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ABSTRACT

Tuberculosis is a major global burden nowadays, caused by species of Mycobacterium which have the ability to
survive in difficult and stressful conditions inside the lungs, necrotic lesions, epithelial tissue, spine, cervical
nodes and brain. This disease represents a fight between oxidative species of oxygen, markers of the oxidative
stress, and peptides, cytokines and neutrophils, biomarkers of the innate and adaptive immunity. The human
susceptibility to be infected can be related to blood concentrations of vitamin D, which interferes with the
macrophage development, monocyte activation and signalization through vitamin D receptor. Vitamin D also
stimulates cathelicidin (LL-37), an antimicrobial peptide, involved in autophagy and apoptosis, induced inside
bacterial cells, therefore it is underlined its immunomodulatory and anti-inflammatory roles in infectious
diseases. Moreover, vitamin C has shown antimycobacterial effect, both antioxidant and prooxidant properties
maintaining redox stress mechanisms. On the other hand, biotin and thiamine seem to be required for
establishment of the Mycobaterium tuberculosis infection, merging the need to elaborate new antituberculotic
agents able to act as inhibitors of their biosynthesis.
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INTRODUCTION conditions, oxidative and nitrosative
stresses, nutrient  depletion, oxygen
deprivation, making it resistant even for
decades [3]. Robert Koch also enlightened
that the transmission of the bacillus
through air droplets was the real cause of
the disease which killed one out of seven
world inhabitants at that time [1,2,4]. His
= discoveries encouraged specialists to hope
called as ,schachepheth” in the Old in eradicating the bgrdenpof TB, therefoee

Testament,. ,,’g?/_lthisis” ~ by Hipocrate, Robert Koch received the Nobel Prize in
,,consumption” in the nineteenth century 1905 [1,3]

and in the death of Chopin, before it
received the name of ,tuberculosis” in
1834 due to the presence of tubercles
inside the body [1,2]. Robert Koch is the
one who first discovered Mycobacterium
tuberculosis (M.th.), a bacterium which
has the ability to survive in hostile
stressful environment like highly acidic

Through palaeomicrobiology is
demonstrated that tuberculosis (TB) has
been known since the Neolithic period and
has been proved to exist even in mummies
from the Egyptian pre-dynastic era who
showed typical vertebral lesions and other
signs of bone tuberculosis [1]. It has been

Nowadays, TB remains an imminent
global public health problem and WHO
estimates that between 9.0-11.1 million
people developed TB in 2017 (5.8 million
men, more predictive to develop it than
women, 3.2 million women and 1.0
million children under 15 years old) and
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that one-third of the world’s population
has latent TB, of which more than 10%,
with an immune response that cannot
supress the replication of the bacteria, are
exposed to develop active TB [5-7]. The
bidirectional relationship between TB and
malnutrition is known even before the
disease received its name, due to the fact
that malnutrition decreases immune
responses and predisposes the host to
infection, but also M.tb. can lead to
malnutrition, by producing a large number
of cytokines with proteolytic and lipolytic
activity [8]. This is the reason why, in the
past, therapeutic approach for TB referred
mostly to a diet rich in calories, fats,
proteins, minerals and more important,
vitamins and perhaps, in order to eradicate
this ancient disease, it is likely to support
antituberculotic chemotherapy with dietary
and vitamin supplements [8].

IMMUNOMODULATORY EFFECTS
OF VITAMIN D

The immunocompetent individuals, whom
their innate and also adaptive immune cells
are able to seal the bacteria and isolate it
from de rest of the body, are the ones that
do not manifest the disease, due to the fact
that developing TB is decided by an
immunological fight between the bacilli
and the host [9,10]. If the granuloma
cannot be maintained, the pathogen is

released and the infection spreads and
progresses [9,11]. Because of its systemic
composition in immune cell types not only
neutrophils, cytokines, but natural Killer
cells and T-cells or
B-cells, the granuloma has been thought to
be host-protective by preventing the
dissemination of M.th. [11,12].
Considerable risk factors of TB are
mentioned in table 1. Low body mass
index (BMI), which is correlated with
micronutrients  deficiencies such  as
calcium, albumin, cholesterol or vitamins
A, D, E deficiency and age, also expressed
by hypovitaminosis D, are the most
important risk factors for TB [8,13-15].
None of the less, women who smoke are
predisposed to vitamin D deficiency, so
smoking is not only an independent risk
factor for TB, by altering the muco-ciliary
clearance and reducing the activity of the
macrophages, but it is also known that
50% of multidrug resistant TB (MDR-TB)
patients are tobacco smokers [15,16]. This
is a reason why TB has been called “a
disease of social inequity”, generally
affecting the immunocompromised, the
poor and the disadvantaged, the refugees,
the imprisoned [4], information sustained
by a study published in 2018 among
prisoners when 75% of prisoners with
active TB had subnormal vitamin D levels
(less than 20 ng/mL) at diagnosis [6].

