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Abstract

Obesity is currently one of the biggest global health problems. In the case of severe obesity, bariatric surgeries are considered to
be the most important method of treatment. The 2 most commonly performed bariatric surgery procedures include Roux-en-Y
gastric bypass and sleeve gastrectomy. However, these methods are not free from complications, and the most common ones
(moderately long or long term) are micronutrient deficiencies. The deficiency of vitamins B6, B12, and folic acid as cofactors of
the folate cycle contributes to the development of hyperhomocysteinemia. It seems that apart from nutritional factors, there are
other aspects that have a significant influence on the concentration of homocysteine in blood, such as the type of conducted
bariatric surgery, the post-surgical concentration of betaine and creatinine, and the clearance of methionine (i.e., the mutations of
the gene that encodes the MTHFR reductase as well as other genes associated with the process of methylation, e.g., methionine
synthase). Their presence might be one of the causes of the increased concentration of homocysteine after surgery despite the fact

that patients take vitamin-mineral supplementation.
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Introduction

Obesity is currently one of the biggest global health problems
[1]. Its frequency of occurrence tripled since 1975, reaching
650 million obese adults in 2016 [2]. The prognosis based on
the present increasing tendency indicates that by 2030, there
will be 65 million more obese patients in the USA and 11
million more in the UK, which will result in the increase in
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the prevalence of non-infectious chronic diseases, including
type 2 diabetes (DMII) and cardiovascular diseases [3].
Adipose tissue secretes a number of bioactive substances—
hormones and cytokines—called adipokines, which cause
systemic chronic inflammation expressed by disorders in the
functioning of specific organs, leading to the development of
numerous chronic illnesses [4, 5]. Non-alcoholic fatty liver
disease, type 2 diabetes, sleep apnea, neoplasms (referring to
breasts, ovaries, prostate, liver, gallbladder, kidneys, and co-
lon), and movement system dysfunctions are just some of
those issues [2, 6]. Obesity is associated with the increased
concentration of free fatty acids and proinflammatory factors
(such as interleukin (IL) 13, IL-6, tumor necrosis factor «, and
monocyte chemotactic protein-1), as well as of immune cells
and their infiltration into the place of inflammation [7].
Obesity facilitates the development of atherogenic dyslipid-
emia, which is characterized by an increased level of low-
density lipoproteins (LDL), as well as a decreased level of
high-density lipoproteins (HDL) [8]. Dyslipidemia and chron-
ic inflammation lead to the dysfunction of blood vessels, in-
cluding the formation of atherosclerosis and the disorders of
fibrinolysis, both of which increase the risk of developing
cardiovascular diseases, including a stroke and the venous
thromboembolic disease [9]. In the context of cardiovascular
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diseases, homocysteine (Hcy) is an important indicator. It is an
independent risk factor of their development and a marker of
the amplification of atherosclerotic changes [10].

In the case of severely obese patients, the surgical treat-
ment of obesity is considered to be the most effective meth-
od of reducing body mass [11]. Bariatric surgery is a meth-
od of treatment that can be used in the case of patients with
BMI>35 kg/m* and with coexisting complications of obe-
sity, such as arterial hypertension, or with BMI>40 kg/m?
[12]. To be considered for surgery, patients had to fail to
lose weight or to maintain long-term weight loss, despite
appropriate surgical and/or non-surgical comprehensive
medical care [12]. In traditional classification, surgical
methods have been categorized into 3 main groups: restric-
tive (which limit the size of the stomach), malabsorptive
(which shorten intestinal transit, leading to the reduction
of the processes of digestion and absorption), and hybrid
(which combine the elements of two previous methods)
[13]. Nowadays, this traditional classification has become
less functional because of necessity to better understanding
the metabolic effects of various bariatric operations, e.g.,
incretin effects [14, 15]. At this moment, there is insuffi-
cient evidence-based data to suggest how to assign a patient
to a specific bariatric procedure with no evidence in favor
of any particular procedure. A bariatric surgeon decides
about the choice of the surgical method. Some pre-
operative factors that can influence the choice of the type
of surgery are body mass index, age, diabetes mellitus and
its duration, and gastroesophageal reflux disease [12].
Currently, the most commonly used methods include restric-
tive methods—sleeve gastrectomy (SG)—and hybrid
methods—Roux-en-Y gastric bypass (RYGB) [16].

The aim of the article was to revise current literature which
concerns the risk of high serum homocysteine level in patients
after bariatric surgery due to the deficiency of the main me-
thionine metabolism cofactors.

