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Abstract: Body contouring surgery after the massive weight loss due to bariatric surgery deals with
different kinds of complications. The aim of this review is to analyze the role that some nutrients may
play in tissue healing after surgery, thus helping plastic surgeons to improve the aesthetic and health
outcomes in massive weight loss patients under a multidisciplinary approach. As a matter of fact,
preoperative nutritional deficiencies have been shown for vitamins and minerals in a large percentage
of post-bariatric patients. Preoperative deficiencies mainly concern iron, zinc, selenium, and vitamins
(both fat-soluble and water-soluble), but also total protein. During the postoperative period, these
problems may increase because of the patients’ very low intake of vitamins and minerals after bariatric
surgery (below 50% of the recommended dietary allowance) and the patients’ low compliance with
the suggested multivitamin supplementation (approximately 60%). In the postoperative period, more
attention should be given to nutritional aspects in regard to the length of absorptive area and the
percentage of weight loss.
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1. Introduction

Obesity is a morbid condition that deeply affects the health and social lifestyle of
people. First-line treatments include low-calorie low-fat diets, increased physical activity,
and modification of lifestyle. These approaches show maximum efficacy in the first 6
months only, but long-term weight management is often associated with a high dropout
rate, lack of compliance, and failures. These critical points are the classical “elephant in
the room”; for this reason, in the most severe and difficult cases, bariatric surgery (BS) (all
abbreviations can be found in the list of abbreviations at the end of the paper) becomes
the only viable approach [1–3]. Bariatric surgery showed important weight loss results in
the first years (25–60% of weight loss), leading to improvements in many obesity-related
diseases, from an amelioration to total resolution of some comorbidities [1–3].

Bariatric surgery is increasing worldwide; in 2019, 256,000 bariatric procedures were
performed in the US [4].

Bariatric surgery can be divided into three main categories: restrictive, malabsorptive,
and the combination of the two. Restrictive surgery aims to reduce the volume of food
intake and to cause an early satiety; malabsorptive surgery, instead, shortens the digestive
tract and reduces calorie and nutrient absorption [5,6].

Laparoscopic-adjustable gastric banding and vertical banded gastroplasty are ex-
amples of restrictive surgery, whereas biliopancreatic diversion and duodenal switch
are primarily malabsorptive and Roux-en-Y gastric bypass represents a combination of
restrictive and malabsorptive surgery [7].
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Usually, in “pure” restrictive surgeries, malabsorption and malnutrition are quite rare,
while malabsorptive surgery can lead to more dramatic reductions in excess body weight
and BMI, but with higher rates of nutrient deficiency [6,8].

Macronutrients, iron, and fat-soluble vitamins are the most frequently affected nutri-
ents after bariatric surgery with a malabsorptive technique. The shorter, common digestive
tract makes the union of chyme with bile and pancreatic secretions very distally and near
the end of the digestive tract, the ileocecal valve. This so modified digestive tract makes
the absorption of fatty acids, amino acids, and small peptides very low or even insufficient
for bodily needs; thus it can determine malnutrition or nutrient deficiency [9].

Post-bariatric patients have unique nutritional needs that are very different from those
of other patients, mainly due to the modifications in the absorptive capacity for nutrients
and electrolytes after the modification in the digestive tract that BS causes. Although it is
quite a rare event, patents have been reported to be hospitalized because of excessive lean
body mass loss and malnutrition, usually after malabsorptive procedures [10].

Massive weight loss, very common after BS, leads to an excess of loose skin that causes
considerable functional and aesthetic problems such as intertrigo, ulceration, skin infection,
and edema [11]. Patients in this condition struggle to find well-fitting clothes, to practice
sport, and to have a normal life and are more prone to body image dissatisfaction and
depression [11,12].

These body deformities can only be corrected through surgery, the most common being
abdominoplasty, lower body lift, upper body lift, brachioplasty, and thigh lift. Patients who
received this kind of surgery demonstrated improvement in quality of life, in particular an
improvement in body image, which has been demonstrated to be stable during time [13].
In 2018, 56,018 body contouring procedures after massive weight loss were performed in
the US, with a 1% increase compared to 2017 [14].

Body contouring procedures are not free of risk; they come along with a wide vari-
ety of possible complications, with overall complication rates ranging between 40% and
55% [14–18]. Among possible complications, it is worth mentioning healing problems
and consequently worse and more visible scars due to the long skin incision requested by
all these procedures. Moreover, body contouring is also associated with local infections,
seromas, skin necrosis, and wound dehiscence; these complications can be prevented or
treated with relatively low risk in an outpatient setting. Much rarer are life-threatening
complications such as bleeding and deep venous thrombosis (DVT) [19,20].

Nutrition plays a central role in post-bariatric patients. A careful nutritional analysis
should be performed during the preoperative exams to detect possible nutritional deficien-
cies, and an appropriate intervention should be planned. Moreover, body contouring on
massive weight loss patients should take into account the “induced malnutrition” condition
that may affect recovery after surgery, scar quality, and complication rates.

Therefore, we focused on the effects of bariatric surgery-induced reduction of nutrient
absorption and of the frequent malnutrition linked to low nutritional compliance on
wound healing and skin health. The number of post-bariatric patients undergoing “body
contouring” cosmetic surgery to remove excess skin has increased in the last few years.
The success of aesthetic surgery can be affected by patients’ nutritional status. In this
review, we present the current knowledge linking nutrition and the post-bariatric skin
condition, highlighting the importance of monitoring nutritional status in massive weight
loss patients.

2. Materials and Methods
Study Selection

An exploratory review was carried out through the electronic databases PubMed
MEDLINE (U.S. National Library of Medicine, Bethesda, MD, USA), Scopus, and Google
Scholar using the following key words: bariatric surgery AND skin OR scars OR body
contouring OR proteins OR massive weight loss OR collagen OR macronutrients OR mi-
cronutrients OR arginine OR homocysteine OR glutamine OR leucine OR vitamins, B12 OR
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supplementation OR folate OR ascorbate OR ascorbic acid OR fat-soluble vitamins OR cal-
ciferol OR tocopherol OR copper OR iron OR anemia OR selenium OR zinc OR copper/zinc
ratio OR complications OR healing OR seroma OR bleeding. The database timeframe for
research was between January 2000 and March 2021 (exceptions were made when no more
recent ones were available). Case reports, case series, editorials, letters, commentaries, and
in vitro studies were excluded. The following products were considered: randomized con-
trolled trials, open randomized clinical trials, non-randomized open studies, observational
studies, cross-sectional studies, guidelines, meta-analysis, and reviews.

3. Macronutrients
3.1. Protein

Protein deficiency and low caloric intake are well known to be connected to an
impaired wound healing. The growth of granulation tissue, the synthesis of collagen, and
the deposition of extracellular matrix protein are all affected by even mild malnutrition,
evolving in delayed healing and increased risk of wound dehiscence [21].

The current guidelines for nutritional support in BS patients indicate protein intake
between 60 and 120 g/day, and the most recent AACE/TOS/ASMBS guidelines of 2013 set
the recommended intake at 60 g/day [7]. Although, after a major surgery, a 25% increase in
protein–caloric requirements is reported in the literature, some studies suggest that even at
the end of the first year after BS, patients tend not to get the recommended intake of calories
and proteins; protein deficiency is reported to be 13% in the post-bariatric population.
It seems to be mainly caused by an intolerance to protein-rich foods or failure to take
supplements, manifesting through avoidance of meat and protein-rich vegetables [2,22,23].
Aging, the amount of weight loss, and dumping syndrome are considered the major
risk factors for developing an unsatisfactory nutritional status. Protein deficiency can be
evaluated by both albumin or pre-albumin serum levels, with the latter representing a
more reliable marker of acute malnutrition thanks to its shorter half-life of 24–48 h [24,25].

Nitrogen balance measurement is one of the most actual and more precise measure-
ments of protein intake; however, it needs to be concomitant with a precise food intake
control, not to overestimate nitrogen intake. Nitrogen balance is not yet the most used,
because traditionally albumin and pre-albumin levels have been the preferred measure-
ments of protein level; it is, however, showing an increasing use and is becoming the
new standard in protein balance measurement [26]. However, some authors deem that
there may not be a direct causative relationship between serum albumin levels and wound
healing delays/complications, suggesting that other factors such as high BMI or high
volume of tissue resection could play a more valid predictive role [20].

Despite the common belief that tends to consider the skeletal muscle as the main
deposit, it is skin that has to be regarded as the most protein-rich tissue, containing over
27% of the human body proteins, against 22% of the skeletal muscle [27].

For a long time considered a low-quality protein source due to its lack of essential
amino acids, collagen is now experiencing a renaissance thanks to its rate of intestinal ab-
sorption and fast bioavailability; the hydrolyzed collagen peptides can be indeed absorbed
by the intestinal membrane even with higher molecular weights compared to normal pep-
tides, up to 10 kDa, and they are rapidly transferred to the skin, reaching the peak just 12 h
after the ingestion [28]. Moreover, some of them, like the proline–hydroxyproline peptide,
which appears to be the most common peptide following the ingestion of type I and II
collagen, are strongly resistant to the peptidases, and after 24 h, 75% are still available in
the serum [29].

The collagen and its natural or synthetic peptides supplementation effects are docu-
mented by recent studies, which stress their chemotactic actions on fibroblast, neutrophils,
and monocytes, increasing the new collagen fiber synthesis and extracellular matrix re-
arrangement [30–32].
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This leads to skin benefits in terms of barrier function, elasticity, UVB photoaging,
and hydration [33–35]. Interestingly, sea-derived collagen, such as the ones obtained from
tilapia and seabass, are the ones with the higher antioxidant effect [36,37].

Protein deficiency, or as it is usually called protein–energy malnutrition (PEM), is
one of the main players in immune response, as it influences both innate and adaptive
immunity. PEM causes inefficient barrier response with a more likely bacterial translocation
to the bloodstream and reduces the adaptive immune response, but it does not influence
phagocytic activity [38–40].

3.2. Arginine

Arginine can be used in collagen synthesis or converted to polyamines, important for
cellular proliferation and differentiation [41].

Arginine is involved in vasodilatation when it is used by nitric oxide synthase (NOS)
to produce nitric oxide. Arginine supplementation has been found to be beneficial for a
faster and better healing in pressure ulcers; however, it appears that systemic arginine is
not diminished in patients with chronic wounds; instead, arginine seems to be depleted
locally with lower arginine in the blood flow coming from the affected limb [42]. However,
studies carried out in a chronic-wounds population suggest that the measured impaired
NO activity is to be attributed more to the accumulation of NOS enzyme inhibitors, asym-
metric dimethylarginine (ADMA), and symmetric dimethylarginine (SDMA), rather than
L-arginine deficiency. According to these results, the problem should be addressed with a
treatment to reduce inhibitor levels rather than L-arginine supplementation [42].

3.3. Glutamine

Glutamine is involved in the respiratory cycle of cells as a fuel source in gluconeogen-
esis and serves as a precursor for the synthesis of nucleotides in cells, including fibroblasts
and macrophages [43,44].

Glutamine activates mTOR signaling and increases protein synthesis in enterocytes,
promotes intestinal development, regulates tight junction protein expression and intestinal
immunity, and inhibits apoptosis induced by oxidative stress or other stimuli [45–47].

Glutamine supplementation helps to bring about better intestinal development and
integrity in neonates and more efficient intestinal nutrient absorption, which can be main-
tained even under stress in laboratory animals [45,48].

Glutamine levels appear to fall rapidly after an injury or major surgery, and sup-
plementation appears to improve protein synthesis and decrease the length of hospital
stay [43,44].

3.4. Leucine

The amino acid leucine (one of the three branched chain amino acids (BCAAs)) is one
of the main nutritional regulators of protein synthesis; indeed, it can directly stimulate
protein synthesis via mTORC1 signaling activation. Once inside the cytosol, leucine is
perceived by a specific sensor (Sestrin 2) and blocks its inhibitory effect on a series of
protein complexes (GATOR 1 and GATOR 2) enhancing mTORC1 activation [49]. When
activated, mTORC1 moves close to the lysosome membrane, where the interaction with
the Ras homolog enriched in brain (Rheb) allows the final activation of mTORC1. Both
the daily amount of leucine and leucine meal distribution influence the overall protein
synthesis rate. Notably, leucine supplementation is able to restore muscle protein synthesis
even with a suboptimal amount of meal protein [50]. The “threshold” for the anabolic
effect of leucine seems to be around 2.5 g of leucine in a single meal [51].

