widespread in the elderly in particular and has
been diagnosed in 10%—40% of “healthy” persons above the
age of 65, depending on the marker for deficiency and the cut-
off used [37-40]. In a case—control study among patients aged
65 years or older with documented serum vitamin B(12) status
chronic (12 month) or current use of PPls was associated with a
significantly increased risk for vitamin B12 deficiency (OR 4.45;
95% Cl 1.47-13.34) even after adjusting for multiple factors (age,
gender, multivitamin use, or Helicobacter pylori infection). No
association was found between past or short-term current use
of PPl and vitamin B12 deficiency [41]. Another cross-sectional
study in 659 adults, aged 60 to 102 years from long-term care
facilities and community ambulatory care confirms a significant
reduction of vitamin B12 serum levels by PPls depending on the
duration of treatment (- 5.4 pg/mL per month of PPl use) [42].
A chronic Helicobacter pylori infection might further increase
the risk for vitamin B12 deficiency. Helicobacter pylori is one of
the most common causes of peptic ulcer disease worldwide and
a major cause of chronic superficial gastritis leading to atrophy
of gastric glands. The Helicobacter pylori related hypochlorydria
can be further enhanced by a long-term treatment with PPI. A
prospective cohort study with Helicobacter pylori-infected pa-
tients shows that 33% of the patients treated with omeprazole
for 5 years developed an atrophic gastritis with a significant de-
cline of serum vitamin B12 levels (TO: 340 - T1: 280 pmol/L, p <
0.01) [29,43,44]. Furthermore, patients with a genetic polymor-
phism of the cytochrome P450 isozyme CYP2C19, which catalyz-
es the metabolism of omeprazole, are also at risk for developing
a vitamin B12 deficiency. CYP2C19 polymorphism significantly
affected serum vitamin B12 levels in patients on long-term ther-
apy (> 1 year) with omeprazole. Genotyping of CYP2C19 may be
useful for patients in need of long-term treatment with ome-
prazole or other PPIs [45]. Finally, a recent population-based
study compared 25,956 patients having incident diagnoses of
vitamin B12 deficiency between January 1997 and June 2011
with 184,199 patients without B12 deficiency. Previous and cur-
rent PPIs use was significantly associated with the presence of
vitamin B12 deficiency, respectively a two or more years treat-
ment with PPls was associated with a 65% increased risk for
vitamin B12 deficiency (OR, 1.65 [95% Cl, 1.58-1.73]) [46].
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Diagnostic of vitamin B12 deficiency

There is no “gold standard” for laboratory chemistry confir-
mation of a clinically relevant Vitamin B12 deficiency. In practice,
diagnosis of a Vitamin B12 deficiency is primarily done by de-
termining the serum Vitamin B12 level (serum cobalamin level).
This is a low-cost test with limited specificity and sensitivity,
particularly in persons with Vitamin B12 concentrations under
450 ng/L (<330 pmol/L). The normal serum levels based on
modern laboratory chemistry methods are 200—1000 ng/L. Lev-
els < 200 ng/L (<150 pmol/L) are sure signs of a B12 deficiency;
but a functional B12 deficiency may also be present at levels <
450 ng/L Methylmalonic acid (MMA) is considered a highly sen-
sitive functional indicator for a Vitamin B12 deficiency. MMA is
a metabolic product, the breakdown of which requires Vitamin
B12. A lack of Vitamin B12 allows MMA levels to increase sig-
nificantly. This also makes it possible to detect a functional B12
deficiency in which raised MMA levels and clinical symptoms
of a B12 deficiency in the form of neurological and/or haema-
tological disorders may occur despite normal serum cobalamin
levels. The normal range for serum MMA is 50-300 nmol/L.
MMA determination is a highly sensitive test that can confirm a
diagnosis even in the early stages of a B12 deficiency and is also
a suitable indicator for treatment response (B12 substitution).

Another indirect functional parameter of vitamin B12 status
is homocysteine. This potentially toxic amino acid results from
demethylation of the essential amino acid methionine, which
reaction requires vitamin B12. A deficiency of Vitamin B12 leads
to accumulation and thus raised blood levels of homocysteine.
A serum homocysteine level >10 pmol/L thus indicates a pos-
sible deficiency of vitamin B12. However, homocysteine is not a
specific B12 deficiency marker, since deficiencies of Vitamin B6
and folic acid can also raise the homocysteine level. Determina-
tion of methylmalonic acid and homocysteine are particularly
recommended in cases of diagnostically unclarified B12 defi-
ciency. A Vitamin B12 deficiency can be excluded with some-
thing approaching 100% certainty if levels of these metabolites
are within the normal ranges [26, 47-52].

Recommendation for clinical practice: In summary the
present data show that proton pump inhibitors (PPls) may
influence the absorption of vitamin B 12 and be associated
with an increased risk for B12 deficiency. This interference
should receive more attention in the future in medical prac-
tice. In particular older persons (> 60 years), patients on
long-treatment with PPIs (> 2 years), polypharmacotherapy

(e.g. diuretics, metformin) and those with atrophic gastritis,
Helicobacter pylori infection and/or any cause of hypochlo-
rhydria should be screened at least once a year for vitamin
B12 deficiency (e.g. serum vitamin B12, methylmalonic acid,
homocysteine). Vitamin B12 in a dosage of 250-1000 pg/day,
given orally for 1 month may be an effective treatment for
B12 deficiencies not related to pernicious anemia [26,49-56]

PPIs and iron

Iron is an essential trace element for almost all living or-
ganisms as it participates in a wide variety of metabolic pro-
cesses including deoxyribonucleic acid (DNA) synthesis. The
majority of functional iron within the body is present in haem
proteins, such as haemoglobin, myoglobin and cytochromes,
which are involved in oxygen transport and/or mitochondrial
electron transfer. However, as iron can form free radicals,
its concentration in body tissues must be tightly regulated
because in excessive amounts, it can lead to tissue damage.
Disorders of iron metabolism are among the most common
diseases of humans and encompass a broad spectrum of
diseases with diverse clinical manifestations, ranging from
anemia to iron overload, and possibly to neurodegenerative
diseases [13,57].