Table 1. Risk factors and tuberculosis symptoms

Risk factors for TB

Low BMI

Calcium deficiency
Albumin deficiency
Cholesterol deficiency
Hypovitaminosis A, D, E

Smoking, alcohol consumption

Associated inflammatory diseases (HIV, diabetes)
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TB symptoms

Fever and night sweats
Chest pain

Weakness

Shortness of breath
Haemoptysis
Inflammation, fibrosis

Caseation, vasculitis
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The relationship between vitamin D and
TB has been investigated since 1951 when
it was first claimed that vitamin D inhibits
M.tb growth directly through stimulating

NO oxidase and NADPH oxidase,
activating alveolar macrophages and
through inhibition of the peroxisome

proliferator-activated receptor y (PPAR 7v)
[17]. In fact, during the pre-antibiotic era,
cod liver oil and heliotherapy were used as
anti-tuberculotic treatment, sustaining now
the studies that claim the administration of
vitamin D as prophylactic method against
a multitude of respiratory tract infections,
not only TB [18]. Interesting is that high-
dose vitamin D was used as an anti-
tuberculotic and as a potential host-
directed therapy treatment in 1848, in the
United Kingdom when half of the 1077 TB
patients which received cod liver oil, rich
in lipophilic vitamins, showed a reduced
rate of death [10,19]. In other words,
vitamin D, an immunosuppressive steroid
and a potent immunomodulator, is

protective against M.tb by inducing
endogenous  antioxidants and by
decreasing lipid peroxidation relating TB
with  oxidative  stress  [17,20,21].
Cholecalciferol is the type of vitamin D
produced in human skin when exposed to
sunlight through the UV irradiation and
converts, in the first 24 hours, in the liver,
through 25-hydroxylase (CYP2R1,
CYP27Al1) into its blood circulating
metabolite 25(OH)Ds, called calcifediol
(see  Figure 1) [10,18,21]. This
prohormone reaches the kidneys where it
synthesizes  through  lo-hydroxylase
(CYP27B1) 1,25(0OH),D3 called calcitriol,
the most active form of vitamin D,
involved in cellular signalling by binding
to the nuclear transcription vitamin D
receptor (VDR) [10,18]. Furthermore,
calcitriol will maintain endothelial stability
by stimulating nitric-oxide synthase, will
up-regulate cytokines, cathelicidin (LL-37)
and B-defensin secretion [10,18,19,22].

+ Sun exposure - UV irradiation - human skin

¢ Liver - CYP2R1, CYP27Al

* Kidney - CYP27B1

Figure 1 — Representation of the main steps of vitamin D synthesis

LL-37 is a specific human antimicrobial
peptide which is produced by neutrophils
and expressed in macrophages, the main
location preferred by M.th.,, and it is
important to mention that this unique
peptide inhibits bacilli growth in the
human lungs, but not in mice lungs
because mice lack LL-37, which means it
is difficult to investigate  the
immunomodulatory effect of vitamin D on
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mice infected with M.tb [10,16]. LL-37
down-regulates the expression of several
matrix metalloproteinases (MMP) which
contribute in granuloma formation and
tissue remodelling actually represented by
degradation of the pulmonary cells
[10,22]. The activity of LL-37 on the
granulomas seems to be very useful and
even last studies using the zebrafish model
for TB have demonstrated that granulomas
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actually worsen the disease and they can
influence the clinical outcome, marking
necrosis caverns on radiographies and
airflow obstruction as symptom [8,12].
The other symptoms of active pulmonary
TB are fever, night sweats, chest pains,
weakness, shortness of breath, coughing
bloody sputum and sneezing and its
clinical manifestations such as pulmonary
tissue damage, granulomatous
inflammation, caseation, vasculitis and
fibrosis are a result from the interaction of
the patient’s immune response and the
pathogen (see Table 1) [11,12,23,24]. All
in all, the hallmark of TB is a chronic

AN

cough with expectoration of sputum and
with persistency of Koch’s bacillus in the
patient’s sputum and also an imbalanced
response of the antioxidants against
reactive oxygen species (ROS) [10,11]. In
order to eliminate the burden of TB, oral
administration of vitamin D in
combination with  phenylbutyrate (a
histone-deacetylase inhibitor), arginine or
statins could be more effective than
vitamin D alone, because they have a
synergistic  antimicrobial and  anti-
inflammatory effect on inhibiting M.tb.
growth and autophagy markers (see
Figure 2) [10,17,21].
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Figure 2 — Immunomodulatory and anti-inflammatory effects of vitamin D

Autophagy is another defence mechanism,
a physiological process which takes place
in  human monocytes, stimulates the
growth of phagosomes and lysosomes that
will further degrade the pathogens [10,17].
Vitamin D3 prohormone will increase the
conversion of proteins involved in the
formation of autophagy membranes (LC3
protein precursors), therefore will have a
positive effect on reducing the bacterial
load, leading both innate and adaptive
immunity mechanisms [13,15,18]. M.tb.
induces cellular necrosis in order to spread
and to affect other pulmonary cells, and
vitamin D is shown to decrease ROS
induced necrosis by controlling massive
tissue damage and collagen destruction
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and also by reducing MMP3, MMP5 and
MMP7 activity (see Figure 2) [17,20]. It
has also been discussed that monocytes
and  macrophages  could  produce
themselves vitamin D5, the same vitamin
D discovered first as a treatment in rickets,
but used here to act locally upon T and B
lymphocytes, enhancing the innate
immunity against tuberculosis and even
other respiratory tract infections [20].
While autophagy and apoptosis — the
programmed infected cell death in order to
eliminate the bacteria - are
mycobactericidal, necrosis could promote
the infection, but it can be slowed down by
supplementation with vitamin D3 in much
higher doses than usual administration,
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such as 450.000 IU units as single dosage
[17,25].