It has been demonstrated that leucine supplementation has an anabolic effect on
protein metabolism in an experimental model of skin wound in rabbit when an adequate
amount of protein is provided [52].
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3.5. Short Chain Fatty Acids (SCFAs)

SCFAs (mainly butyrate, propionate, and acetate) are produced by gut bacteria through
the metabolism of dietary fiber in the colon, and it has been demonstrated that there is a
direct causal relationship between the fermentation of dietary fibers and the amount of
SCFAs. The positive metabolic effects of SCFAs have been largely proved as their protective
roles against diet-induced obesity and insulin resistance via systemic effects. The role of
SCFAs in skin health has been poorly investigated, but recently, due to the increasing
interest in gut/microbiome influence on many health aspects, the different actions on skin
of SCFAs produced by microbiota have been put under the magnifying glass.

It has been suggested that gut microbiome may positively influence not only kera-
tinization but also resident skin immune system, directly and indirectly influencing the
predominance of certain skin microbiotic profiles [53].

Commensal skin bacteria produce SCFAs, and it has been demonstrated that butyrate,
propionate, and acetate (three of the SCFAs) may activate resident skin regulatory T cells
(Treg), improving immune skin response via the histone acetylation mechanisms that
upregulate the genes encoding for Treg-specific factors [54,55]. Moreover, SCFAs are also a
stimulus for collagen biosynthesis through the increase in IGF-1 receptor expression [56].

SCFA gut production may be stimulated by ingestion of high-fiber foods, such as
fruits, vegetables, legumes, and whole grains and/or fermented foods made by bacterial
fermentation, such as cheese, butter, pickles, sauerkraut, soy sauce, and yoghurt.

4. Micronutrients
4.1. Water-Soluble Vitamins

Water-soluble vitamins are absorbed in specific parts of the digestive tract. When a
bypass is performed, the absorptive surface can be limited and result in a deficiency that
can build up to hazardous levels.

4.1.1. Vitamin B12 (Cobalamin)

Vitamin B12 (cobalamin) is a cobalt-containing vitamin, synthesized by different
microorganisms. It can be found in different chemical forms in foods derived from animal
sources as milk, cheese, and eggs. This vitamin is fundamental for two enzymatic reactions
in humans: as a cofactor for the conversion of methylmalonic acid to succinyl-CoA, and for
the conversion of homocysteine in methionine [57].

The plastic surgeon must know that in all bariatric surgeries with stomach partial
resection, and especially in the case of antrectomy, B12 normal mechanisms of absorption
are severely undermined. B12 deficiency can be a consequence of the reduction of its two
main players: hydrochloric acid and intrinsic factor, produced by parietal cells [9,58].

B12 deficiency can be quite common in the post-bariatric population, reaching up
to 65% in both biliopancreatic diversion (BPD) and Roux-en-Y gastric bypass (RYGBP)
procedures [59]. Although mainly subclinical, due to its fundamental role in DNA and
protein stabilization, a B12 deficiency can lead to megaloblastic anemia, which could even be
further worsened by surgical blood loss, not an uncommon complication in post-bariatric
contouring procedures. The so reduced circulating blood volume could, therefore, lead to
delay/complications in wound healing, while the anemic fatigue could further inhibit the
patient’s mobility, increasing the thromboembolic risk.

Moreover, a reduced level of B12 has been linked to increased homocysteine and
methylmalonic acid (MMA) in plasma, increasing the thrombotic risk and endothelial
dysfunction [60,61].

Weight loss induces a resistance against the anti-homocysteine B12
′s effect, requiring

higher concentrations to keep homocysteine levels in range. Despite the recommended
oral supplementation (500 mg/day for 1 month), vitamin B12 deficiency seems to increase
its prevalence at longer follow-up times (12–24 months), but only a few cases of macrocytic
anemia have been reported in the literature.
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4.1.2. Vitamin B (Folate)

Many forms of water-soluble vitamins of the B-complex are referred to as “folate,” an
essential cofactor of metabolic processes regarding DNA and proteins synthesis, whose
deficiency affects especially fast replicating tissues, such as bone marrow and healing
tissues. Folate intake with diet is based on foods such as liver and leafy green vegetables;
however, recent studies have suggested that it may be produced as well by the colon micro-
biota. The prevalence of folate deficiency in the post-bariatric population is reported to be
between 9% and 35% and is mainly associated with megaloblastic anemia, which can lead
to delayed tissue healing due to impaired circulation, and neural tube defects in pregnant
patients [62,63]. Reduced folate blood levels are also related to hyperhomocysteinemia,
a well-known atherogenic factor, while anemia-related fatigue and the immobilization
following it are connected to an increased risk of deep venous thrombosis [22,64]. The
deficiency is usually addressed with an oral repletion of 400 mg per day, increasable to
1000 mg/day for refractory cases [65].

4.1.3. Vitamin C

Vitamin C plays multiple, well-studied roles in wound healing, as its deficiency,
reported to be around 35% in the post-bariatric population, is linked to reduced collagen
synthesis, capillary weakness, lower plasma levels of glutathione, and a higher risk of
infections due to impaired phagocytosis and complement activity [22,66,67].

Vitamin C deficiency has been shown mainly through biochemical evidence, especially
after RYGB, with no clinical manifestation reported after bariatric surgery [9,66].

The connection between vitamin C and collagen synthesis has been known since the
mid-’50s, when in vivo models showed that its deficiency allows fibroblast and endothelial
cell replications, but not collagen growth [68]. Later studies revealed that vitamin C,
through its enhancing effect on the enzyme prolyl hydroxylase, is responsible for the cross-
linkage and the stability of the triple-helix α-chains of collagen. Its deficiency is reflected
indeed in the reduced strength of skin, tendons, and blood vessels and in impaired wound
healing, all well-known symptoms of the old sailor’s disease: scurvy [69].

While in the animal model, collagen type I fibers have been shown to increase in line
with vitamin C supplementation, this direct relation has yet to be proven in the human [70].

Due to its water-soluble nature, vitamin C deficiency in post-bariatric patients could
be easily addressed with a healthy, varied, fruit-comprehensive diet. However, since
the literature suggests that vitamin C increases iron absorption, supplements could be
recommended in the procedures in which it is affected, such as RYGB, to prevent microcytic
anemia. In case of a confirmed iron deficiency anemia, oral supplementation of vitamin C 1–
2 g/day is usually combined with ferrous sulfate 300 mg twice or thrice daily. Intravenous
infusions could be used for refractory cases [22,65,71].

Both vitamin C and glutathione are among the low-molecular-weight antioxidants.
Even if low levels of ROS are required for angiogenesis and intracellular signaling [72],
the activity of antioxidants in avoiding tissue damage caused by their high reactivity is
essential for good healing and proved by their depletion in wounded skin and impaired
wound healing conditions such as diabetes, advanced age, and immunodepression [73].

4.2. Fat-Soluble Vitamins

Deficiency of fat-soluble vitamins A, D, E, and K, due to their primary jejunum and
ileum absorption, is mainly considered a consequence of BPD and RYGB, even if minor
deficiencies have been described after laparoscopic-adjustable gastric band (LAGB) and
laparoscopic sleeve gastrectomy (LSG) procedures [74,75].

4.2.1. Vitamin A

The term vitamin A is used to refer to a wide range of retinoids, such as retinol or
retinoic acid. Some pro-vitamin forms are also described, among which β-carotene is the
most common.
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Since humans cannot synthesize vitamin A, it must be introduced with diet. Vitamin
A can be obtained from both animal-derived products such as eggs, dairy products, and
fish liver oil and fruits and leafy green vegetables [76,77].

Besides its well-known correlation with human visual system function, vitamin A
deficiency shows well-studied connections with an increased infection rate, bone, thyroid
and pancreatic metabolism impairment, tissue oxidation, skin cancer, and many other skin
illnesses such as phrynoderma, a mildly symptomatic hyperkeratosis, which manifests
in cases of severe malnutrition that can present in countries where malnourishment is
endemic or in patients with severe eating disorders [78].

The benefits provided by vitamin A in wound healing have been well known for
almost a century [79], as well as the delayed and impaired wound closure following its
deficiency. At skin and mucosal levels, vitamin A seems to act as a hormone promoting
neoangiogenesis, enhancing fibroblasts’ activity and replication, increasing the production
and deposition of collagen and glycoprotein, expanding the extracellular matrix, and
preserving the integrity and health of the skin and mucosal membranes [80]. Also, its
ability to mitigate the side effects on skin resistance of corticosteroid therapies has been
demonstrated [81].

Vitamin A deficiency prevalence in the post-bariatric population is reported to be
around 69%, increasing over time and with a 10% resistance to supplementation. Consid-
ering that its daily requirement (2700 IU) seems to be increased after surgical procedures,
repletion is suggested to be carried out by an oral supplementation between 10 and
50,000 IU/day for 1 month before and after surgery, or by 10,000 IU/day intravenously in
case of more severe deficiencies and malnourished patients [65,82].

However, before starting any vitamin A supplementations, a study of hepatic end
renal functions is recommended to avoid potential intoxications, not forgetting that at the
moment no supplementation trials have been carried out on humans, and their indications
are only based on expert opinions and animal model studies [81].

Vitamin A controls neutrophil maturation, and when this nutrient is deficient a higher
blood neutrophil number is found but their phagocytic capacity is impaired, with an
increasing difficulty in attacking bacteria. Natural killer cell function is also impaired when
vitamin A is deficient [83–85].

The effects of vitamin A on the maturation and differentiation of adaptive immunity
are less clear, showing this vitamin and its metabolites influencing Th cells in different and
sometimes contrasting ways. One of the main effects of retinoic acid is causing T cells to
move to the gut-associated lymphoid barrier, thus helping with a better response against
infectious diseases [38,86].

4.2.2. Vitamin D

Vitamin D is a cholesterol-derived secosteroid. In humans, it is mainly produced in
the skin by the action of UV light [87]. The so created D3 previtamin has to go through two
hydroxylations to get to the active form; while the first 1-carbon hydroxylation is carried
out mainly in the proximal tubules of the kidney, the second one on the 25-carbon could be
carried out in many extra-renal tissues such as colon, pancreas, bone, immune cells such
as macrophages or T lymphocytes, cerebral cells, and even lung, prostate, or skin cancer
cells [87].

Vitamin D could be obtained directly from diet (around 10–20% of the total amount),
mainly from animal-derived aliments such as fish liver oil, eggs and fortified dairy prod-
ucts [88]. D2 form (ergocalciferol), which needs the same activation of D3, is synthesized
by plants and fungi and could itself contribute to the dietary intake, especially with wild-
grown mushrooms [89].

The literature discusses its influence on neurodegenerative, neoplastic, inflammatory,
vascular, and dermatological diseases, in addition to its well-known key role in calcium and
phosphate regulation and its influence on bone health, osteoporosis, rickets, and muscle
strength [90,91].
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Vitamin D deficiency detection is based on 25-(OH)-vitamin D serum levels. The
definition of deficiency is generally settled at 25-(OH)-D levels < 20 ng/mL (50 nmol/L),
while insufficiency at <30 ng/mL (75 nmol/L). However, some authors, such as the Ameri-
can Institute of Medicine, have settled deficiency levels at <12 ng/mL (30 nmol/L) and
insufficiency levels at <20 ng/mL (50 nmol/L). A consensus has not been reached yet [92].

A decreased absorption of vitamin D is related to BS procedures, which implies a
reduced area of absorption or pancreatic/bile secretions [93], but vitamin D deficiency is
common in the obese population before BS [94]. Numerous studies, conducted all over
the world, agree in showing an increased prevalence of vitamin D insufficiency in the
obese population, reaching more than 70% in some of them, with almost 30% of severe
deficiency [92].

The subject is still under investigation, but potentially related factors seem to be
the reduced sun exposure, caused by a more sedentary lifestyle, the sequestration and
dilution of vitamin D in adipose tissue due to its lipophilicity, and potential interaction
with low-grade inflammation [95,96].