The physical state of iron entering the duodenum greatly
influences its absorption. At physiological pH, ferrous iron
(Fe*?) is rapidly oxidized to the insoluble ferric (Fe**) form.
Gastric acid lowers the pH in the proximal duodenum re-
ducing Fe** in the intestinal lumen by ferric reductases, thus
allowing the subsequent transport of Fe*? across the api-
cal membrane of enterocytes. This enhances the solubility
and uptake of ferric iron. When gastric acid production is
impaired (for instance by PPIs), iron absorption is reduced
substantially. Dietary iron is present in food in two forms: as
either nonheme (~ 60%) or heme iron (~ 30%). The physical
state of iron entering the duodenum greatly influences its ab-
sorption. At physiological pH, ferrous iron (Fe*?) is rapidly oxi-
dized to the insoluble ferric (Fe*®) form. Gastric acid lowers
the pH in the proximal duodenum reducing Fe*? in the intesti-
nal lumen by ferric reductases, thus allowing the subsequent
transport of Fe*? across the apical membrane of enterocytes.
This enhances the solubility and uptake of ferric iron. When
gastric acid production is impaired (for instance by PPIs such
as omeprazole), iron absorption is reduced [58-60].

Proton pump inhibitors (PPls) suppress gastric acid pro-
duction, which can reduce not only the absorption of vitamin
B12 but also of iron. Since gastric acid plays an important role
in the absorption process of iron the long-term use of PPIs,
which suppress the production of gastricacid, has been shown
to increase the risk of iron deficiency [59]. Gastritis-induced
achlorhydria can be an independent cause of iron deficiency
anemia [60]. A retrospective cohort study showed all hema-
tologic indices from baseline, including haemoglobin, hema-
tocrit and mean corpuscular volume significantly decreased
after chronic PPl use (at least for 1 year) (P < 0.01) compared
to matched controls [61]. In a large community-based case-
control study among patients without known risk factors (e.g.
endurance athletes, infants, frequent blood donors, vegetar-
ians, vegans, women, any cause of hypochlorhydria, von
Willebrand disease) for iron deficiency, long-term PPI use for
> 2 years was associated with an increased subsequent risk
of iron deficiency (adjusted odds ratio, 2.49; 95% confidence
interval, 2.35-2.64). The risk increased with increasing po-
tency of acid inhibition and decreased after medication dis-
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continuation (P-trend < 0.001) [62]. Case reports of patients
that developed iron malabsorption because of taking PPI for
years underline the problem between long-term PPI use and
the potential side effect of iron deficiency anemia [63, 64].
Furthermore, several studies indicate that many patients
with unexplained iron deficiency anemia suffer from autoim-
mune gastritis, and about 50% of them have evidence of a
Helicobacter pylori infection. Interestingly, in patients with
unexplained iron deficiency anemia and Helicobacter pylori
infection, cure of refractory iron deficiency anemia by Heli-
cobacter pylori eradication offers strong evidence for a cause
and effect relationship between Helicobacter pylori infection
and the development of iron deficiency anemia [65,66]. Thus,
Helicobacter pylori infection may be regarded as a risk factor
for reduction in body iron stores and also for iron deficiency
or iron deficiency anemia, especially in high-risk groups. The
results of a meta-analysis revealed an increased risk for iron
deficiency anemia (OR: 2.8 (95%, Cl: 1.9, 4.2) and also for iron
deficiency (OR 1.38 (95% Cl: 1.16-1.65) among Helicobacter
pylori-infected patients. The biologic mechanisms by which
Helicobacter pylori induces the disorder in the iron status is
not fully understood, but it seems that several pathways are
involved: decrease in the absorption of dietary iron, gastroin-
testinal blood loss, and enhanced uptake of iron by the bac-
terium [67-69].

Diagnostic of iron deficiency

To detect an iron deficiency serum ferritin < 30 pg/L is a
sensitive and specific test to identify isolated iron deficiency,
as it reflects low iron stores. In the progression of the iron
deficiency, because of low iron and increased transferrin
synthesis, transferrin saturation (or the saturated iron bind-
ing capacity) drops < 16%, di-ferric transferrin, the ligand of
transferrin receptor, is reduced and iron supply to the bone
marrow becomes insufficient. At this point serum ferritin is
usually < 13 pug/L. Low transferrin saturation is one criterion
with ferritin levels empirically set at < 100 pg/L or higher (<
300 pg/L) as in chronic kidney disease or in heart failure.
Other laboratory tests for assessment of iron status, such as
the levels of serum soluble transferrin receptor (increased in
iron deficiency and normal/low in inflammation) or the ratio
between soluble transferrin receptor and log ferritin levels,
can also be used in clinical practice [70-73].

Recommendation for clinical practice: Although there
are currently no recommendations regarding screening for
iron deficiency and/or anemia in patients on long-term PPI
therapy, physicians should be aware of this potential side ef-
fect and consider monitoring in high-risk patients (e.g. age
> 60, Helicobacter infection, any cause of hypochlorhydria,
frequent blood donors, vegetarians, vegans).

PPIs and magnesium

Magnesium is primarily found within the cell where it acts as
a counter ion for the energy-rich ATP and nuclear acids. Mag-
nesium is a cofactor in more than 600 pacemaker enzyme sys-
tems, encompassing approximately 80% of all known metabolic
functions, that regulate elementary biochemical reactions in
the body, including protein synthesis, muscle and nerve trans-
mission, neuromuscular conduction, blood glucose control, and
blood pressure regulation. Some magnesium dependent en-
zymes are Na*/K*-ATPase, hexokinase, creatine kinase, protein
kinase, and cyclases. Magnesium is also necessary for structural
function of proteins, nucleic acids or mitochondria. It is required

for DNA and RNA synthesis, reproduction, and for both aerobic
and anaerobic energy production - oxidative phosphorylation
and glycolysis - either indirectly as a part of magnesium-ATP
complex, or directly as an enzyme activator.