Homocysteine

Homocysteine is an amino acid that includes thiol
groups in its particles. It is formed in all cells of the
organism as a result of the metabolism of one of the
exogenic amino acids—methionine. The necessary co-
factors for the biochemical course of changes of Hcy
include folates and vitamin B12 (the methylation pro-
cess of Hcy into methionine), vitamin B6 (the catabo-
lism of Hcy into cysteine) [17], vitamin B2 (the process
of forming 5-methyltetrahydrofolate by means of 5,10-
methylenetetrahydrofolate reductase), betaine (the
remethylation process) [18], and magnesium and lithium
(adenosine triphosphate is present in the form of a com-
plex with magnesium ions and lithium ions; this
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compound, which is high in energy, participates in the
transformation of methionine into S-adenosylmethionine
via methionine adenosyltransferase) [19-21].

In the serum, Hcy is present mainly in a form that is
coupled with albumins and, to a significantly smaller degree,
in the form of Hey or Hey disulfides coupled with other thiols,
e.g., cysteine [22]. Three processes occur as part of Hey me-
tabolism [22-24]:

1. The remethylation of Hey into methionine with the use of
methionine synthase. In this process, vitamin B12 is the
cofactor, whereas the donor of the methyl group is 5-
methyltetrahydrofolate, which is formed in a reaction cat-
alyzed by 5,10-methylenetetrahydrofolate reductase
(MTHEFR).

2. Transsulfuration. During which, in the reaction catalyzed
by cystathionine (3-synthase, Hcy combines with serine to
form cystathionine. The coenzyme in this process is the
active form of pyridoxine-pyridoxal phosphate. The ac-
quired cystathionine breaks down and together with -
cystathionase forms o-ketobutyrate and cysteine. Then,
the latter is broken down into taurine or it participates in
the synthesis of glutathione.

3. The remethylation of Hcy into methionine via betaine-
homocysteine methyltransferase (BHMT) in some tis-
sues, i.e., the kidneys and the liver. In this process, betaine
is used as the donor of the methyl group, and the products
of the reaction are dimethylglycine and methionine.

In physiological conditions, when vitamin B is properly
supplied in the diet, the concentration of Hey in the blood
should be correct. An increase in the concentration of Hey
can often be the result of deficiencies of vitamins B6, B12,
and folate [25]. Hyperhomocysteinemia is a state defined
as an increase in the level of Hcy in the blood beyond
15 pmol/L. The values 16-30 pmol/L, 31-100 umol/L,
and > 100 umol/L confirm the presence of mild, moderate,
or severe hyperhomocysteinemia, respectively [26]. Apart
from an improperly balanced diet, the increase of the level
of Hey in blood can be the result of diseases of such
organs as the kidneys or the thyroid, as well as other fac-
tors, such as neoplasms, psoriasis, diabetes, the use of
some drugs (e.g., metformin), alcohol consumption,
smoking, elderly age, menopause, achlorhydria with a
low level of Castle’s external factor, intestinal inflamma-
tory diseases, and surgeries of the digestive tract (e.g.,
bariatric surgeries) [27, 28]. The factors that contribute
to the increase of the level of homocysteine in blood also
include gene polymorphisms, mainly in reference to
MTHFR—the key enzyme of the folate cycle. The most
common of these polymorphisms, and therefore the ones
that are associated with reduced enzymatic activity and an
increased risk of hyperhomocysteinemia, are [29-31]:
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* Polymorphism 677C>T, which is responsible for the
transformation of cytosine into thymine, so at the same
time for the replacement of alanine with valine in the cat-
alytic area of the enzyme (position 222);

*  Polymorphism 1298 A>C, which is the effect of substitut-
ing adenine with cytosine in exon 7, resulting in the con-
version of glutamine into alanine (position 429).

The 677TT variant is associated with the reduction of the
activity of MTHFR by about 70%, whereas 677CT by 35% in
reference to the wild-type homozygote 677CC (100% enzyme
activity) [29]. The coexistence of the variant 677TT/1298AA
and 677CT/1298AC reduces the activity of MTHFR by 60—
70% and 40-50%, respectively [31, 32] (Fig. 1).