Vitamin D deficiency can lead to hypocalcemia, which has been reported to range
from 15% to 48% in biliopancreatic diversion and around 10% in distal Roux-en-Y gastric
bypass [65].

Many patterns of supplement therapy have been investigated. Many authors agree
that a daily oral dose between 2000 and 5000 IU is adequate to ensure sufficient 25-(OH)-
D serum levels in most patients [97]. However, given the poor compliance shown by
patients in taking supplementation in the post-surgical period, some studies suggest the
effectiveness of intramuscular injections of mega doses of 600,000 IU once or twice yearly,
without reported side effects or adverse events [96,98]. Vitamin D mega doses did not show
any amelioration of the risk of fractures, and in some cases there was even an increasing
risk of fractures [99].

Vitamin D plays an important role in immunoregulatory response [38]; it can induce
macrophages to synthesize antimicrobial peptides [100,101], influencing directly the host
defenses. Several studies demonstrate that a vitamin D-deficient population shows a higher
percentage of respiratory tract infections [102] ].

Vitamin D promotes phagocytosis and superoxide synthesis and improves bacterial
killing, thus improving innate immunity [103–106]; its effect on adaptive immunity is less
clear, and vitamin D can be seen as a regulator of immune function whose effects depend
on the host’s health status [38,107,108].

4.2.3. Vitamin E

Vitamin E is an essential micronutrient that comprises two main families of isomers,
slightly differing in structure: tocopherols and tocotrienol. Not being produced by the
human body, it can be introduced with diet, especially with plant-based products such as
fresh vegetables, cereals, and nuts [109].

Although vitamin E has been widely used since many years in the dermatologic and
skin care industry because of its well-known antioxidant effect, recent studies suggest that
it plays an important role in gene expression and cell signaling, leading to an increased
immune defense against methicillin-resistant Staphylococcus aureus (MRSA) infections,
modulating the connective tissue growth factor (CTGF) expression and regulating the cell
structure and stability [110,111].

Vitamin E has a well-known antioxidant effect like vitamin C, carotenoids, and pheno-
lic compounds. All of these nutrients are depleted in healing wounds in rats, and they get
back to physiological levels in 14 days [112]. Vitamin E and glutathione are reduced also in
wounds of aged or diabetic mice, and their supplementation reduces the levels of lipoid
peroxides, enhancing wound healing and angiogenesis in diabetic mice wounds [112,113].
Systemic treatment with the vitamin E-like antioxidant raxofelast showed improved healing
and angiogenesis in genetically diabetic mice [114].
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Regardless of bariatric surgical procedures, which worsen its deficiency by reducing
its absorption, vitamin E could also be deficient in the normal population; the literature
suggests indeed that the majority of the population do not assume the recommended intake
of vitamin E [115].

Clinical evidence of its deficiency is dryness and skin fragility, loss of hair, and
paresthesia of the extremities. While these complications are easily avoided with oral
supplementation from 400 IU/day of vitamin E for 1 month to 800 IU for refractory cases,
great attention needs to be paid to not exceed the dosage due to its steroid-like anti-
inflammatory power, which can lead to a decreased collagen production and increased
wound instability [65].

Vitamin E is a major liposoluble antioxidant in the body and is essential for protecting
cells from peroxidation, which can cause immunosuppression [38]. In older healthy adults,
a negative association between plasma vitamin E levels and risk of infections has been
demonstrated [116].

4.2.4. Vitamin K

Vitamin K is well studied for its influence on coagulation factors. Leafy green veg-
etables such as broccoli, spinach, and collards are well known for being rich in it, and
they counteract anticoagulation drugs such as warfarin [62,117]. Vitamin K deficiency is
linked to an increased risk of bleeding: in fact, an elevated INR is currently preferred in
clinical practice to diagnose vitamin K deficiency rather than its serum level, which is more
frequently used for research purposes. An oral dose between 5 and 10 mg/day or a single
10 mg intramuscular assumption is generally considered a fair supplementation [65].

There are no reported cases of clinical manifestation of vitamin K deficiency, but the
need for supplementation is still debated for the post-bariatric population [9,118].

4.3. Minerals
4.3.1. Copper

Copper is an essential micronutrient introducible through diet with foods such as
seeds, nuts, seafood, and chocolate. It acts mainly as a cofactor in numerous processes
affecting scar strength, the immune and nervous systems, and hemoglobin synthesis. Its de-
ficiency, reported to be around 10% in the post-bariatric population, is linked to myelopathy,
skin sores, and discoloration [62,119]. Although no official supplement recommendations
are provided, a repletion with oral copper, 2–4 mg/day for 1 month, could be suitable to
prevent immune system dysfunctions and skin damage; refractory symptomatic copper
deficiencies are rare after supplementation [65,120].

The majority of Cu travels in combination with ceruloplasmin (Cp) with high affinity;
it is likely that an increase in the circulating Cu is secondary to an increase in the circulating
Cp, which can be induced by inflammation [121].

Cu–Cp also influences iron metabolism, both its absorption at the intestinal level and
its release from storage for physiologic needs, for example, erythropoiesis [121,122].

4.3.2. Iron

Iron can be absorbed in the gastrointestinal tract, mainly in the duodenum and
proximal jejunum, only in its ferrous form (Fe2+). The conversion of Fe in the ferrous form
is allowed by the stomach’s acid environment [123]. The reduction in the absorptive surface
and HCl secretion, the prescription of anti-acid drugs (such as proton pump inhibitors or
H2 blockers), or changes in dietary habits with a reduced intake of iron-rich aliments such
as red meat are all mechanisms connected to the development of iron deficiency [62,124].
Iron deficiency is common in the post-bariatric population, with a prevalence ranging
from 40% to 75%, markedly higher compared to the general population prevalence of
12% [5,125]. Microcytic anemia is significantly more frequent after bariatric procedures,
with 10% prevalence, markedly higher than 3% in the non-bariatric population [126].
Dumping syndrome is a common consequence of esophageal, gastric, or bariatric surgery;
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it presents as early or late dumping syndrome. Early dumping occurs in the first hour
after eating; late dumping instead occurs 1–3 h after carbohydrate ingestion. They both
present with fast fluid shifts into the intestinal lumen, with systemic symptoms, and the
late dumping is associated with hypoglycemia, caused by an incretin increase [127].

Dumping syndrome has been associated with anemia. In addition to anemia, immune
dysregulation has been described as a possible consequence of iron deficiency, with the
consequent repercussions on local infection and wound healing [128].

Repletion therapies could be carried out with oral ferrous sulfate at the dose of
300 mg twice or thrice daily, but since almost 50% of patients seem to be unresponsive
to oral supplementation, often intravenous (iv) administration becomes necessary [65].
Iron deficiency and its relationship with increased risk of infection remain unclear [41];
however, its deficiency can induce impairment in respiratory burst and bacterial killing, T
cell proliferation and production of Th1 cytokines [129–131].

4.3.3. Selenium

This trace element, which could be found in foods such as meat, fish, and cereals, plays
an important role in immune regulation, muscle metabolism, thyroid function, antioxidant
processes, and protein synthesis, in the aminoacidic form of selenocysteine [22,132]. While
some authors do not report any selenium deficiency in the post-bariatric population,
others show a selenium deficit prevalence of up to 3% despite its supplementation. A
supplementation of 100 mg/day seems to be sufficient to lead to a lower wound infection
rate [22,133,134].

Selenium is involved as a cofactor in various enzymatic reactions, including antioxi-
dant reactions such as glutathione peroxidase, thus blocking immunosuppression deriving
from oxidative stress [38]. Selenium repletion in humans showed better adaptive and
innate immune response even in those patients with already optimal Se levels [135,136].

4.3.4. Zinc

Zinc is a micronutrient particularly abundant in red meat and seafoods such as
oysters. Its absorption in the small bowel is not regulated by a saturation mechanism,
meaning that an increased supply leads to increased uptake [137]. Zinc deficiency is
directly linked to poor wound healing in many ways: a reduction in fibroblast proliferation
and collagen production could lead to impaired wound strength and epithelization, while
a rise in the risk of infections could be determined by its primary role in both cellular
and humoral immune regulation. Moreover, antioxidant and antiatherogenic properties
are now reported in the literature thanks to its stimulation of the resistance to apoptosis,
production of acute response proteins and metalloproteases [22,138].

Zinc can be found mainly bound to albumin, or it can be free in a labile form that is
usually loaded to peripheral tissue in case of oxidative stress. During this phase, Zn can be
used to induce metallothioneins (MTs), a group of antioxidant proteins [121].

Zinc deficiency diagnosis is based on serum levels, and its prevalence is reported to
be around 35% of post-bariatric populations, while its treatment, highly recommended
due to its importance inmany wound healing factors, is based on oral supplementation of
220 mg/day for one month, upgradable to twice or thrice daily in refractory cases [65,139].
Since zinc competes for absorption with both copper and iron in the small bowel, supple-
mentation has to be taken separately [137]. Zinc, when deficient in human subjects, showed
decreased natural killer cell activity, lymphocyte proliferation, IL-2 production, and cell-
mediated response; all of them can be brought back to normal by zinc repletion [140,141].

4.3.5. Copper/Zinc Ratio

The Cu/Zn ratio (CZr) can indicate the individual capacity to better regain homeosta-
sis after a destabilizing event, such as a disease or major surgery. CZr is slightly influenced
by nutritional changes; inflammation is an important factor that can increase CZr. An
increase in CZr is due to both decrement of serum Zn and increment of serum Cu; in case
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of inflammation, there is an upregulation in Cp and a downregulation in albumin at the
hepatic level, the main Cu and Zn carriers, respectively [121].

Another factor influencing the Cu/Zn ratio is hormone signaling, particularly the
decline of insulin, GH, and IGF-1, which are all stimulators of albumin synthesis, and
this decline is common in elderly or pathological conditions such as diabetes or pre-
diabetes [142,143].

Cu/Zn-dependent superoxide dismutase (SOD1) is an enzyme involved in dismuta-
tion of superoxide radical anions in H2O2 and water, along with SOD2, a mitochondrial
Mn-dependent enzyme, and SOD3, an extracellular enzyme [144]. While SOD1 and SOD2
are upregulated in healing skin wounds, the highest in the early inflammatory phase [73],
their activity is instead reduced, probably due to the inhibitory effect of high ROS lev-
els [145,146]. In aged rats, SOD activities are furthermore reduced compared to young
rats [73,112].

5. Surgery Complications Related to Nutritional Issues

Local and minor complications (hematoma, infection, seroma, healing delay, or wound
dehiscence) can be quite common in massive weight loss (MWL) surgery, while major and
life-threatening ones such as DVT and pulmonary embolism (PE) are nowadays quite rare.

5.1. Delayed Wound Healing and Wound Dehiscence

Wound complication rates are reported to be as high as 80%, comparing this patient
population to other high-risk surgical patients, such as oncological, burned, and trans-
planted ones [14,17,147–149]. Most of these complications are of lesser importance and can
be treated in an outpatient setting [59].

Bariatric surgery aims to achieve loss of weight through caloric restriction, and some
patients suffer from nutritional deficiencies too; this directly impairs wound healing.
Protein–calorie insufficiency has been to persist up to 2 years post-bariatric surgery in up
to 38% of patients. Protein intake is crucial in fibroblast maturation, collagen production,
and angiogenesis, and protein supplementation has been proved to ameliorate healing
time and scar quality [147,150,151].

B12 and folate deficiencies impair DNA, and protein synthesis and can cause mega-
loblastic anemia, but is rare in post-bariatric patients. This nutritional deficiency can
impair cellular proliferation and wound repair in patients. If the patient is affected by
megaloblastic anemia, there will be insufficient tissue oxygenation, leading to inefficient
wound healing [22,77,152–154].

Vitamin C deficiency plays a role in wound healing, slowing down collagen synthesis
and angiogenesis, causing also capillary leakage due to less collagen present in the extra-
cellular matrix, slowing down scar formation, and facilitating serum leakage and seroma
formation [67,155–158].

Usually, there is no clinical manifestation of vitamin A deficiency, but a prolonged
deficiency can impair the healing process, and body contouring surgery may increase
vitamin A requirements, making this deficit clinically evident [74,159].

Vitamin E, when deficient, is usually clinically silent, but excess supplementation
can impair collagen synthesis and lower wound healing quality, due to its steroid-like
anti-inflammatory properties [160,161].