Magnesium also plays a key role in the active transport of cal-
cium and potassium ions across cell membranes, a process that
is important to nerve impulse conduction, muscle contraction,
vasomotor tone and normal heart rhythm. Hypomagnesaemia
is frequently linked with hypokalemia owing to disturbances in
renal K+ secretion in the connecting tubule and collecting duct.
Magnesium is a natural calcium antagonist - the block of NMDA
receptor channels by external magnesium is believed to be of
great physiological importance. Moreover it contributes to the
structural development of bone and is required for the adeno-
sine triphosphate-dependent synthesis of the most important
intracellular antioxidant glutathione. Magnesium absorption
and excretion is influenced by different hormones. It has been
shown that 1,25-dihydroxyvitamin D [1,25(0OH),D] can stimulate
intestinal magnesium absorption. On the other hand magnesi-
um is a cofactor that is required for the binding of vitamin D to
its transport protein, vitamin D binding protein (VDBP). Moreo-
ver, conversion of vitamin D by hepatic 25-hydroxylation and re-
nal 1a-hydroxylation into the active, hormonal form 1,25(OH)2D
is magnesium-dependent. Magnesium deficiency, which leads
to reduced 1,25(0H),D and impaired parathyroid hormone re-
sponse, has been implicated in ‘magnesium-dependent vitamin-
D-resistant rickets’. Magnesium supplementation substantially
reversed the resistance to vitamin D treatment [74,75].

Of special importance is parathyroid hormone (PTH). Absorp-
tion of both magnesium and calcium appears to be inter-relat-
ed, with concomitant deficiencies of both ions well described.
A common link is that of PTH, secretion of which is enhanced
in hypocalcaemia. Hypomagnesemia impairs hypocalcaemic-
induced PTH release, which is corrected within in minutes after
infusion of magnesium. The rapidity of correction of PTH con-
centrations suggests that the mechanism of action of magne-
sium is enhanced release of PTH. PTH release enhances mag-
nesium reabsorption in the kidney, absorption in the gut and
release from the bone [75-77].

Long-term use of PPIs has been associated in some cases with
hypomagnesemia, hypocalcaemia and hypoparathyroidism.
Since the year 2006 there have been more than 40 reported
cases of PPl-induced hypomagnesaemia (<0.76 mmol/L). Thus
in 2011, the US Food and Drug Administration (FDA) published
a safety announcement, including hypomagnesaemia as a long-
term side-effect of PPl based on accumulating evidence [78-
80]. A severe magnesium deficiency with PPl use can occur
in rare cases and accounts for less than 1% of all PPI-induced
side-effects voluntarily reported to the FDA. Others reported
hypomagnesaemia in 13% of PPI users. Nevertheless, patients
on long-term treatment with PPIs should be monitored for mag-
nesium deficiency, especially those with diabetes and cardio-
vascular disease (e.g. arrhythmias, heart failure, hypertension),
because the probability and the risk of disease-associated com-
plications is increased [75,81,82]. The mechanisms by which
PPIs can interfere with intestinal magnesium absorption is still
being investigated. PPIs such as omeprazole may decrease in-
testinal magnesium absorption by interfering with both passive
(paracellular pores) absorption and active (transient receptor
potential melastatin protein channels, TRPM) absorption. Com-
mon single nucleotide polymorphisms in the gene TRPM6 have
been identified and are discussed to be responsible for the risk
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of hypomagnesaemia in PPI treated patients [82].

Magnesium deficiency and hypomagnesemia (< 0.76
mmol/L) are a relatively common in clinical practice. There are
often unrecognized because of the fact that magnesium status
is rarely controlled since only a few clinicians are aware of the
many clinical states in which magnesium deficiency can mani-
fest [83]. Despite normal serum magnesium levels a magnesium
deficiency can be present [84]. In older publications the preva-
lence of marginal magnesium deficiency in developed countries
is estimated to be 15 to 20%. Recent population-based cross-
sectional studies and clinical trials indicate that some 10 to 30%
of a given population, considered healthy, have a subclinical
magnesium deficiency based on serum magnesium levels < 0.80
mmol/L [85,86]. In postmenopausal women with osteoporosis
magnesium deficiency has been found in 84% diagnosed by low
magnesium trabecular bone content and Thoren’s magnesium
load test [87]. In an ageing population, the number of patients
treated with diuretics is increasing, as is the significance of diu-
retic therapy-associated side effects. In the elderly the preva-
lence of magnesium and potassium deficiencies is about 20%
[88]. The concentration of intracellular ionized magnesium is
physiologically relevant. Thus ionized magnesium in erythro-
cytes is one of the best laboratory parameters to judge mag-
nesium deficiency. Among critically ill postoperative patients,
36.5% were found to have magnesium deficiency based on
ionised magnesium levels in red blood cells [89]. Based on a
reference range for serum magnesium < 0.76 mmol Mg/L the
frequency of hypomagnesemia was evaluated in an unselected
population group of about 16,000 individuals of Germany. Hy-
pomagnesemia was present in about 14.5 % of all individuals
with generally higher frequencies in females and outpatients. In
the elderly, especially in old ladies, the prevalence was highest
and concerned about 30% of this subgroup. In general, in this
study suboptimal magnesium levels were observed in 33.7% of
the population [90,91].

Hypomagnesemia can cause serious neuromuscular and
cardiovascular problems and is often accompanied by hypocal-
cemia, hypovitaminosis D and hypokalemia. Early signs of mag-
nesium deficiency are non specific and include loss of appetite,
lethargy, nausea, vomiting, fatigue, muscle cramps, weakness
and lethargy. More pronounced magnesium deficiency presents
with symptoms of increased neuromuscular irritability such as
tremor of the extremities, tetany, generalized seizures or con-
vulsions. Hypomagnesemia can cause hypokalemia with elec-
trocardiogram changes and cardiac arrhythmias including atrial
and ventricular tachycardia, prolonged QT interval and torsades
de pointes. Carpopedal spasms are often associated with hy-
poparathyroidism, hypovitaminosis D and/or hypocalcaemia.
Additionally, the neuromuscular symptoms of hypomagnesae-
mia (e.g. convulsions, muscle weakness, tetany) can also be re-
lated to the co-existent hypovitaminosis D (25(OH)D: < 20 ng/
mL) and/or hypocalcaemia [75,92,93].