The Clinical Implications
of Hyperhomocysteinemia

An increased level of homocysteine in blood correlates with
the existence of specific pathological units, such as cardiovas-
cular diseases, atherosclerosis, a stroke, depression,
Alzheimer’s disease, and osteoporosis [10, 34—36]. This re-
sults from the fact that Hcy undergoes autoxidation, which
leads to the formation of biologically active substances that
participate in signaling pathways associated with increased
cell toxicity, facilitating apoptosis, necrosis, the formation of
blood clots, and the amplification of oxidative stress [18, 37,
38]. The autoxidation of Hcy thiol groups results in the

formation of reactive oxygen species (ROS), i.c., hydrogen
peroxide. Additionally, by reducing the activity of glutathione
peroxidase and the redox potential, Hcy amplifies the effects
of ROS. In consequence, lipids, proteins, carbohydrates, and
nucleic acids undergo oxidation, leading to endothelium dys-
functions, the damaging of blood vessel walls, the activation
of platelets, and the formation of blood clots [39-41].
Hyperhomocysteinemia is also toxic for neurons and glial
cells [39, 42]. Among other reasons, the toxicity is a result
of the intracellular mobilization of Ca®* and oxidative stress
within the endoplasmic reticulum, leading to apoptosis, the
rebuilding of extracellular matrix in the brain, and endotheli-
um dysfunctions [39, 43]. Furthermore, free oxygen radicals
have the ability to induce the activity of the NR1 subunit of the
NMDA receptor (N-methyl-D-aspartate), which leads to its
increased sensitivity to stimulating amino acids (glycine, ser-
ine, and glutamate), resulting in disorders in the integrity of
the blood-brain barrier [38, 44].

The Perioperative Concentration of Vitamins
B6, B12, and Folate

Bariatric surgery is considered to be an effective way of
treating patients with severe obesity, which leads to the reduc-
tion of body mass, coexisting illnesses, and mortality [45, 46].
However, this method is not free from complications. The
most common ones (moderately long and long term) include
micronutrient deficiencies, which result from the limited
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consumption of foods and limited absorption as well as from
the combination of the two [47—49]. Obese patients, despite
high-energy consumption in general, are characterized by the
presence of vitamin and mineral deficiencies before the sur-
gery, which is associated with the low quality of the food they
consume [50].

In the study by Sanchez et al. [51], the authors showed that
despite a high-caloric diet (2801 970 kcal/day), 66% of fe-
male patients qualified for RYGB or SG surgeries expressed a
deficiency of at least a single micronutrient. Vitamin B12 de-
ficiency occurred in 10.6% of women, but no patient experi-
enced folic acids deficiencies.

Also, in another study [52], nutritional deficiencies were
common in bariatric candidates (RYGB and SG), with vitamin
B6 deficiency (28%), followed by folate (26.8%) and vitamin
B12 (3.3%). One year after surgery, folate deficiency was
noticed in 4% RYGB and 10.8% SG patients. Authors noticed
that despite post-operative routine multivitamin supplementa-
tion, the prevalence of vitamin B12 deficiency increased re-
markably in the RYGB group (16%) 12 months post-opera-
tively. Additionally, pre-operative vitamin B12 level was in-
dependently associated with post-operative decrease, and de-
ficiency of vitamin B6 before surgery was a predictor for
deficiency 1 year after surgery.

Interestingly, Johnson et al. [53] observed that less than 2%
of vitamin B12 deficiencies and no folate deficiencies oc-
curred in both SG and RYGB patients after 1 year post-oper-
atively. In turn, during a mean follow-up period of 4 years
post-RYGB or post-SG [54], patients were identified with
vitamin B12 and folate deficiencies. Vitamin B12 deficiency
was significantly higher in patients with RYGB compared
with SG (42.1% versus 5%). The authors stated that this dif-
ference may result from the fact that SG, being associated with
less malabsorption, may have a more favorable effect on the
metabolism of vitamin B12 compared with RYGB.

In a different study [55] conducted on patients who
underwent SG, 24% of these patients experienced a decreased
concentration of folates in blood, whereas 11.5% had a defi-
ciency of vitamin B12. Interestingly, 21% of the patients had
excess levels of vitamin B6, whereas only 3% experienced its
deficiency. A year after the surgery, folic acid deficiency was
reported in 12.5% of the patients, vitamin B12 deficiency in
11.5%, and vitamin B6 deficiency in 4%. The presence of
hypervitaminosis of pyridoxine after surgery doubled, achiev-
ing 47.5%. Even in another study [56], authors noticed that
throughout the whole population of the study, only one case of
vitamin B6 deficiency was identified before surgery. On the
contrary, excess data was the most remarkable (24.1%).
Additionally, only one case of vitamin B6 deficiency was
identified throughout the post-operative period. The result is
in line with the findings of Aarts et al. [57], Moizé et al. [58],
and Gehrer et al. [S9] who reported no cases of vitamin B6
deficiency 1, 3, and 5 years post-operatively. In contrast,
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excess level of pyridoxine was noticed in 38.7%, 42.6%,
and 23.3% 1, 3, and 5 year post-operatively, respectively
[56]. This effect might have been a result of the use of multi-
vitamin products that included high doses of vitamin B6 in
their content.