Zinc-deficient subjects showed decreased fibroblast proliferation and collagen synthe-
sis, leading to decreased wound strength and delayed epithelization. Zinc supplementation
has improved wound healing [156,162].

5.2. Seroma

Seroma is a common complication in massive weight loss surgery; it happens when a
space is left while closing the wound, and it can become chronic when it is not drained and
resolved properly in the first weeks after surgery. It can become a serious problem causing
patient dissatisfaction, pain, and infection and may need revision surgery. Seroma can
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lengthen healing and recovery time, impairing scar formation and contour results. Seroma
usually forms after abdominoplasty, also in brachioplasty, less commonly in the thighs and
in the posterior midline [163–167].

Usually, seroma treatment is performed in an outpatient setting, usually with frequent
aspirations, but it can be necessarily a surgical approach [163].

Seroma can be prevented through thorough care of the wound, use of quilting sutures,
compressive garments, and maintaining drains in place until it is safe to remove them
(output < 30 mL/day) [167].

When wound healing is impaired, so is the closure of the dead spaces, even when all
the measures to prevent them are in action, so it is reasonable to think that a faster collagen
deposition, a stronger extracellular matrix, and healthy blood vessel guarantee the lowest
chance of forming a seroma.

5.3. Bleeding and Hematoma

Postoperative bleeding can occur in this kind of patient; it may result in acute and
severe bleeding or a hematoma formation. Severe, acute bleeding is a life-threatening
situation that requires immediate care and can end in urgent surgical revision, while
hematoma is usually a problem resolved in an outpatient setting with wound care and
topical drugs.

Patients under anticoagulant or antiplatelet drugs or using herbal remedies are more
prone to bleeding; thus they all should be discontinued before surgery [168].

In the literature, there is no direct link between bleeding and a specific nutrient. In
particular, vitamin K deficiency has never been associated with clinical manifestation in
post-bariatric population: even if by the fourth year of post-surgical follow-up, 68% of
the post-bariatric population presented a vitamin K deficiency, no real clinical manifesta-
tion has been reported, and in particular no alteration of the coagulation time has been
reported [5,74].

All the factors involved in an unpaired collagen deposition influence also blood vessel
function and consequently increase bleeding risk.

6. Discussion

Nutritional deficiency is a very common pre-existing condition in many medical and
surgical patients [8] that can be either exacerbate or induced in post-bariatric patients.
To optimize the surgical outcomes and to avoid complications the plastic surgeon needs
to conduct a very thorough and precise patient selection. Even though more attention
has been originally focused on the loss of excess weight, and on initial and residual BMI,
nowadays nutritional assessment and supplementation is becoming increasingly important,
with BMI limitations still dependent on surgeon experience, instead [169,170].

Preoperative deficiencies have been shown for iron (43.9%), thiamine (29%), and 25-
OH vitamin D (68.1%) in a retrospective study of 379 consecutive patients [171]. Similarly,
vitamin A, vitamin B12, 25-OH vitamin D, zinc, iron, ferritin, selenium, and folate defi-
ciencies have been shown in the preoperative period and 1 year after weight loss surgery
despite vitamin supplementation [172] (see Table 1).

These nutritional problems are related to the patients’ very low intake of vitamins and
minerals after BS (below 50% of the recommended dietary allowance) and to the patients’
low compliance with the suggested multivitamin supplementation (approximately 60%) [5].

Thus, many post-bariatric surgery patients are nutritionally deficient for several years
after their BS procedure. Nutrient deficiency is often proportional to the length of absorp-
tive area and to the percentage of weight loss and can be prevented if a multidisciplinary
team regularly assists the patient [5]. Deficiencies and malnutrition, accordingly, should be
corrected by a proper nutrient supplementation.
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Table 1. Most common nutrient deficiencies in post-bariatric patients and their effects on health and wound healing.

Deficiency Effects on
Wound Healing

Deficiency Effect on
Wound Healing Supplementation Comments Reference

Vitamin B12
DNA synthesis and
myelin production.

Megaloblastic anemia can
impair blood supply to the

wound bed.

500 mg/day
for 1 month

Deficiency increases
homocysteine and
MMA, increasing
thrombotic risk.

[57,60,61]

Iron Matrix synthesis and
ROS protection.

Anemia impedes normal
wound healing. Inefficient
ROS protection increases

oxidative stress of the wound.

Oral ferrous
sulfate 300 mg
2–3 times/day

50% of the patients resist
oral supplementation, IV

supplementation may
become necessary.

[126,129–131]

Zinc

Fibroblast proliferation
and collagen production.

Acute phase response
protein and

metalloprotease
production.

Impaired collagen production
and fibroblast differentiation.
Lower metalloproteases and

antioxidant proteins.

220 mg daily
for 1 month

up to
2–3 times/day

Zinc competes for
absorption with copper
and iron, must be given

separately.

[22,137,138]

Copper
Necessary for optimal

immune system function
and erythropoiesis.

Skin is less resistant to
damage, and immune system

is impaired.

2 to 4 mg/day
for 1 month

Mainly bound to Cp in
the bloodstream. [62,65,119,120]

Selenium

Immune regulation,
muscle metabolism,

thyroid function,
antioxidant processes,

protein synthesis.

Necessary for glutathione
peroxidase function. Its

deficiency causes an
increased oxidative stress
with impaired immune
system and increased

infection rate.

100 mg/day
An important cofactor in

many ubiquitous
physiologic reactions.

[22,133,134]

Arginine Collagen synthesis, nitric
oxide production. Faster healing in ulcers. 200–500

mg/kg/day

NOS activity is impaired
by inhibitory

by-products rather than
Arg deficiency.

[41,42,173]

Glutamine
Involved in energy

production and nucleotide
synthesis.

Better fibroblast and
macrophages development.

20 g/day in
micronutrient

complex
supplement

It makes intestinal cells
more efficient in nutrient

absorption.
[43–45,174]

Folate DNA synthesis and amino
acid conversion

Megaloblastic anemia,
reduced cell duplication rate,
and hyperhomocysteinemia.

400 mg/day
up to 1000
mg/day

Folate represents many
forms of water-soluble

vitamins of the
B-complex.

[22,62–64]

Vitamin C

Collagen synthesis, nitric
oxide production, and

increase in iron
absorption.

Reduced strength of skin,
tendons, and blood vessels.
Impaired wound healing,

phagocytosis, and
complement activity.

300 mg
2–3 times/day

Low-molecular-weight
antioxidant. [22,66,67,69]

Vitamin D Phagocytosis and
bacterial killing.

Low-grade persistent
inflammation and impaired

cellular immunity lead to
increased infections.

2000–5000
IU/day

Mega doses of 600,000
UI/year can be given

i.m. with no side effects.
[38,102,107,108]

Vitamin A

Influences neutrophil
maturation and

phagocytic activity.
Promotes neoangiogenesis

and fibroblast activity.

Impairment in wound
healing; low collagen and
glycoprotein deposition.

10,000–50,000
UI/day

No human trial on
supplementation.

Check liver and kidney
function to avoid

overdosage.

[65,78,80–82]

Vitamin E
Antioxidant effect and

increased infection
resistance.

Dryness and skin fragility.
400–800

UI/day for
1 month

Protect cells from lipid
peroxidation. [109–111,113]

Vitamin K Involved in the
coagulation cascade. Increased bleeding risk.

5–10 mg/day
or 10 mg i.m.
single dose

Coagulation time is the
main index of vitamin K

deficiency.
[62,65,117]

Proteins

Growth of granulation
tissue; collagen and
extracellular matrix

synthesis.

Wound healing impairment;
inefficient immune response

with easier bacterial
translocation.

0.8–2.4
g/kg/body

weight

Measurable with
albumin and

pre-albumin levels.
[21,24,25,39,40]
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Plastic surgeons are increasingly faced with the morphological requirements of post-
bariatric surgery patients who have excessive tissue laxity. It is well demonstrated that
nutrition deeply interacts with the process of wound healing, such that nutritional deficien-
cies have an inhibitory effect as shown by wound infections and/or delayed healing, and
that nutritional supplementation has a positive effect [175]. Moreover, an optimal energy
is required both during and after any surgical procedure for an optimal healing process.
Following this paradigm, the post-bariatric surgery patient group is at significantly higher
risks of reduced calorie intake and nutritional deficiency of the factors that are involved in
wound healing and immune response optimization, such as protein, vitamin A, vitamin
B12, folate, vitamin C, iron, selenium, and zinc [5].

A plastic surgeon should always record a detailed history of the patient’s weight before
weight loss surgery, weight loss rate, and weight loss procedure, and study protein and nutri-
tional levels to identify those patients who are at an increased risk of nutritional deficiency.

Total protein, albumin, pre-albumin, transferrin, and lymphocyte count should be
used to identify patients with protein deficiency. Serum levels of vitamin A, folate, vitamin
C, and vitamin B12 levels are also important. Total body contouring procedures often
present, like minor complications, some spotty areas of delayed healing in this patient
group, and it may be expected that a proper correction of the nutritional status may
positively improve the healing process and reduce potential complications.

The main goal of plastic surgeons should be to ensure that every patient is able to
avoid complications in the wound healing process thanks to an optimal nutrition status. In
clinical practice, the subclinical and clinical deficiencies of body contouring patients should
be always optimized with additional protein, arginine, glutamine, vitamin A, vitamin B12,
vitamin C, folate, thiamine, iron, zinc, and selenium. As a matter of fact, many studies have
demonstrated the significant role of these nutritional elements in improving the healing of
wounds and in optimizing the immune system and complication rates [22].

Vitamin and mineral deficiencies occur within the first year after weight loss surgery,
and it is of paramount importance to analyze the patient’s nutritional status before any
post-bariatric contouring procedures [22]. Body contouring should be contemplated only
when the patient’s weight has reached a plateau for several months, and this period
should be used to optimize not only the energy intake but also macro- and micronutrient
intake. The surgeon should keep in mind that any post-bariatric contouring operation on a
malnourished patient can potentially lead to more severe complications.

Nutrition may play a fundamental role in the correct preparation and recovery after
bariatric surgery also for skin’s response to surgery. Our paper is the most recent one to
give a general overview of the matter, considering not only one nutrient but a multiplicity
of them. The limit of the present paper is the paucity of large, well-conducted studies on
nutrients and skin after bariatric surgery; therefore, we suggested also a more theoretical
approach to the problem, considering the known physiological mechanisms of micro-
and macronutrients and their possible effects on tissue functioning and repairing after
bariatric surgery.

Post-bariatric patients represent a wide variety of patients, each one of them with
different macro- and micronutrient deficiencies; thus, the need arises to maintain a constant
and prolonged follow-up, with special attention to the inefficacy or discontinuation of
supplements. Patients can halt autonomously the supplementation, and this can happen
when the body weight is stabilized, usually coinciding with the body contouring surgery.

Plastic surgeons treating this kind of patients should consider macro- and micronutri-
ent deficiency risk and be capable of deeming whether a patient is eligible for surgery or
not, even considering the nutritional state.