Diagnostic of magnesium deficiency

The most common and valuable test in clinical medicine
for the rapid assessment of changes in magnesium status is
the serum magnesium concentration, even though serum
levels have little correlation with total body magnesium levels
or concentrations in specific tissues. In healthy individuals,
magnesium serum concentration is closely maintained within
the physiological range. The normal reference range for the
magnesium in blood serum is 0.76-1.05 mmol/L. A serum
magnesium <0.82 mmol/L (2.0 mg/dL) with a 24-hour urinary

magnesium excretion of 40—-80 mg per day is highly suggestive
of magnesium deficiency. According to many magnesium
researchers the appropriate lower reference limit of the serum
magnesium concentration should be 0.85 mmol/L, especially
for patients with diabetes. Furthermore, the ionized magnesium
concentration and the magnesium loading (or tolerance) test
have been shown to be more accurate. The reference range
for serum ionised magnesium concentration is 0.54-0.67
mmol/L. To comprehensively evaluate magnesium status, both
laboratory tests and the clinical assessment of magnesium
deficit symptoms might be required [75,84,93].

Recommendations for clinical practice: Patients on long-
term treatment with PPIs should be monitored for magnesium
deficiency, particularly those with additive risk factors, such
as therapy with use of diuretics, diabetes, cardiovascular
diseases (e.g. hypertension, arrhythmias), inadequate dietary
intake, secondary aldosteronism and kidney dysfunction.
Many nutritional experts feel the ideal intake for magnesium
should be based on the body weight (e.g. 4-6 mg per kg/d).
In the treatment of magnesium deficiency supplements with
organic bound magnesium salts are recommended, such as
magnesium citrate or gluconate. But also mineral water with
a high concentration of magnesium (> 100 mg Mg/L) is a good
source of magnesium that contributes to daily magnesium
supply [75,94].

Thiazide diuretics

Thiazide-type diuretics are the second most commonly
prescribed class of antihypertensive medication, and thiazide-
related diuretics have increased at a rate greater than that
of antihypertensive medications as a whole. For more than 5
decades thiazide diuretics (TD), including thiazide-type (e.g.
hydrochlorothiazide chlorothiazide) and thiazide-like diuretics
(e.g. indapamide, chlorthalidone) have been used for the
treatment of hypertension. The latest hypertension guidelines
have underscored the importance of thiazide diuretics for all
patients, but particularly for those with salt-sensitive and
resistant hypertension [95]. Thiazide-type diuretics decrease
efficaciously systolic and diastolic blood pressure and reduce
at the same time cardiovascular morbidity and mortality
associated with hypertension. A meta-analysis including 19
randomized controlled trials enrolling 112,113 patients showed
that thiazide diuretics have an additional cardioprotective
effect. During a mean follow up of 3.91-years, a 14% reduction
in the risk of cardiac events (odds ratio (OR): 0.86, P=0.007) and
38% reduction in the risk of heart failure (OR: 0.62, P < 0.001),
were found in thiazide treated patients [96]. Another recent
systematic review of the Cochrane Hypertension Group of 24
randomly assigned trials with 58,040 hypertensive patients
(mean age * 62 years) shows with high-quality evidence that
first-line low-dose thiazides reduced mortality (11.0% with
control versus 9.8% with treatment; RR 0.89, 95% Cl 0.82 to
0.97); total CVS (12.9% with control versus 9.0% with treatment;
RR 0.70, 95% ClI 0.64 to 0.76), stroke (6.2% with control versus
4.2% with treatment; RR 0.68, 95% C1 0.60to 0.77), and coronary
heart disease (3.9% with control versus 2.8% with treatment;
RR 0.72, 95% Cl 0.61 to 0.84) [97]. Additionally, thiazide and
loop diuretics are important tools in the therapy of volume-
overload conditions, such as congestive heart failure, nephrotic
syndrome, and cirrhosis, by improving the symptoms of fluid
congestion, volume overload and edema.  Although thiazide-
type diuretics are among the best tolerated antihypertensive
drugs they are often associated related adverse side effects,
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such as electrolyte, acid-base and/or metabolic disorders (e.g.
impaired glucose tolerance, dyslipidemia) [98]. All type of
diuretics promote excretion of sodium. Depending upon the
site and mode of action, some diuretics increase excretion of
potassium, magnesium, chloride, calcium, or bicarbonate (Figure
3). In general electrolyte disorders, such as hyponatraemia and
hypokalaemia are well considered and monitored in clinical
practice therefore they are not further discussed at this point.
Instead, in order to provide a review of current knowledge,
we will focus in previously more neglected drug-nutrient
interactions between thiazide-type diuretics and magnesium.

Protein bounded vitamin B12
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Figure 3: Inhibition of the active absorption of vitamin B12 by
proton pump inhibitors and metformin (modell) [26].

Thiazide diuretics and magnesium

In general, thiazide diuretics are associated with a decrease
of serum magnesium levels by 5% to 10%. Whereby the
drug-induced magnesium depletion is be more severe in the
elderly. Up to 50% of treated patients have cellular magnesium
depletion, regardless of normal serum concentrations.
Hypomagnesemia occurs more often in the elderly, and in
those receiving continuous high-those diuretic therapy which
may increase cardiovascular morbidity and mortality [99,100].
About 80% of hypertensive patients treated for at least 6 months
with hydrochlorothiazide have been found to have magnesium
depletion based on retention of a parenterally administered
magnesium load, even though their magnesium serum levels
were normal [101]. In an elderly population of a Somerset village
48% of the thiazide-treated patients were hypomagnesaemic
and 28% of the thiazide-treated patients were hypokalaemic.
Thus, magnesium and potassium depletion are commonly
associated with thiazide therapy in the elderly [102,103].
Hypomagnesemia is often associated with hypokalemia,
hypocalcemia, hypophosphatemia and hyponatremia [104].
Hypokalemia, hypocalcemia and/or hypovitaminosis D found
in association with low serum magnesium blood levels can
prove refractory to all treatment measures until the underlying
magnesium deficiency is corrected [75,92,93,105]. Remarkable
are the results of a cross-sectional study in hypertensive patients
that determined serum and mononuclear cell magnesium
concentrations. This study shows that although the patients
had normal serum magnesium, thiazide diuretics can induce
intracellular magnesium depletion not detectable by assessment
of blood serum [106]. Therefore the serum magnesium level
reflects only a small part of total body content magnesium. In a
patient with clinical magnesium deficiency cellular magnesium
concentration can be low despite normal magnesium levels in

blood serum [107].