In the study by Toh et al. [60], it was observed that the pre-
operative deficiency of vitamin B12 amplified after RYGB
(from 1 to 11%). In the case of SG, the deficiency of this
vitamin decreased from 4 to 0%. RYGB surgery, because it
belongs to hybrid methods, is associated with the increased
risk of experiencing vitamin B12 deficits. Several factors con-
tribute to this phenomenon [61-66]:

* The development of intolerance and the limited consump-
tion of products that are a source of wholesome animal
protein (mainly meat);

* The decreased concentration of hydrochloric acid and
pepsin in the stomach, which are necessary for the sepa-
ration of vitamin B12 from food proteins;

* The bypass of the duodenum and the shortened contact of
nutrients with pancreatic juice which can weaken the hy-
drolysis of cobalophilin and, in consequence, the release
of vitamin B12;

* The decreased availability of the external factor, which is
necessary for the absorption of vitamin B12;

* Bacterial overgrowth in the section of the digestive tract
excluded from the passage.

In the same study [60], the deficiency of folates in patients
(who underwent SG or RYGB surgeries) was at 0% before
and after the surgical intervention. However, the authors la-
beled one more parameter important in the context of sup-
plying the organism with folates—the amount of folates in
red blood cells (RBC folate). This value is a more precise
predictor of the long-term status of folates in the organism,
whereas the measurement of folate content in the serum may
be distorted by the recent consumption of food [67]. It has
been observed that low folate content in red blood cells
occurred in 1% of patients before RYGB and in 12% after
the surgery, whereas the numbers for SG were 7% before
and 0% after the treatment [60]. The aforementioned changes
of vitamin B concentrations may have been reflected by the
hyperhomocysteinemia observed by the authors. Its frequen-
cy of occurrence increased from 5 to 24% 1 year after RYGB
and from 18 to 25% a year after SG. Importantly, the rec-
ommendation for all patients after surgery was multivitamin
supplementation, and patients after RYGB were additionally
recommended to take 1500 mg of calcium citrate and
1000 pg of vitamin B12 every 3 to 6 months, administered
by intramuscular injection [60]. This fact suggests that apart
from the concentration of B vitamins in blood, there are also
other factors that are responsible for the presence of hyper-
homocysteinemia after surgery.
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The Concentration of Homocysteine
in the Blood of Bariatric Patients

The influence of bariatric surgeries on the concentration of
Hcy in the blood of patients is not clear. Some studies did
not report changes (RYGB) [68] in the concentration of Hey
after surgery, whereas other works indicated either its de-
creased (RYGB and an adjustable gastric band) [69] or in-
creased (RYGB and SG) [60] concentration in blood.

In the study conducted by Sledzinski et al. [70], the authors
reported a significantly higher concentration of Hcy in the
blood of patients qualified for bariatric operation than in pa-
tients with correct BMI (18.5-24.9 kg/m?). Six months after
vertical banded gastroplasty (VBG), the concentration of Hey
in blood did not decrease despite supplementation with vita-
mins B6, B12, and folate.

In a different study [33], in patients who were 6 months after
VBG, there were no significant changes in the concentration of
Hcy in blood despite the regular supplementation with vitamins
B12 (1000 pg/month, administered by intramuscular injection),
B6 (5 mg/day, administered orally), and folate (0.4 mg/day,
administered orally). The authors demonstrated that the concen-
tration of cobalamin and folates in blood did not change signif-
icantly, which results from the satisfactory supplementation of
these vitamins after the surgical intervention. At the same time,
the lack of influence of vitamins on the decrease of the concen-
tration of Hcy in blood (before the intervention—15 +
1.5 umol/L; after the intervention—14 =+ 1.6 pmol/L) may
point to the presence of other indicators influencing the level
of Hey in this group of patients. It has been observed that in
post-surgery patients, the concentration of betaine (the donor of
methyl residue from choline) in serum was lower than in the
control group (consisting of healthy patients with correct BMI,
18.5-24.9 kg/m?) (Fig. 1). Furthermore, after the surgery, a
significant decrease in the ratio between betaine and homocys-
teine was observed in comparison with pre-surgery values. The
authors of the study suggest that the presence of hyperhomo-
cysteinemia after the surgery may be a result of the decreased
concentration of betaine in blood after the intervention.
Decreased betaine levels might have been caused by the signif-
icant reduction of the consumed food, as well as the changes in
the functioning of kidneys, which lead to increased betaine loss
with urine.