7. Conclusions

A carefully nutritional evaluation should be a pillar of pre- and post-bariatric surgery
evaluation. Plastic surgeons must consider a patient’s potential nutrition deficiencies that
may also exist before surgery, but, more importantly, the very likely impairment of macro-
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and micronutrient absorption after surgery. An adequate nutritional plan and supplemen-
tation may help to optimize post-surgery wound healing and subsequent body contouring.
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Abbreviations

AACE American Association of Clinical Endocrinologists
ADMA asymmetric dimethylarginine
ASMBS American Society for Metabolic & Bariatric Surgery
BMI body mass index
BPD biliopancreatic diversion
BS bariatric surgery
Cp ceruloplasmin
CTGF connective tissue growth factor
Cu copper
DVT deep venous thrombosis
GATOR GAP activity towards rags complex
IGF-1 insulin growth factor
IL interleukin
INR international normalized ratio
LAGB laparoscopic adjustable gastric band
LMWH low-molecular-weight heparin
LSG laparoscopic sleeve gastrectomy
MMA methylmalonic acid
MRSA methicillin-resistant Staphylococcus aureus
mTOR mammalian target of rapamycin
BCAA branched chain amino acids
mTORC mammalian target of rapamycin complex
MWL massive weight loss
NOS nitric oxide
PE pulmonary embolism
PEM protein–energy malnutrition
Rheb Ras homolog enriched in brain
ROS reactive oxygen species
RYGB Roux-en-y gastric bypass
SCFA short chain fatty acids
SDMA symmetric dimethylarginine
SOD superoxide dismutase
TOS The Obesity Society
UV ultraviolet
Zn zinc
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Kędzior, K.; Witkiewicz, W.; Gamian, A. Metabolites of the Nitric Oxide (NO) Pathway Are Altered and Indicative of Reduced NO
and Arginine Bioavailability in Patients with Cardiometabolic Diseases Complicated with Chronic Wounds of Lower Extremities:
Targeted Metabolomics Approach (LC-MS/MS). Hindawi Oxidative Med. Cell. Longev. 2019, 2019, 13. [CrossRef]

43. Zhou, Y.P.; Jiang, Z.M.; Sun, Y.H.; Wang, X.R.; Ma, E.L.; Wilmore, D. The effect of supplemental enteral glutamine on plasma
levels, gut function, and outcome in severe burns: A randomized, double-blind, controlled clinical trial. J. Parenter. Enter. Nutr.
2003, 27, 241–245. [CrossRef] [PubMed]

44. Peng, X.; Yan, H.; You, Z.; Wang, P.; Wang, S. Clinical and protein metabolic efficacy of glutamine granules-supplemented enteral
nutrition in severely burned patients. Burns 2005, 31, 342–346. [CrossRef]

45. Wang, B.; Wu, G.; Zhou, Z.; Dai, Z.; Sun, Y.; Ji, Y.; Li, W.; Wang, W.; Liu, C.; Han, F.; et al. Glutamine and intestinal barrier function.
Amino Acids 2015, 47, 2143–2154. [CrossRef] [PubMed]

46. Xi, P.; Jiang, Z.; Dai, Z.; Li, X.; Yao, K.; Zheng, C.; Lin, Y.; Wang, J.; Wu, G. Regulation of protein turnover by l-glutamine in porcine
intestinal epithelial cells. J. Nutr. Biochem. 2012, 23, 1012–1017. [CrossRef] [PubMed]

47. Wu, G. Functional amino acids in nutrition and health. Amino Acids 2013, 45, 407–411. [CrossRef] [PubMed]
48. D’Inca, R.; Gras-Le Guen, C.; Che, L.; Sangild, P.T.; Le Huërou-Luron, I. Intrauterine growth restriction delays feeding-induced

gut adaptation in term newborn pigs. Neonatology 2011, 99, 208–216. [CrossRef]
49. Moro, T.; Ebert, S.M.; Adams, C.M.; Rasmussen, B.B. Amino Acid Sensing in Skeletal Muscle. Trends Endocrinol. Metab. 2016, 27,

796–806. [CrossRef] [PubMed]
50. Churchward-Venne, T.A.; Breen, L.; Di Donato, D.M.; Hector, A.J.; Mitchell, C.J.; Moore, D.R.; Stellingwerff, T.; Breuille, D.;

Offord, E.A.; Baker, S.K.; et al. Leucine supplementation of a low-protein mixed macronutrient beverage enhances myofibrillar
protein synthesis in young men: A double-blind, randomized trial1-3. Am. J. Clin. Nutr. 2014, 99, 276–286. [CrossRef]

51. Borack, M.S.; Volpi, E. Efficacy and safety of leucine supplementation in the elderly. J. Nutr. 2016, 146, 2625S–2629S. [CrossRef]
52. Zhang, X.J.; Chinkes, D.L.; Wolfe, R.R. Leucine supplementation has an anabolic effect on proteins in rabbit skin wound and

muscle. J. Nutr. 2004, 134, 3313–3318. [CrossRef]
53. Salem, I.; Ramser, A.; Isham, N.; Ghannoum, M.A. The gut microbiome as a major regulator of the gut-skin axis. Front. Microbiol.

2018, 9, 1459. [CrossRef] [PubMed]

http://doi.org/10.1093/jn/129.10.1891
http://www.ncbi.nlm.nih.gov/pubmed/10498764
http://doi.org/10.1021/jf050206p
http://doi.org/10.1073/pnas.75.2.871
http://www.ncbi.nlm.nih.gov/pubmed/204938
http://doi.org/10.1002/jlb.39.3.255
http://doi.org/10.1021/jf802785h
http://doi.org/10.1016/j.nutres.2018.06.001
http://www.ncbi.nlm.nih.gov/pubmed/30122200
http://doi.org/10.4103/2278-019X.146161
http://doi.org/10.1111/php.13135
http://doi.org/10.1111/ijfs.13123
http://doi.org/10.1155/2016/4389410
http://doi.org/10.1017/S0029665113001286
http://www.ncbi.nlm.nih.gov/pubmed/23688939
http://doi.org/10.1097/00000658-199005000-00006
http://www.ncbi.nlm.nih.gov/pubmed/2111125
http://doi.org/10.1016/S0271-5317(86)80086-0
http://doi.org/10.1155/2019/5965721
http://doi.org/10.1177/0148607103027004241
http://www.ncbi.nlm.nih.gov/pubmed/12903886
http://doi.org/10.1016/j.burns.2004.10.027
http://doi.org/10.1007/s00726-014-1773-4
http://www.ncbi.nlm.nih.gov/pubmed/24965526
http://doi.org/10.1016/j.jnutbio.2011.05.009
http://www.ncbi.nlm.nih.gov/pubmed/22000664
http://doi.org/10.1007/s00726-013-1500-6
http://www.ncbi.nlm.nih.gov/pubmed/23595206
http://doi.org/10.1159/000314919
http://doi.org/10.1016/j.tem.2016.06.010
http://www.ncbi.nlm.nih.gov/pubmed/27444066
http://doi.org/10.3945/ajcn.113.068775
http://doi.org/10.3945/jn.116.230771
http://doi.org/10.1093/jn/134.12.3313
http://doi.org/10.3389/fmicb.2018.01459
http://www.ncbi.nlm.nih.gov/pubmed/30042740


Nutrients 2021, 13, 1565 18 of 22

54. Egawa, G.; Honda, T.; Kabashima, K. SCFAs Control Skin Immune Responses via Increasing Tregs. J. Investig. Dermatol. 2017, 137,
800–801. [CrossRef] [PubMed]

55. Schwarz, A.; Bruhs, A.; Schwarz, T. The Short-Chain Fatty Acid Sodium Butyrate Functions as a Regulator of the Skin Immune
System. J. Investig. Dermatol. 2017, 137, 855–864. [CrossRef] [PubMed]

56. Karna, E.; Trojan, S.; Pałka, J.A. The mechanism of butyrate-induced collagen biosynthesis in cultured fibroblasts. Acta Pol. Pharm.
2009, 66, 129–134. [PubMed]

57. Reenan, J. Clinical manifestations of Vitamin B-12 deficiency. Virtual Mentor 2006, 8, 392–396. [CrossRef]
58. Herrmann, W.; Obeid, R. Causes and Early Diagnosis of Vitamin B12 Deficiency. Dtsch. Aerzteblatt Online 2008. [CrossRef]

[PubMed]
59. Schlosshauer, T.; Kiehlmann, M.; Jung, D.; Sader, R.; Rieger, U.M. Post-Bariatric Abdominoplasty: Analysis of 406 Cases with

Focus on Risk Factors and Complications. Aesthetic Surg. J. 2020. [CrossRef]
60. Outinen, P.A.; Sood, S.K.; Liaw, P.C.Y.; Sarge, K.D.; Maeda, N.; Hirsh, J.; Ribau, J.; Podor, T.J.; Weitz, J.I.; Austin, R.C. Characteriza-

tion of the stress-inducing effects of homocysteine. Biochem. J. 1998, 332, 213–221. [CrossRef]
61. Lewis, M.; Miller, L.S.; Johnson, M.A.; Dolce, E.B.; Allen, R.H.; Stabler, S.P. Elevated methylmalonic acid is related to cognitive

imparement in older adults enrolled in an elderly nutrition program. J. Nutr. Elder. 2005, 24, 47–65. [CrossRef]
62. Ciobârcă, D.; Cătoi, A.F.; Copăescu, C.; Miere, D.; Cris, an, G. Bariatric Surgery in Obesity: Effects on Gut Microbiota and

Micronutrient Status. Nutrients 2020, 12, 235. [CrossRef]
63. Marcuard, S.; Sinar, D.; Swanson, M.; Silverman, J.; Levine, J. Absence of Luminal Intrinsic Factor after Gastric Bypass Surgery for

Morbid Obesity. Dig. Dis. Sci. 1989, 34, 1238–1242. [CrossRef] [PubMed]
64. Dayal, S.; Lentz, S.R. ADMA and hyperhomocysteinemia. Vasc. Med. 2005, 10, S27–S33. [CrossRef] [PubMed]
65. Marcotte, E.; Chand, B. Management and Prevention of Surgical and Nutritional Complications After Bariatric Surgery. Surg.

Clin. North Am. 2016, 96, 843–856. [CrossRef]
66. Clements, R.H.; Katasani, V.G.; Palepu, R.; Leeth, R.R.; Leath, T.D.; Roy, B.P.; Vickers, S.M. Incidence of Vitamin Deficiency after

Laparoscopic Roux-en-Y Gastric Bypass in a University Hospital Setting. Am Surg. 2006, 72, 1196–1202. [CrossRef]
67. Härtel, C.; Strunk, T.; Bucsky, P.; Schultz, C. Effects of vitamin C on intracytoplasmic cytokine production in human whole blood

monocytes and lymphocytes. Cytokine 2004, 27, 101–106. [CrossRef] [PubMed]
68. Dunphy, J.E.; Edwards, L.C.; Udupa, K.N. Wound healing; a new perspective with particular reference to ascorbic acid deficiency.

Ann. Surg. 1956, 144, 304–317. [CrossRef]
69. Moores, J. Vitamin C: A wound healing perspective. Br. J. Community Nurs. 2013, 18 (Suppl. S12). [CrossRef]
70. Baum, C.L.; Arpey, C.J. Normal Cutaneous Wound Healing: Clinical Correlation with Cellular and Molecular Events. Dermatol.

Surg. 2006, 31, 674–686. [CrossRef]
71. Rhode, B.M.; Shustik, C.; Christou, N.V.; MacLean, L.D. Iron absorption and therapy after gastric bypass. Obes. Surg. 1999, 9,

17–21. [CrossRef]
72. D’Autréaux, B.; Toledano, M.B. ROS as signalling molecules: Mechanisms that generate specificity in ROS homeostasis. Nat. Rev.

Mol. Cell Biol. 2007, 8, 813–824. [CrossRef]
73. Schäfer, M.; Werner, S. Oxidative stress in normal and impaired wound repair. Pharmacol. Res. 2008, 58, 165–171. [CrossRef]
74. Slater, G.H.; Ren, C.J.; Siegel, N.; Williams, T.; Barr, D.; Wolfe, B.; Dolan, K.; Fielding, G.A. Serum fat-soluble vitamin deficiency

and abnormal calcium metabolism after malabsorptive bariatric surgery. J. Gastrointest. Surg. 2004, 8, 48–55. [CrossRef] [PubMed]
75. Ledoux, S.; Msika, S.; Moussa, F.; Larger, E.; Boudou, P.; Salomon, L.; Roy, C.; Clerici, C. Comparison of nutritional consequences

of conventional therapy of obesity, adjustable gastric banding, and gastric bypass. Obes. Surg. 2006, 16, 1041–1049. [CrossRef]
[PubMed]

76. Bender, D.A.; Rodwell, V.W.; Botham, K.M.; Kennelly, P.J.; Anthony, W. Micronutrients: Vitamins & minerals. In Harper’s Illustrated
Biochemistry; Mcgraw-Hill Companies, Inc.: New York, NY, USA, 2015; ISBN 978-1-259-83793-7.

77. Suter, P.M.; Russel, R.M. Vitamin and Trace Mineral Deficiency and Excess. In Harrison’s Principles of Internal Medicine, 19th ed.;
Loscalzo, J., Longo, D.L., Fauci, A.S., Kasper, D.L., Hauser, S.L., Jameson, J.L., Loscalzo, J., Eds.; Mcgraw-Hill Companies, Inc.:
New York, NY, USA, 2012; ISBN 9780071802154.