Furthermore it has been shown that magnesium is a kind
of second messenger for insulin action. Magnesium plays a
crucial role in glucose and insulin metabolism, mainly through
its impact on tyrosine kinase activity of the insulin receptor, by
transferring the phosphate from ATP to protein. Magnesium
may also affect phosphorylase b kinase activity by releasing
glucose-1-phosphate from glycogen. In addition, magnesium
may directly affect glucose transporter protein activity 4
(GLUT4), and help to regulate glucose translocation into the cell
[75,108]. Intracellular magnesium deficiency may affect the risk
of insulin resistance and alter the glucose entry into the cell.
It is imaginable that the subclinical magnesium deficiency and
intracellular magnesium depletion associated with thiazide
treatment may interfere with the activity of the tyrosine kinase
and the insulin receptor increasing the risk of insulin resistance
[75,109]. Patients with magnesium deficiency show a more rapid
progression of glucose intolerance and have an increased risk
for insulin resistance. The supplementation of magnesium may
contribute to an improvement in both islet Beta-cell response
and insulin action in thiazides treated patients and in type-2
diabetics [75,110]. In a recent randomized, double-blind, clinical
study with thiazide-treated hypertensive women (age: 40-65
years) the effects of magnesium supplementation (600mg/day)
on blood pressure and vascular function were evaluated. After
6 months, the magnesium group had a significant reduction in
systolic (SBP: 144+ 17 vs. 134+ 14 mmHg, P=0.036) and diastolic
blood pressure (DBP: 88+9 vs. 81+8 mmHg, P=0.005), and as
a sign of improved endothelial function a significant increase of
brachial flow-mediated dilatation (FMD) (r=0.44, P=0.011). The
constant oral supplementation of magnesium was associated
with better blood pressure control, improved endothelial
function and amelioration of subclinical atherosclerosis in these
thiazide-treated hypertensive women [111-122a].

Recommendation for clinical practice: Subclinical
magnesium deficiency is a principal driver of cardiovascular
diseases such as arrhythmias, arterial calcifications,
atherosclerosis, heart failure, hypertension, and/or thrombosis.
In other words disorders of magnesium metabolism are a
principal, under-recognised, driver of cardiovascular disease in
medical practice everyday life. Hypertensive patients on long-
term treatment with thiazide diuretics should therefore be
monitored for magnesium deficiency, particularly those with
additive risk factors, such as age > 60, hydrochlorothiazide
doses > 25 mg/day, insulin resistance, cardiovascular diseases
(e.g. hypertension, arrhythmias), inadequate dietary intake,
secondary aldosteronism and kidney dysfunction. Dietary and
supplement recommendations for magnesium please see 5.

Statins (HMG-CoA-reductase inhibitors)

In the world statins constitute one of the most important
sectors of the pharmaceutical industry and belong to the most
widely prescribed drugs. These lipid lowering drugs, also known
as HMG-CoA-reductase inhibitors, form the cornerstone for
prevention and treatment of cardiovascular disease. A number
of large-scale trials have demonstrated that statins effectively
reduce cardiovascular morbidity and mortality in both primary
and secondary prevention, in all age groups and independent
of gender. Statins have also been shown to slow the progres-
sion or even promote regression of coronary atherosclerosis
[113,114].

Statins reduce the synthesis of cholesterol in the liver by com-
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petitively inhibiting HMG-CoA reductase activity. The reduction
in intracellular cholesterol concentration induces an increased
expression of low-density lipoprotein receptors (LDL-Rs) on the
surface of the hepatocytes, which results in increased uptake of
low-density lipoprotein cholesterol (LDL-C) from the blood and
a decreased plasma concentration of LDL-C and other apoB-
containing lipoproteins, including triglycerides (TG)-rich parti-
cles. The degree of LDL-C reduction is dose dependent and var-
ies between the different statins (e.g. rosuvastatin, fluvastatin)
[115]. There is considerable interindividual variation in LDL-C
reduction with the same dose of drug. Poor response to statin
treatment in clinical studies is to some extent caused by poor
compliance, but may also be explained by a genetic background
involving variations in genes of both cholesterol metabolism
and of statin uptake and metabolism in the liver [116-118].

Statins can cause adverse side-effects, including musculoskel-
etal complaints, known as myositis, fatigue, gastro-intestinal
discomfort, elevation of liver enzymes, neurocognitive symp-
toms, peripheral neuropathy and insomnia. In addition, rand-
omized trials have shown a small increase in the risk of incident
diabetes. Statin-associated muscle symptoms (SAMS), are re-
ported by 10% to 29% of patients in clinical practice and belong
to the most prevalent side effect. They are the principal reason
for statin non-adherence and/or discontinuation, contributing
to adverse cardiovascular outcomes. SAMS may vary in severity
from simple myalgias to severe rhabdomyolisis [115,118,119].
Vitamin D insufficiency, statin-induced coenzyme Q10 depletion
and/or the negative effect of statins on selenoprotein synthesis
have been discussed to be implicated in the pathogenesis of
myopathic symptoms.

Statins and vitamin D

Vitamin D plays a crucial role in human health, while the
prevalence of vitamin D deficiency worldwide is high. According
to recent studies, a vitamin D deficiency is likely to be an im-
portant etiological factor in the pathogenesis of many chronic
diseases. These include autoimmune diseases (e.g., multiple
sclerosis, type 1 diabetes) inflammatory bowel disease (e.g.,
Crohn disease), infections (such as infections of the upper
respiratory tract), immune deficiency, cardiovascular diseases
(e.g., hypertension, heart failure, sudden cardiac death), can-
cer (e.g., colon cancer, breast cancer, non-Hodgkin’s lymphoma)
and neurocognitive disorders (e.g., Alzheimer disease). Vita-
min D in its hormonally active form, 1a,25-dihydroxyvitamin D
[10,25(0H),D; calcitriol] is not only a regulator of calcium and
phosphate homeostasis, but has numerous extra-skeletal ef-
fects. 1a,25(0H),D manifests its diverse biological effects (endo-
crine, autocrine, paracrine) by binding to the vitamin D recep-
tor (VDR) found in most body cells. Vitamin D receptors have
been found in over 35 target tissues that are not involved in
bone metabolism. These include endothelial cells, islet cells of
the pancreas, hematopoietic cells, cardiac and skeletal muscle
cells, monocytes, neurons, placental cells and T-lymphocytes. It
is estimated that VDR activation may regulate directly and/or
indirectly a very large number of genes (0.5-5% of the total hu-
man genome i.e., up to 2000 genes). The fact that the vitamin D
receptor is expressed by many tissues results in the pronounced
pleiotropic effect of vitamin D hormone. 25(0OH)D is the vitamin
D metabolite that is measured to assess a patient’s vitamin D
status. Vitamin D deficiency is diagnosed when 25(0OH)D <20
ng/mL, vitamin D insufficiency is defined as 25(0OH)D of 21-29
ng/mL, and 25(OH)D > 30 ng/mL is considered sufficient, with
40-60 ng/mL being the preferred range. Vitamin D intoxication