Interestingly, in a study by Ledoux et al. [71], scientists did
not observe any correlations between the concentration of B12
and Hcy in patients before and 6 months after gastric bypass
surgery. However, it was demonstrated that the concentration
of Hcy was inversely proportional to the concentration of
folates and the clearance of creatinine and directly proportion-
al to the concentration of creatinine in patients before and after
the surgery. The strong correlation between Hcy and creati-
nine and the clearance of creatinine suggests a strong influ-
ence of kidneys on the metabolism of Hcy [72, 73].

Furthermore, it is worth mentioning that the level of Hey after
gastric bypass surgery was significantly lower in patients re-
ceiving supplementation with a large dose of folic acid—
0.8 mg/day in comparison with patients receiving only
0.2 mg/day [71].

In a different study [74], there was an increase in the con-
centration of Hey in blood 2 and 6 months (12.9 pmol/L and
13.4 umol/L, respectively) after the RYGB and SG surgeries in
comparison with the initial values (11.5 umol/L) despite sup-
plementation with 5 pg of vitamin B12 and 400 pg of folic
acid. Furthermore, scientists reported a significant decrease in
the concentration of vitamin B12 (before the intervention
294 pmol/L, 2 months after the intervention 276 pmol/L,
6 months after the intervention 211 pmol/L) and
holotranscobalamin (holo-TC) (before the intervention
56 pmol/L, 2 months after the intervention 54 pmol/L, 6 months
after the intervention 30 pmol/L), as well as a significant in-
crease in the concentration of methylmalonic acid (MMA) (be-
fore the intervention 0.18 wmol/L, 2 months after the interven-
tion 0.19 umol/L, 6 months after the intervention 0.22 pmol/L)
in the blood of the studied patients [74]. Holo-TC is a form of
vitamin B12 bioavailable to the organism. This is why it can
serve as a bioactive vitamin content marker in blood. MMA
accumulates in the organism as a result of the deficiency of
B12, which leads to the inactivation of methylmalonyl-CoA
mutase, resulting in the accumulation of methylmalonyl-CoA,
which enters the bloodstream as free MMA. This is why both of
the aforementioned markers can be considered early indicators
of cobalamin in the organism [75] (Table 1).

Summary

The review of literature suggests that bariatric surgeries, via the
deficiencies of methionine metabolism cofactors, can signifi-
cantly influence homocysteine metabolism. The factors that
are important in this process include not only balanced nutrition
and the right set of supplements but also the type of the con-
ducted surgery. Interventions which lead to the reduction of the
processes of digestion and absorption have a higher risk of
hyperhomocysteinemia development than methods which limit
only the size of the stomach, e.g., due to the increased risk of
developing vitamin B12 deficiencies. It is worth to consider
MMA and holo-TC assays as early markers of vitamin B12
deficiency, especially in the case of patients with hyperhomo-
cysteinemia and B12 levels within norms. Post-surgical hyper-
homocysteinemia can also be supported by the reduced concen-
tration of betaine and changes in the functioning of kidneys.
Further, separate but important factors are the mutations of the
MTHEFR gene, which considerably slow down the metabolism
of the folic cycle and can be one of the reasons for the persistent
high concentration of Hcy in blood after surgery despite sup-
plementation with B-group vitamins.
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Conclusion

It is worth to consider a routine examination of the homocysteine
level before and after bariatric surgery. It seems to be important
especially in people with diseases that co-occur with elevated
homocysteine levels in the blood, such as diabetes, atherosclero-
sis, and depression. If, despite the of routine multivitamin sup-
plementation, homocysteine levels remain elevated, it is worth
considering the administration of the methylated form of folic
acid and vitamin B12. Undoubtedly, it is necessary to conduct
further research in order to identify the factors that are responsible
for the persistence of hyperhomocysteinemia in patients qualified
for the surgical treatment of obesity.
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