78. Posthauer, M.E. What is the role of vitamins in wound healing? Adv. Skin Wound Care 2007, 20. [CrossRef] [PubMed]
79. Brandaleone, H.; Papper, E. The Effect of the Local and Oral Administration of Cod Liver Oil on the Rate of Wound Healing in

Vitamin a-Deficient and Normal Rats. Ann. Surg. 1941, 114, 791–798. [CrossRef]
80. Reichrath, J.; Lehmann, B.; Carlberg, C.; Varani, J.; Zouboulis, C.C. Vitamins as hormones. Horm. Metab. Res. 2007, 39, 71–84.

[CrossRef]
81. Zinder, R.; Cooley, R.; Vlad, L.G.; Molnar, J.A. Vitamin A and Wound Healing. Nutr. Clin. Pract. 2019, 34, 839–849. [CrossRef]
82. Nollevaux, M.C.; Guiot, Y.; Horsmans, Y.; Leclercq, I.; Rahier, J.; Geubel, A.P.; Sempoux, C. Hypervitaminsosis A-induced liver

fibrosis: Stellate cell activation and daily dose consumption. Liver Int. 2006, 26, 182–186. [CrossRef]
83. Twining, S.S.; Schulte, D.P.; Wilson, P.M.; Fish, B.L.; Moulder, J.E. Vitamin A Deficiency Alters Rat Neutrophil Function. J. Nutr.

1997, 127, 558–565. [CrossRef]
84. Ongsakul, M.; Sirisinha, S.; Lamb, A.J. Impaired Blood Clearance of Bacteria and Phagocytic Activity in Vitamin A-Deficient Rats.

Exp. Biol. Med. 1985, 178, 204–208. [CrossRef]

http://doi.org/10.1016/j.jid.2016.12.022
http://www.ncbi.nlm.nih.gov/pubmed/28340682
http://doi.org/10.1016/j.jid.2016.11.014
http://www.ncbi.nlm.nih.gov/pubmed/27887954
http://www.ncbi.nlm.nih.gov/pubmed/19719045
http://doi.org/10.1001/virtualmentor.2006.8.6.cprl1-0606
http://doi.org/10.3238/arztebl.2008.0680
http://www.ncbi.nlm.nih.gov/pubmed/19623286
http://doi.org/10.1093/asj/sjaa112
http://doi.org/10.1042/bj3320213
http://doi.org/10.1300/J052v24n03_05
http://doi.org/10.3390/nu12010235
http://doi.org/10.1007/BF01537272
http://www.ncbi.nlm.nih.gov/pubmed/2666054
http://doi.org/10.1177/1358836X0501000105
http://www.ncbi.nlm.nih.gov/pubmed/16444866
http://doi.org/10.1016/j.suc.2016.03.006
http://doi.org/10.1177/000313480607201209
http://doi.org/10.1016/j.cyto.2004.02.004
http://www.ncbi.nlm.nih.gov/pubmed/15271375
http://doi.org/10.1097/00000658-195609000-00002
http://doi.org/10.12968/bjcn.2013.18.Sup12.S6
http://doi.org/10.1111/j.1524-4725.2005.31612
http://doi.org/10.1381/096089299765553656
http://doi.org/10.1038/nrm2256
http://doi.org/10.1016/j.phrs.2008.06.004
http://doi.org/10.1016/j.gassur.2003.09.020
http://www.ncbi.nlm.nih.gov/pubmed/14746835
http://doi.org/10.1381/096089206778026415
http://www.ncbi.nlm.nih.gov/pubmed/16901358
http://doi.org/10.1097/01.ASW.0000269311.38262.d2
http://www.ncbi.nlm.nih.gov/pubmed/17473560
http://doi.org/10.1097/00000658-194110000-00020
http://doi.org/10.1055/s-2007-958715
http://doi.org/10.1002/ncp.10420
http://doi.org/10.1111/j.1478-3231.2005.01207.x
http://doi.org/10.1093/jn/127.4.558
http://doi.org/10.3181/00379727-178-41999


Nutrients 2021, 13, 1565 19 of 22

85. Ross, A.C. Vitamin A deficiency and retinoid repletion regulate the antibody response to bacterial antigens and the maintenance
of natural killer cells. Clin. Immunol. Immunopathol. 1996, 80, S63–S72. [CrossRef] [PubMed]

86. Iwata, M.; Hirakiyama, A.; Eshima, Y.; Kagechika, H.; Kato, C.; Song, S.Y. Retinoic acid imprints gut-homing specificity on T cells.
Immunity 2004, 21, 527–538. [CrossRef]

87. Zehnder, D.; Bland, R.; Williams, M.C.; McNinch, R.W.; Howie, A.J.; Stewart, P.M.; Hewison, M. Extrarenal Expression of
25-Hydroxyvitamin D 3-1α-Hydroxylase. J. Clin. Endocrinol. Metab. 2001, 86, 888–894. [CrossRef]

88. Ross, A.; Taylor, C.; Yaktine, A.; Del Valle, H. Dietary Reference Intakes for Calcium and Vitamin D; National Academies Press:
Washington, DC, USA, 2011.

89. Tripkovic, L.; Lambert, H.; Hart, K.; Smith, C.P.; Bucca, G.; Penson, S.; Chope, G.; Hyppönen, E.; Berry, J.; Vieth, R.; et al.
Comparison of vitamin D2 and vitamin D3 supplementation in raising serum 25-hydroxyvitamin D status: A systematic review
and meta-analysis. Am. J. Clin. Nutr. 2012, 95, 1357–1364. [CrossRef] [PubMed]

90. Holick, M.F. Medical progress: Vitamin D deficiency. N. Engl. J. Med. 2007, 357, 266–281. [CrossRef]
91. Herrmann, M.; Farrell, C.J.L.; Pusceddu, I.; Fabregat-Cabello, N.; Cavalier, E. Assessment of Vitamin D status—A changing

landscape. Clin. Chem. Lab. Med. 2017, 55, 3–26. [CrossRef] [PubMed]
92. Rosen, C.J.; Abrams, S.A.; Aloia, J.F.; Brannon, P.M.; Clinton, S.K.; Durazo-Arvizu, R.A.; Gallagher, J.C.; Gallo, R.L.; Jones, G.;

Kovacs, C.S.; et al. IOM committee members respond to endocrine society vitamin D guideline. J. Clin. Endocrinol. Metab. 2012,
97, 1146–1152. [CrossRef]

93. Aarts, E.; Van Groningen, L.; Horst, R.; Telting, D.; Van Sorge, A.; Janssen, I.; De Boer, H. Vitamin D absorption: Consequences of
gastric bypass surgery. Eur. J. Endocrinol. 2011, 164, 827–832. [CrossRef]

94. Gemmel, K.; Santry, H.P.; Prachand, V.N.; Alverdy, J.C. Vitamin D deficiency in preoperative bariatric surgery patients. Surg.
Obes. Relat. Dis. 2009, 5, 54–59. [CrossRef] [PubMed]

95. Earthman, C.P.; Beckman, L.M.; Masodkar, K.; Sibley, S.D. The link between obesity and low circulating 25-hydroxyvitamin D
concentrations: Considerations and implications. Int. J. Obes. 2012, 36, 387–396. [CrossRef] [PubMed]

96. Cole, A.J.; Beckman, L.M.; Earthman, C.P. Vitamin D status following bariatric surgery: Implications and recommendations. Nutr.
Clin. Pract. 2014, 29, 751–758. [CrossRef]

97. Goldner, W.S.; Stoner, J.A.; Lyden, E.; Thompson, J.; Taylor, K.; Larson, L.; Erickson, J.; McBride, C. Finding the optimal dose
of vitamin d following roux-en-y gastric bypass: A prospective, randomized pilot clinical trial. Obes. Surg. 2009, 19, 173–179.
[CrossRef]

98. Einarsdóttir, K.; Preen, D.B.; Clay, T.D.; Kiely, L.; Holman, C.D.A.J.; Cohen, L.D. Effect of a single “Megadose” intramuscular
vitamin D (600,000 IU) injection on vitamin D concentrations and bone mineral density following biliopancreatic diversion
surgery. Obes. Surg. 2010, 20, 732–737. [CrossRef] [PubMed]

99. Narvaez, J.; Maldonado, G.; Guerrero, R.; Messina, O.D.; Rios, C. Vitamin d megadose: Definition, efficacy in bone metabolism,
risk of falls and fractures. Open Access Rheumatol. Res. Rev. 2020, 12, 105–115. [CrossRef]

100. Liu, P.T.; Modlin, R.L. Human macrophage host defense against Mycobacterium tuberculosis. Curr. Opin. Immunol. 2008, 20,
371–376. [CrossRef]

101. Liu, P.T.; Stenger, S.; Li, H.; Wenzel, L.; Tan, B.H.; Krutzik, S.R.; Ochoa, M.T.; Schauber, J.; Wu, K.; Meinken, C.; et al. Toll-like
receptor triggering of a vitamin D-mediated human antimicrobial response. Science 2006, 311, 1770–1773. [CrossRef] [PubMed]

102. Sabetta, J.R.; Depetrillo, P.; Cipriani, R.J.; Smardin, J.; Burns, L.A.; Landry, M.L. Serum 25-hydroxyvitamin D and the incidence of
acute viral respiratory tract infections in healthy adults. PLoS ONE 2010, 5, e11088. [CrossRef] [PubMed]

103. Cantorna, M.T.; Mahon, B.D. Mounting evidence for vitamin D as an environmental factor affecting autoimmune disease
prevalence. Exp. Biol. Med. 2004, 229, 1136–1142. [CrossRef] [PubMed]

104. Deluca, H.F.; Cantorna, M.T. Vitamin D: Its role and uses in immunology. FASEB J. 2001, 15, 2579–2585. [CrossRef]
105. Mathieu, C.; Van Etten, E.; Decallonne, B.; Guilietti, A.; Gysemans, C.; Bouillon, R.; Overbergh, L. Vitamin D and 1,25-

dihydroxyvitamin D3 as modulators in the immune system. J. Steroid Biochem. Mol. Biol. 2004, 89–90, 449–452. [CrossRef]
106. Tang, J.; Zhou, R.; Luger, D.; Zhu, W.; Silver, P.B.; Grajewski, R.S.; Su, S.-B.; Chan, C.-C.; Adorini, L.; Caspi, R.R. Calcitriol

Suppresses Antiretinal Autoimmunity through Inhibitory Effects on the Th17 Effector Response. J. Immunol. 2009, 182, 4624–4632.
[CrossRef] [PubMed]

107. Gregori, S.; Giarratana, N.; Smiroldo, S.; Uskokovic, M.; Adorini, L. A 1α,25-dihydroxyvitamin D3 analog enhances regulatory
T-cells and arrests autoimmune diabetes in NOD mice. Diabetes 2002, 51, 1367–1374. [CrossRef] [PubMed]

108. Pichler, J.; Gerstmayr, M.; Szépfalusi, Z.; Urbanek, R.; Peterlik, M.; Willheim, M. 1α,25(OH)2D3 Inhibits Not Only Th1 But Also
Th2 Differentiation in Human Cord Blood T Cells. Pediatr. Res. 2002, 52, 12–18. [CrossRef] [PubMed]

109. Hobson, R. Vitamin E and wound healing: An evidence-based review. Int. Wound J. 2016, 13, 331–335. [CrossRef]
110. Azzi, A.; Ricciarelli, R.; Zingg, J.M. Non-antioxidant molecular functions of α-tocopherol (vitamin E). FEBS Lett. 2002, 519, 8–10.