usually does not occur until 25(0OH)D >150 ng/mL. Vitamin D
intoxication is only to be expected at levels of 25(0OH)D > 150
ng/mL [120-125].

The physiological role of vitamin D in muscular function has
been extensively studied [126-129]. Several studies have shown
a potential role of vitamin D for prevention and treatment of
statin-associated muscle symptoms (SAMS). The prevalence
of myalgia in statin-treated patients vitamin D insufficiency is
significantly higher compared with those that not present any
signs of SAMS. In a trial with 82 vitamin-D-deficient, myalgic pa-
tients, under statin therapy, 38 were given vitamin D (50,000
units/weekfor 12 weeks), with a resultant increase in serum
25(OH)D from 20.4 +/27.3 to 48.2 +/217.9 ng/mL (P<0.0001)
and resolution of myalgia in 35 (92%) [130,131]. The results of
a retrospective cohort study and a meta-analysis of 7 studies
with 2420 patients provide evidence that low vitamin D levels
are associated with myalgia in statin treated patients [132,133].
A recent study with 74 men and 72 women (age 59 + 14 years)
reported that statin intolerance because of myalgia, myositis,
myopathy, or myonecrosis associated with low serum vitamin
D can be safely resolved by vitamin D supplementation (50,000-
100,000 units /week) in most cases (88-95%) [134,135]. Vita-
min D insufficiency can lead to the development of non-spe-
cific muscle pain and SAMS [136,137]. In older adults vitamin
D supplementation even seems to improve the adherence to
and persistence with long-term statin treatment [138]. But the
association between low vitamin D levels and statin-associated
muscle symptoms is still conflicting. Some retrospective cohort
studies do not support an association between low 25(0OH)D
levels and statin-induced myalgia [139-141]. Given the major
clinical importance of SAMS, the results of a large double-blind,
placebo-controlled crossover study are needed to elucidate the
validity of vitamin D supplementation in ameliorating muscle
symptoms on statin therapy [142].

Recommendation for clinical practice: Although previous
results of vitamin D treatment of SAMS from randomized trials
have produced mixed results, Vitamin D deficiency is common
in statin users and evident in European population at prevalence
rates that are concerning. Therefore vitamin D status [25(0OH)D,
ng/mL) should be monitored in all statin-treated patients and
compensated by adequate vitamin D supplementation [e.g.,
40-60 IU vitamin D per kg body weight per day, 25(OH)D target
value: 40-60 ng/mL or 100-150 nmol/L]. This applies, in partic-
ular to patients with cardiovascular diseases, diabetes, the eld-
erly (> 60 years) with poor nutritional status, and statin treated
patients with muscular disorders [143,143a].

Statins and coenzyme Q10

Ubiquinone, better known as Coenzyme Q10, is a vitamin-like
substance present in nearly all human tissues. Coenzyme Q10
(CoQ10) is a crucial component of the oxidative phosphorylation
and energy production in mitochondria, where it acts as both
an electron carrier and proton translocator during cellular
respiration and ATP production. Itis also a structural component
in mitochondrial complexes I,Il and Il and is essential in the
stabilization of complex Ill. The reduced form of CoQ1l0,
ubiquinol, acts as an antioxidant in both mitochondria and lipid
membranes by either scavenging free radicals directly or in
conjunction with vitamin E and/or vitamin C. Furthermore, it
plays a pivotal role in redox control of cell signalling, stimulation
of gene expression, regulation of cell growth, inhibition of
apoptosis, control of thiol groups, production of hydrogen
peroxide and control of membrane channels. Low CoQ10 levels
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are associated with complex mitochondrial disorders, driving the
process of ageing and are important in the development of age-
associated disease (e.g. inflammation, diabetes, cardiovascular,
neurodegenerative diseases) [144-148].