[CrossRef]
111. Rimbach, G.; Minihane, A.M.; Majewicz, J.; Fischer, A.; Pallauf, J.; Virgli, F.; Weinberg, P.D. Regulation of cell signalling by vitamin

E. Proc. Nutr. Soc. 2002, 61, 415–425. [CrossRef]
112. Rasik, A.M.; Shukla, A. Antioxidant status in delayed healing type of wounds. Int. J. Exp. Pathol. 2000, 81, 257–263. [CrossRef]

http://doi.org/10.1006/clin.1996.0143
http://www.ncbi.nlm.nih.gov/pubmed/8811065
http://doi.org/10.1016/j.immuni.2004.08.011
http://doi.org/10.1210/jcem.86.2.7220
http://doi.org/10.3945/ajcn.111.031070
http://www.ncbi.nlm.nih.gov/pubmed/22552031
http://doi.org/10.1056/NEJMra070553
http://doi.org/10.1515/cclm-2016-0264
http://www.ncbi.nlm.nih.gov/pubmed/27362963
http://doi.org/10.1210/jc.2011-2218
http://doi.org/10.1530/EJE-10-1126
http://doi.org/10.1016/j.soard.2008.07.008
http://www.ncbi.nlm.nih.gov/pubmed/18848507
http://doi.org/10.1038/ijo.2011.119
http://www.ncbi.nlm.nih.gov/pubmed/21694701
http://doi.org/10.1177/0884533614546888
http://doi.org/10.1007/s11695-008-9680-y
http://doi.org/10.1007/s11695-009-0024-3
http://www.ncbi.nlm.nih.gov/pubmed/19949888
http://doi.org/10.2147/OARRR.S252245
http://doi.org/10.1016/j.coi.2008.05.014
http://doi.org/10.1126/science.1123933
http://www.ncbi.nlm.nih.gov/pubmed/16497887
http://doi.org/10.1371/journal.pone.0011088
http://www.ncbi.nlm.nih.gov/pubmed/20559424
http://doi.org/10.1177/153537020422901108
http://www.ncbi.nlm.nih.gov/pubmed/15564440
http://doi.org/10.1096/fj.01-0433rev
http://doi.org/10.1016/j.jsbmb.2004.03.014
http://doi.org/10.4049/jimmunol.0801543
http://www.ncbi.nlm.nih.gov/pubmed/19342637
http://doi.org/10.2337/diabetes.51.5.1367
http://www.ncbi.nlm.nih.gov/pubmed/11978632
http://doi.org/10.1203/00006450-200207000-00005
http://www.ncbi.nlm.nih.gov/pubmed/12084841
http://doi.org/10.1111/iwj.12295
http://doi.org/10.1016/S0014-5793(02)02706-0
http://doi.org/10.1079/PNS2002183
http://doi.org/10.1046/j.1365-2613.2000.00158.x


Nutrients 2021, 13, 1565 20 of 22

113. Musalmah, M.; Nizrana, M.Y.; Fairuz, A.H.; NoorAini, A.H.; Azian, A.L.; Gapor, M.T.; Wan Ngah, W.Z. Comparative effects
of palm vitamin E and α-tocopherol on healing and wound tissue antioxidant enzyme levels in diabetic rats. Lipids 2005, 40,
575–580. [CrossRef]

114. Altavilla, D.; Saitta, A.; Cucinotta, D.; Galeano, M.; Deodato, B.; Colonna, M.; Torre, V.; Russo, G.; Sardella, A.; Urna, G.; et al.
Inhibition of lipid peroxidation restores impaired vascular endothelial growth factor expression and stimulates wound healing
and angiogenesis in the genetically diabetic mouse. Diabetes 2001, 50, 667–674. [CrossRef] [PubMed]

115. Thiele, J.J.; Ekanayake-Mudiyanselage, S. Vitamin E in human skin: Organ-specific physiology and considerations for its use in
dermatology. Mol. Aspects Med. 2007, 28, 646–667. [CrossRef]

116. Chavance, M.; Herbeth, B.; Fournier, C.; Janot, C.; Vernhes, G. Vitamin status, immunity and infections in an elderly population.
Eur. J. Clin. Nutr. 1989, 43, 827–835. [PubMed]

117. Parrott, J.; Frank, L.; Rabena, R.; Craggs-Dino, L.; Isom, K.A.; Greiman, L. American Society for Metabolic and Bariatric Surgery
Integrated Health Nutritional Guidelines for the Surgical Weight Loss Patient 2016 Update: Micronutrients. Surg. Obes. Relat. Dis.
2017, 13, 727–741. [CrossRef]

118. Sherf-Dagan, S.; Goldenshluger, A.; Azran, C.; Sakran, N.; Sinai, T.; Ben-Porat, T. Vitamin K–what is known regarding bariatric
surgery patients: A systematic review. Surg. Obes. Relat. Dis. 2019, 15, 1402–1413. [CrossRef] [PubMed]

119. Myint, Z.W.; Oo, T.H.; Thein, K.Z.; Tun, A.M.; Saeed, H. Copper deficiency anemia: Review article. Ann. Hematol. 2018, 97,
1527–1534. [CrossRef]

120. Kumar, P.; Hamza, N.; Madhok, B.; De Alwis, N.; Sharma, M.; Miras, A.D.; Mahawar, K.K. Copper Deficiency after Gastric Bypass
for Morbid Obesity: A Systematic Review. Obes. Surg. 2016, 26, 1335–1342. [CrossRef]

121. Malavolta, M.; Piacenza, F.; Basso, A.; Giacconi, R.; Costarelli, L.; Mocchegiani, E. Serum copper to zinc ratio: Relationship with
aging and health status. Mech. Ageing Dev. 2015, 151, 93–100. [CrossRef] [PubMed]

122. Suh, Y.J.; David, S. Age-related changes in iron homeostasis and cell death in the cerebellum of ceruloplasmin-deficient mice. J.
Neurosci. 2006, 26, 9810–9819. [CrossRef]

123. Aarts, E.O.; Janssen, I.M.C.; Berends, F.J. The gastric sleeve: Losing weight as fast as micronutrients? Obes. Surg. 2011, 21, 207–211.
[CrossRef]

124. Decker, G.A.; Swain, J.M.; Crowell, M.D.; Scolapio, J.S. Gastrointestinal and nutritional complications after bariatric surgery. Am.
J. Gastroenterol. 2007, 102, 2571–2580. [CrossRef]

125. Bloomberg, R.D.; Fleishman, A.; Nalle, J.E.; Herron, D.M.; Kini, S. Nutritional deficiencies following bariatric surgery: Whave we
learned? Obes. Surg. 2005, 15, 145–154. [CrossRef] [PubMed]

126. Raymond, J.L.; Schipke, C.A.; Backer, J.M.; Lloyd, R.D.; Moody, F.G. Changes in body composition and dietary intake after gastric
partitioning for morbid obesity. Surgery 1986, 99, 15–19. [CrossRef]

127. van Beek, A.P.; Emous, M.; Laville, M.; Tack, J. Dumping syndrome after esophageal, gastric or bariatric surgery: Pathophysiology,
diagnosis, and management. Obes. Rev. 2017, 18, 68–85. [CrossRef] [PubMed]

128. Fujioka, K. Follow-up of nutritional and metabolic problems after bariatric surgery. Diabetes Care 2005, 28, 481–484. [CrossRef]
129. Kuvibidila, S.; Baliga, B.S. Role of iron in immunity and infection. In Nutrition and Immune Function; Calder, P., Field, C., Gill, H.,

Eds.; CAB International: Wallingford, UK, 2009; pp. 209–228. ISBN 978-0851995830.
130. Oppenheimer, S.J. Iron and Its Relation to Immunity and Infectious Disease. J. Nutr. 2001, 131, 616S–635S. [CrossRef]
131. Weiss, G. Iron and immunity: A double-edged sword. Eur. J. Clin. Investig. 2002, 32, 70–78. [CrossRef] [PubMed]
132. Roman, M.; Jitaru, P.; Barbante, C. Selenium biochemistry and its role for human health. Metallomics 2014, 6, 25–54. [CrossRef]
133. Pellitero, S.; Martínez, E.; Puig, R.; Leis, A.; Zavala, R.; Granada, M.L.; Pastor, C.; Moreno, P.; Tarascó, J.; Puig-Domingo, M.

Evaluation of Vitamin and Trace Element Requirements after Sleeve Gastrectomy at Long Term. Obes. Surg. 2017, 27, 1674–1682.
[CrossRef]

134. Neve, H.J.; Bhatti, W.A.; Soulsby, C.; Kincey, J.; Taylor, T.V. Reversal of hair loss following vertical gastroplasty when treated with
zinc sulphate. Obes. Surg. 1996, 6, 63–65. [CrossRef] [PubMed]

135. Kiremidjian-Schumacher, L.; Roy, M.; Wishe, H.I.; Cohen, M.W.; Stotzky, G. Supplementation with selenium and human immune
cell functions—II. Effect on cytotoxic lymphocytes and natural killer cells. Biol. Trace Elem. Res. 1994, 41, 115–127. [CrossRef]

136. Hawkes, W.C.; Kelley, D.S.; Taylor, P.C. The effects of dietary selenium on the immune system in healthy men. Biol. Trace Elem.
Res. 2001, 81, 189–213. [CrossRef]

137. Mahawar, K.K.; Govil Bhasker, A.; Bindal, V.; Graham, Y.; Dudeja, U.; Lakdawala, M.; Small, P.K. Zinc Deficiency after Gastric
Bypass for Morbid Obesity: A Systematic Review. Obes. Surg. 2017, 27, 522–529. [CrossRef]

138. Powell, S.R. The Antioxidant Properties of Zinc. J. Nutr. 2000, 130, 1447S–1454S. [CrossRef] [PubMed]
139. Gehrer, S.; Kern, B.; Peters, T.; Christoffel-Courtin, C.; Peterli, R. Fewer Nutrient Deficiencies After Laparoscopic Sleeve

Gastrectomy (LSG) than After Laparoscopic Roux-Y-Gastric Bypass (LRYGB)-a Prospective Study. Obes. Surg. 2010, 20, 447–453.
[CrossRef]

140. Kahmann, L.; Uciechowski, P.; Warmuth, S.; Plümäkers, B.; Gressner, A.M.; Malavolta, M.; Mocchegiani, E.; Rink, L. Zinc
supplementation in the elderly reduces spontaneous inflammatory cytokine release and restores T cell functions. Rejuvenation
Res. 2008, 11, 227–237. [CrossRef]

141. Beck, F.W.J.; Prasad, A.S.; Kaplan, J.; Fitzgerald, J.T.; Brewer, G.J. Changes in cytokine production and T cell subpopulations in
experimentally induced zinc-deficient humans. Am. J. Physiol. Endocrinol. Metab. 1997, 272. [CrossRef] [PubMed]

http://doi.org/10.1007/s11745-005-1418-9
http://doi.org/10.2337/diabetes.50.3.667
http://www.ncbi.nlm.nih.gov/pubmed/11246889
http://doi.org/10.1016/j.mam.2007.06.001
http://www.ncbi.nlm.nih.gov/pubmed/2627929
http://doi.org/10.1016/j.soard.2016.12.018
http://doi.org/10.1016/j.soard.2019.05.031
http://www.ncbi.nlm.nih.gov/pubmed/31353233
http://doi.org/10.1007/s00277-018-3407-5
http://doi.org/10.1007/s11695-016-2162-8
http://doi.org/10.1016/j.mad.2015.01.004
http://www.ncbi.nlm.nih.gov/pubmed/25660061
http://doi.org/10.1523/JNEUROSCI.2922-06.2006
http://doi.org/10.1007/s11695-010-0316-7
http://doi.org/10.1111/j.1572-0241.2007.01421.x
http://doi.org/10.1381/0960892053268264
http://www.ncbi.nlm.nih.gov/pubmed/15802055
http://doi.org/10.5555/uri:pii:0039606086901972
http://doi.org/10.1111/obr.12467
http://www.ncbi.nlm.nih.gov/pubmed/27749997
http://doi.org/10.2337/diacare.28.2.481
http://doi.org/10.1093/jn/131.2.616S
http://doi.org/10.1046/j.1365-2362.2002.0320s1070.x
http://www.ncbi.nlm.nih.gov/pubmed/11886435
http://doi.org/10.1039/C3MT00185G
http://doi.org/10.1007/s11695-017-2557-1
http://doi.org/10.1381/096089296765557295
http://www.ncbi.nlm.nih.gov/pubmed/10731253
http://doi.org/10.1007/BF02917222
http://doi.org/10.1385/BTER:81:3:189
http://doi.org/10.1007/s11695-016-2474-8
http://doi.org/10.1093/jn/130.5.1447S
http://www.ncbi.nlm.nih.gov/pubmed/10801958
http://doi.org/10.1007/s11695-009-0068-4
http://doi.org/10.1089/rej.2007.0613
http://doi.org/10.1152/ajpendo.1997.272.6.E1002
http://www.ncbi.nlm.nih.gov/pubmed/9227444


Nutrients 2021, 13, 1565 21 of 22

142. Islam, M.R.; Arslan, I.; Attia, J.; McEvoy, M.; McElduff, P.; Basher, A.; Rahman, W.; Peel, R.; Akhter, A.; Akter, S.; et al. Is Serum
Zinc Level Associated with Prediabetes and Diabetes?: A Cross-Sectional Study from Bangladesh. PLoS ONE 2013, 8. [CrossRef]
[PubMed]

143. Corpas, E.; Harman, S.M.; Blackman, M.R. Human growth hormone and human aging. Endocr. Rev. 1993, 14, 20–39. [CrossRef]
[PubMed]

144. Wlaschek, M.; Scharffetter-Kochanek, K. Oxidative stress in chronic venous leg ulcers. Wound Repair Regen. 2005, 13, 452–461.
[CrossRef]

145. Pigeolet, E.; Corbisier, P.; Houbion, A.; Lambert, D.; Michiels, C.; Raes, M.; Zachary, M.D.; Remacle, J. Glutathione peroxidase,
superoxide dismutase, and catalase inactivation by peroxides and oxygen derived free radicals. Mech. Ageing Dev. 1990, 51,
283–297. [CrossRef]

146. Vessey, D.A.; Lee, K.H. Inactivation of enzymes of the glutathione antioxidant system by treatment of cultured human ker-
atinocytes with peroxides. J. Investig. Dermatol. 1993, 100, 829–833. [CrossRef]

147. Albino, F.P.; Koltz, P.F.; Gusenoff, J.A. A comparative analysis and systematic review of the wound-healing milieu: Implications
for body contouring after massive weight loss. Plast. Reconstr. Surg. 2009, 124, 1675–1682. [CrossRef] [PubMed]

148. Hasanbegovic, E.; Sørensen, J.A. Complications following body contouring surgery after massive weight loss: A meta-analysis. J.
Plast. Reconstr. Aesthetic Surg. 2014, 67, 295–301. [CrossRef] [PubMed]

149. Coon, D.; Gusenoff, J.A.; Kannan, N.; El Khoudary, S.R.; Naghshineh, N.; Rubin, J.P. Body mass and surgical complications in the
postbariatric reconstructive patient: Analysis of 511 cases. Ann. Surg. 2009, 249, 397–401. [CrossRef] [PubMed]

150. Agha-Mohammadi, S.; Hurwitz, D.J. Enhanced recovery after body-contouring surgery: Reducing surgical complication rates by
optimizing nutrition. Aesthetic Plast. Surg. 2010, 34, 617–625. [CrossRef]

151. Haiun, M.; Barbara, H.; Durazzo, A.; Sid-Ahmed-Mezi, M.; Meningaud, J.P. Improving abdominal plastic scars with a dietary
supplement—A comparative study. Plast. Reconstr. Surg. Glob. Open 2018, 6, 1–6. [CrossRef] [PubMed]

152. Loenen, W.A.M. S-Adenosylmethionine: Jack of all trades and master of everything? Biochem. Soc. Trans. 2006, 34, 330–333.
[CrossRef]

153. Crowley, L.V.; Olson, R.W. Megaloblastic Anemia after Gastric Bypass for Obesity. Am. J. Gastroenterol. 1983, 78, 406–410.
[CrossRef]

154. Boylan, L.M.; Sugerman, H.J.; Driskell, J.A. Vitamin E, vitamin B-6, vitamin B-12, and folate status of gastric bypass surgery
patients. J. Am. Diet. Assoc. 1988, 88, 579–585.

155. Nicosia, R.F.; Belser, P.; Bonanno, E.; Diven, J. Regulation of angiogenesis in vitro by collagen metabolism. Vitr. Cell. Dev. Biol.
Anim. 1991, 27, 961–966. [CrossRef]

156. Barbul, A.; Purtill, W.A. Nutrition in wound healing. Clin. Dermatol. 1994, 12, 133–140. [CrossRef]
157. Mizutani, A.; Maki, H.; Torii, Y.; Hitomi, K.; Tsukagoshi, N. Ascorbate-dependent enhancement of nitric oxide formation in

activated macrophages. Nitric Oxide Biol. Chem. 1998, 2, 235–241. [CrossRef] [PubMed]
158. Levenson, S.M.; Green, R.W. Ascorbic acid, riboflavin, thiamin, and nicotinic acid in relation to severe injury, hemorrhage, and

infection in the human. Ann. Surg. 1946, 124, 840–856. [CrossRef] [PubMed]
159. Moody, B.J. Changes in the serum concentrations of thyroxine-binding prealbumin and retinol-binding protein following burn

injury. Clin. Chim. Acta 1982, 118, 87–92. [CrossRef]
160. Havlik, R.J. Vitamin E and wound healing. Plast. Reconstr. Surg. 1997, 100, 1901–1902. [CrossRef] [PubMed]
161. Ehrlich, H.P.; Tarver, H.; Hunt, T.K. Inhibitory effects of vitamin E on collagen synthesis and wound repair. Plast. Reconstr. Surg.

1972, 50, 421–422. [CrossRef]
162. Hallböök, T.; Lanner, E. Serum-Zinc and Healing of Venous Leg Ulcers. Lancet 1972, 300, 780–782. [CrossRef]
163. Shermak, M.A.; Rotellini-Coltvet, L.A.; Chang, D. Seroma development following body contouring surgery for massive weight

loss: Patient risk factors and treatment strategies. Plast. Reconstr. Surg. 2008, 122, 280–288. [CrossRef]
164. Aly, A.S.; Cram, A.E.; Chao, M.; Pang, J.; McKeon, M. Belt lipectomy for circumferential truncal excess: The University of Iowa

experience. Plast. Reconstr. Surg. 2003, 111, 398–413. [CrossRef]
165. Nemerofsky, R.B.; Oliak, D.A.; Capella, J.F. Body lift: An account of 200 consecutive cases in the massive weight loss patient.

Plast. Reconstr. Surg. 2006, 117, 414–430. [CrossRef] [PubMed]
166. Shermak, M.A.; Chang, D.; Magnuson, T.H.; Schweitzer, M.A. An outcomes analysis of patients undergoing body contouring

surgery after massive weight loss. Plast. Reconstr. Surg. 2006, 118, 1026–1031. [CrossRef]
167. Taylor, J.; Shermak, M. Body contouring following massive weight loss. Obes. Surg. 2004, 14, 1080–1085. [CrossRef] [PubMed]
168. Shermak, M.A. Body contouring. Plast. Reconstr. Surg. 2012, 129, 963–978. [CrossRef] [PubMed]
169. Naghshineh, N.; Rubin, J.P. Preoperative evaluation of the body contouring patient: The cornerstone of patient safety. Clin. Plast.

Surg. 2014, 41, 637–643. [CrossRef]
170. Koltz, P.F.; Chen, R.; Messing, S.; Gusenoff, J.A. Prospective assessment of nutrition and exercise parameters before body

contouring surgery: Optimizing attainability in the massive weight loss population. Plast. Reconstr. Surg. 2010, 125, 1242–1247.
[CrossRef] [PubMed]

171. Flancbaum, L.; Belsley, S.; Drake, V.; Colarusso, T.; Tayler, E. Preoperative Nutritional Status of Patients Undergoing Roux-en-Y
Gastric Bypass for Morbid Obesity. J. Gastrointest. Surg. 2006, 10, 1033–1037. [CrossRef]

http://doi.org/10.1371/journal.pone.0061776
http://www.ncbi.nlm.nih.gov/pubmed/23613929
http://doi.org/10.1210/edrv-14-1-20
http://www.ncbi.nlm.nih.gov/pubmed/8491152
http://doi.org/10.1111/j.1067-1927.2005.00065.x
http://doi.org/10.1016/0047-6374(90)90078-T
http://doi.org/10.1111/1523-1747.ep12476735
http://doi.org/10.1097/PRS.0b013e3181b98bb4
http://www.ncbi.nlm.nih.gov/pubmed/20009855
http://doi.org/10.1016/j.bjps.2013.10.031
http://www.ncbi.nlm.nih.gov/pubmed/24211118
http://doi.org/10.1097/SLA.0b013e318196d0c6
http://www.ncbi.nlm.nih.gov/pubmed/19247025
http://doi.org/10.1007/s00266-010-9522-x
http://doi.org/10.1097/GOX.0000000000001907
http://www.ncbi.nlm.nih.gov/pubmed/30534486
http://doi.org/10.1042/BST0340330
http://doi.org/10.1111/j.1572-0241.1983.tb05929.x
http://doi.org/10.1007/BF02631124
http://doi.org/10.1016/0738-081X(94)90264-X
http://doi.org/10.1006/niox.1998.0182
http://www.ncbi.nlm.nih.gov/pubmed/9851364
http://doi.org/10.1097/00000658-194611000-00003
http://www.ncbi.nlm.nih.gov/pubmed/21000851
http://doi.org/10.1016/0009-8981(82)90229-7
http://doi.org/10.1097/00006534-199712000-00043
http://www.ncbi.nlm.nih.gov/pubmed/9393493
http://doi.org/10.1097/00006534-197210000-00051
http://doi.org/10.1016/S0140-6736(72)92143-5
http://doi.org/10.1097/PRS.0b013e31817742a9
http://doi.org/10.1097/00006534-200301000-00072
http://doi.org/10.1097/01.prs.0000197524.18233.bb
http://www.ncbi.nlm.nih.gov/pubmed/16462321
http://doi.org/10.1097/01.prs.0000232417.05081.db
http://doi.org/10.1381/0960892041975578
http://www.ncbi.nlm.nih.gov/pubmed/15479597
http://doi.org/10.1097/PRS.0b013e31824ecd24
http://www.ncbi.nlm.nih.gov/pubmed/22634694
http://doi.org/10.1016/j.cps.2014.07.002
http://doi.org/10.1097/PRS.0b013e3181d0aa13
http://www.ncbi.nlm.nih.gov/pubmed/20335876
http://doi.org/10.1016/j.gassur.2006.03.004


Nutrients 2021, 13, 1565 22 of 22

172. Madan, A.K.; Orth, W.S.; Tichansky, D.S.; Ternovits, C.A. Vitamin and trace mineral levels after laparoscopic gastric bypass. Obes.
Surg. 2006, 16, 603–606. [CrossRef] [PubMed]

173. Witte, M.B.; Barbul, A. Arginine physiology and its implication for wound healing. Wound Repair Regen. 2003, 11, 419–423.
[CrossRef] [PubMed]

174. Blass, S.C.; Goost, H.; Tolba, R.H.; Stoffel-Wagner, B.; Kabir, K.; Burger, C.; Stehle, P.; Ellinger, S. Time to wound closure in trauma
patients with disorders in wound healing is shortened by supplements containing antioxidant micronutrients and glutamine: A
PRCT. Clin. Nutr. 2012, 31, 469–475. [CrossRef]

175. Kinney, J. Energy requirements of the surgical patient. In Manual of Surgical Nutrition; Ballinger, W., Collins, J., Drucker, W.,
Dudrick, S., Zeppa, R., Eds.; Saunders: Philadelphia, PA, USA, 1975; p. 223.

http://doi.org/10.1381/096089206776945057
http://www.ncbi.nlm.nih.gov/pubmed/16687029
http://doi.org/10.1046/j.1524-475X.2003.11605.x
http://www.ncbi.nlm.nih.gov/pubmed/14617280
http://doi.org/10.1016/j.clnu.2012.01.002

	Introduction 
	Materials and Methods 
	Macronutrients 
	Protein 
	Arginine 
	Glutamine 
	Leucine 
	Short Chain Fatty Acids (SCFAs) 

	Micronutrients 
	Water-Soluble Vitamins 
	Vitamin B12 (Cobalamin) 
	Vitamin B (Folate) 
	Vitamin C 

	Fat-Soluble Vitamins 
	Vitamin A 
	Vitamin D 
	Vitamin E 
	Vitamin K 

	Minerals 
	Copper 
	Iron 
	Selenium 
	Zinc 
	Copper/Zinc Ratio 


	Surgery Complications Related to Nutritional Issues 
	Delayed Wound Healing and Wound Dehiscence 
	Seroma 
	Bleeding and Hematoma 

	Discussion 
	Conclusions 
	References