The mevalonate pathway is one of the most important
metabolic processes within the cell regulated by enzyme
3-hydroxy-3-methylglutaryl-coenzyme (HMG-CoA) reductase.
The HMG-CoA-reductase converts HMG-CoA to mevalonate.
Thisis further transformed into isopentenyl pyrophosphate (Isp),
which serves as substrate for the synthesis of several crucial
cell components, such as farnesyl pyrophosphate (Farnesyl-
PP), squalene, cholesterol, coenzyme Q10 (Ubiquinone) and
amongst other things the generation of selenoproteins (Figure
4) [118, 149, 150]. HMG-CoA reductase is a key pharmacological
target of the cholesterol lowering statins. Statins inhibit the
production of mevalonate, a precursor of both cholesterol
and ubiquinone. Ubiquinone is a crucial compound for
mitochondrial function and the provision of energy for cellular
processes [151, 152]. Statin-induced depletion of ubiquinone
may attenuate electron transfer in the electron transport chain
with deleterious effects on muscle function [153-162]. Several
studies in patents with SAMS also demonstrate a significant
decrease of muscle coenzyme Q10 level, but it’s not clear if
this is causal to myopathic symptoms [163, 164]. A double-
blind, randomized placebo-controlled trial compared the effect
of the combination of coenzyme Q10/atorvastatin to standard
congestive heart failure (CHF) treatment versus therapy with
atorvastatin alone. The combination of daily 10 mg atorvastatin
and 100 mg CoQ10, as an adjunctive treatment of CHF for 4
months significantly increased ejection fraction (P=0.006) and
improved New York Heart Association (NYHA) function class
(P=0.002) in comparison with the placebo group that received
atorvastatin alone [165]. In a randomized study patients with
SAMS received either daily coenzyme Q10 (100 mg/day) or
vitamin E (400 IU/day) for 30 days. Muscle pain and pain
interference with daily activities were assessed before and after
treatment. After a 30 days treatment with coenzyme Q10 pain
severity decreased significantly by 40% (p <0.001) and pain
interference with daily activities decreased by 38% (p <0.02).
In contrast, no changes in pain severity (+9%, p = NS) or pain
interference with daily activities (-11%, p = NS) was observed
in the vitamin E group [166]. But recent data from randomized
trials on coenzyme Q10 reducing SAMS are conflicting [167-
169]. A randomized trial examined the effect of coenzyme Q10
on simvastatin-associated muscle pain, muscle strength and
aerobic performance. 41 patients with SAMS were randomized
to simvastatin 20 mg/d combined with coenzyme Q10 (600
mg/d ubiquinol) or placebo for 8 weeks. Muscle pain, time to
pain onset, arm and leg muscle strength, and maximal oxygen
uptake were measured before and after each treatment. Pain
severity and interference scores increased with simvastatin
therapy, irrespective of coenzyme Q10 treatment (p = 0.53 and
0.56). There were no changes in muscle strength or VO2max
with simvastatin with or without CoQ10 (all p > 0.10). Marginally
more subjects reported pain with coenzyme Q10 (14 of 20
vs 7 of 18; p = 0.05). There was also no difference in time to
pain onset in the coenzyme Q10 (3.0 + 2.0 weeks) vs. placebo
(2.4 £ 2.1 wks) groups (p = 0.55) [170]. Another randomized trial
tested whether coenzyme Q10 supplementation could decrease
SAMS. After 30 days of treatment the intensity of muscle pain,
measured as the Pain Severity Score (PSS), in the coenzyme Q10
group (50 mg twice daily) was significantly reduced from 3.9+0.4
t0 2.9+0.4 (P < 0.001). The Pain Interference Score (PIS) also was

reduced from 4.0+0.4 to 2.6+0.4 (P < 0.001). Where as in the
placebo group both parameter did not change. Coenzyme Q10
supplementation decreased statin-related muscle symptoms in
75% of patients. The relative values of PSS and PIS significantly
decreased (-33.1% and -40.3%, respectively) in the coenzyme
Q10 compared to placebo group (both P<0.05). The present
study shows that coenzyme Q10 effectively reduced SAMS,
causing lower interference of statin-related muscular symptoms
with daily activities [171].

Recommendation for clinical practice: Although previous
trials of coenzyme Q10 for treatment of SAMS have produced
mixed results, coenzyme Q10 appears to be safe. Supplemen-
tation of coenzyme Q10 (e.g. 100 mg/day) can be an effective
alternative to statin discontinuation, especially in patients with
high cardiovascular and/or cerebrovascular risk [172-174].
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Figure 4: Electrolyt disorders by thiazides and loop diuretics [18

Statins and selenium

Selenium is an essential micronutrient for human health
whose biological activities and anti-carcinogenic properties
likely result from its incorporation as the 21st proteinogenic
amino acid selenocysteine in selenoproteins encoded by
25 separate human genes with roles in cell protection from
oxidative stress, redox control, and the inflammatory response.
The production, metabolism and action of thyroid hormone
in target tissues depend on selenium availability. Selenium-
dependent glutathione peroxidases and thioredoxin reductases
are necessary for optimal function ofimmune cells by controlling
oxidative stress and redox regulation. Specific selenoproteins
also have ROS-independent roles in modulating inflammatory
responses. Low selenium status has been associated with
increased risk of mortality, poor immune function, cognitive
decline, increased risk for autoimmune thyroid disease (e.g.
Hashimoto Thyreoiditis). Prospective studies have shown some
benefit of higher selenium status on the risk of different cancers
such as prostate, lung, colorectal, and bladder cancers [175-
179].

The muscular side-effects associated with statin-treatment
resemble in some ways the symptoms of selenium deficiency.
Statins can interfere with biochemical pathway of the isopente-
nylation of selenocysteine-tRNA (Figure 5). The negative effect
of statins on selenoprotein synthesis seems to explain some
of muscular side-effects of statins, in particular, statin-induced
myopathy [180]. Selenoprotein N is ubiquitously expressed and
essential for muscle regeneration. Selenoprotein N deficiency
causes several neuromuscular disorders collectively termed as
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SEPN-related myopathies, characterized by early onset, gener-
alized muscle atrophy, and muscle weakness affecting especially
axial muscles and leading to spine rigidity, severe scoliosis, and
respiratory insufficiency [181]. In a pilot study the benefits of
the combination of selenium and coenzyme Q10 administered
to patients with SAMS were evaluated. Blood levels of coen-
zyme Q10 increased from 0.81 + 0.39 to 3.31 + 1.72 umol/L in
the active group of patients compared with the placebo (p =
0.001). Also, the symptoms of SAMS significantly improved in
the active group (p < 0.001): the intensity of muscle pain de-
creased from 6.7 + 1.72 to 3.2 £ 2.1 (p < 0.01, -53.4 + 28.2%);
muscle weakness decreased from 7.0 + 1.63 t0 2.8 + 2.34 (p <
0.01, -60 * 24.0%); muscle cramps decreased from 5.33 + 2.06
to 1.86 + 2.42, p < 0.01, -65 + 28%); tiredness decreased from
the initial 6.7 + 1.34 t0 1.2 £ 1.32 (p < 0.01, -82 + 22%). Any sig-
nificant changes could be seen in the placebo group. Notably,
additional selenium supplementation was not associated with
any statistically significant decrease of SAMS [182]. Another
study evaluated also the effects of selenium and coenzyme
Q10 supplementation on SAMS. Following a 6-week washout
period during which no statins were administered, the patients
were re-challenged with 10 mg of atorvastatin. Patients who
experienced SAMS continued the atorvastatin treatment and
were in addition randomized to receive 12 weeks supplement
of 400 mg Q10 and 200 pg selenium per day or a matching
double placebo. SAMS was assessed using 3 validated symptom
questionnaires, and a muscle function test was performed at
the beginning and at the end of the study. The patients receiv-
ing the active supplement experienced significant increases in
their serum Q10 and selenium concentrations compared with
the group receiving placebo. But no statistically significant dif-
ferences in symptom questionnaire scores or muscle function
tests were revealed between the groups [183]. These results
are somewhat suprising, because selenium plays a crucial role
in the metabolism of coenzyme Q10. Low cardiac contents of
selenium and coenzyme Q10 have been found in patients with
cardiomyopathy. A vital relationship exists between the two
substances to obtain optimal function of the cell. The seleno-
protein thioredoxin reductase (TrxR) is an essential antioxidant
enzyme that reduces ubiquinone-10 and thereby regenerated
the antioxidant ubiquinol-10, which is important for protection
against lipid and protein peroxidation [184,185]. In a prospec-
tive randomized double-blind placebo-controlled trial among
elderly with cardiomyopathy long-term supplementation of se-
lenium combined with coenzyme Q10 reduced cardiovascular
mortality. The positive effect could also be seen in the cardiac
biomarker N-terminal proBNP (NT-proBNP) that was signifi-
cantly lower in the combination group compared with the pla-
cebo group (mean values: 214 ng/L vs. 302 ng/L at 48 months;
P=0.014) [186]. After 10-year and 12-year follow-up in a group
of healthy elderly participants given four years of intervention
with selenium and coenzyme Q10, still a significant reduction of
cardiovascular mortality was observed [187,188]. Remarkably,
a subgroup analysis of this double-blind placebo-controlled trial
found significant differences in expression of more than 100 dif-
ferent microRNAs with up to 4 fold differences as a result of the
intervention of selenium and coenzyme Q10 combined. Theses
changes in microRNA could explain partly the underlying mech-
anisms of the clinical effects of selenium combined with coen-
zyme Q10, reported earlier, that reduced cardiovascular mor-
tality, increased cardiac bioenergetics, and decreased signs of
inflammation and oxidative stress [189]. A secondary analysis of
this study revealed the important impact of selenium status on
cardiovascular mortality. A reduced selenium concentration, 67

ug/L, was found among the participants, and the cardiovascular
mortality was higher in the subgroup with the lower selenium
concentrations < 65 pg/L in comparison with those having a se-
lenium concentration >85 ug/L. Especially, the supplementation
of selenium and coenzyme Q10 was cardio-protective in those
with a low selenium concentration, < 85 pg/L at inclusion. In
those with serum selenium>85 pg/L and no apparent deficien-
cy, there was no effect of supplementation [190,191].
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Figure 5: Statins interfere with the mevalonate pathway [118,
150, 180]

Recommendation for clinical practice: The studies
presented here indicate that selenium plays an important
role in coenzyme Q10 status and its multiple cardioprotective
functions. Supplementation of selenium and coenzyme Q10 can
be recommended in statin and SAMS treatment, especially in
patients with selenium deficiency and high cardiovascular risk.
Efforts should be made to achieve a target blood selenium level
between 130-150 pg/L.

Metformin

Metformin is one of the most widely used oral hypoglycemic
agents. Current global clinical practice recommendations
propose that metformin should be initiated with concurrent
lifestyle modifications at initial diabetes diagnosis. The
management of type 2 diabetes requires aggressive treatment
to achieve glycemic and cardiovascular risk factors. In this
setting metformin is used not only for its antihyperglycemic
properties but also for its effects beyond glycemic control such
as improvements in endothelial dysfunction, insulin sensitivity,
oxidative stress, and lipid profiles [192,193].

Metformin and vitamin B12

Vitamin B12 deficiency is an often and insidious side effect
fromlong-termtreatment with Metformin. Its prevalence among
metformin users is approximately 9.5% to 20%. In randomized
trialsserumvitamin B12 levels have beenreportedto beinversely
associated with the dose and duration of metformin use. In a
case—control study carried out on a Chinese population found
that for each daily dose increment of 1000 mg/d of metformin,
the odds ratio to develop vitamin B12 deficiency was 2.88 (95%
Cl, 2.15-3.873). Similarly, when treatment duration was longer
than 3 years, the odds ratio for a vitamin B12 deficiency was
2.39 (95% ClI, 1.46-3.91) [194,195]. A systematic review of six
randomized controlled trials showed that serum vitamin B12
concentrations are significantly lower in patients treated with
metformin (P=0.0001) and the decrease of vitamin B12 levels is
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induced in a dose dependent manner, especially at daily doses
> 2000 mg Metformin [196]. The underlying mechanism of his
interaction is still discussed. Most probably, metformin may
interfere with the active calcium dependent absorption of the
vitamin B12—intrinsic factor complex (Figure 3). The concomitant
intake of metformin with calcium seems to attenuate the effect
on vitamin B12 absorption [197]. Several trials demonstrated
a possible causal relationship between Metformin-induced
vitamin B12 depletion with cognitive dysfunction, peripheral
neuropathy, hematologic disturbances and increased levels of
homocysteine [198-201]. Elevated homocysteine plasma levels
are a risk factor for micro- and macrovascular complications
in patients with type 2 diabetes, such as retinopathy and
stroke [202]. A recent systematic review and meta-analysis
of randomized trials confirmed these results. Since elevated
homocysteine levels are a risk factor of a series of adverse clinical
outcome, supplementation of vitamin B12 and folicacid might be
necessary for metformin-treated patients [203]. In patients with

help to control the disturbed glucose and lipid metabolism,
blood pressure and reduce cardiovascular risk factors (e.g.
atherosclerosis) associated with hypertension, especially in
hypertensive individuals who are depleted of magnesium due
to chronic diuretic use, inadequate intake, or both.

Conclusion

Given the ever-increasing number of drugs on the market
and the frequency with which they are used, greater attention
must be paid by physicians and pharmacists in daily medical and
pharmaceutical practice focused in particular on the adverse ef-
fects of drug therapy on the micronutrient status in order to
minimize the potential risk to the health of patients. Especially
high-risk patients (e.g. the elderly, patients on polypharmaco-
therapy) and individuals under medication with drugs such as
proton pump inhibitors, diuretics and/or statins should be mon-
itored for drug induced micronutrient deficiencies.
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