VITAMIN C — ANTIOXIDANT OR
PROOXIDANT?

The classic antimycobacterial therapy acts
mostly on actively replicating bacteria,
implying the latent form of TB, defined by
bacterial dormancy, as the main
impediment to eradicate this disease [26].
Ascorbate (vitamin C) is a fundamental
immunomodulatory nutrient which has
been widely discussed in the past years,
not only as an antioxidant in respiratory
diseases, cardiovascular diseases and even
cancer, but also as a pro-oxidant, therefore
its role as a potential antituberculotic agent
remaining unclear [27]. Despite these
concerns, ascorbate delays mycobacterial
growth by decreasing reductive stress, by
maintaining a higher triglyceride storage,
by attenuating oxidative stress and by
transforming it into a non-culturable (also
called VBNC - viable but non-culturable
bacteria) and a low metabolic bacterial
state, but which can resurrect after
removing dietary ascorbate (see Table 2)
[26].

The dormancy state allows misdiagnosis
and predilection for resistant TB forms due
to the fact that major antituberculotic
agents such as rifampicin, isoniazid or
ethambutol cannot suppress bacterial
growth in latent TB forms [4,24,26].
Nevertheless, it has been shown that
vitamin C can be used as an adjuvant for
pyrazinamide treatment, which represents

the only agent that targets the dormant
tuberculotic population induced by vitamin
C (see Table 2) [13,26].

Scientific opinions regarding the role of
vitamin C in TB are divided, some
elaborating theories about VBNC and the
danger of increasing antituberculotic
resistance, and others sustaining its pro-
oxidant effect useful for actually treating
the TB burden, but all of them agree in
ascorbate genetic involvement, by down-
regulating genes which coordinate the cell
division, aerobic respiratory pathways,
roles of ribosomes and even DNA and
RNA synthesis (see Table 2) [13, 26,27].
A study performed on Indian population
revealed  lower  concentrations  of
circulating antioxidants in TB patients,
especially low levels of glutathione,
superoxide  dismutase, catalase and
ascorbate, concluding that their antioxidant
potential could enhance TB treatment [8].
Another study followed up plasmatic
concentration of vitamins A, C, D, E and
iron, zinc, cooper after 2,4 and 6 months of
initiating TB treatment, and proved low
vitamins values after 4 months of
treatment compared to diagnosis [27]. The
low plasmatic vitamin levels may affect
the accumulation of fatty acids, therefore
the upgradation of tuberculostearic acid
biosynthesis is able to enhance
mycobacterial development [26]. Increased
triacylglycerols biosynthesis is the reason
why ascorbate is believed to have a
sterilizing effect on M.tb., even though it is
referred to as a pro-oxidant effect [26].

Table 2. — Effects of vitamin C in tuberculosis.

- decreases reductive stress

- delays mycobacterial growth

- induces VBNC bacterial state
and increases dormancy switch
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interferes in tuberculostearic acid
biosynthesis and lipid metabolism
sterilizing effect

adjuvant for macrophage
development
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- adjuvant for pyrazinamide
treatment

- enhances efficacy of
antituberculotic drugs

- interferes with redox
homeostasis

Vitamin C also plays a pro-drug role and
generates hydrogen peroxide, superoxide
and other specific oxidative radicals used
in mutilating the mycobacterial lipids and
DNA, by reducing ferric ion to ferrous ion
and also by following Fenton and Haber-
Weiss reactions [18,26,27]. Hydrogen
peroxide evolved as an adjuvant for
macrophages and neutrophils in order to
kill bacilli, because TB patients usually
lack ROS [26,27]. Further research implies
a much higher dosage of vitamin C
(10.000 mg per day or more) for gaining
control over such a dangerous infection,
because the standard of maximum 1000
mg per day seems to be inefficient to
overcome TB symptoms, regardless the
route of administration [7,26]. The higher
the dosage of vitamin C, the higher the
stress conditions (acidic pH, hypoxia,
oxidative and nitrosative radicals) which
can affect the intracellular bacterial
environment and stop M.tb. growth by up-
regulating various stress response genes
such as hsp, dnaB, furA, hspX, fdxD and
devR [26,27]. Each of these genes is
involved in different M.tb. mechanisms
such as: dormancy switch, drug and ion
transporters, energy pathways, lipid
metabolism, DNA repair and growth
process, redox homeostasis [26,27]. This
precise genetic up-regulation suggests a
potential therapeutic role of vitamin C as
an adjunctive agent for antituberculotic
treatment, not only by enhancing the
efficacy of the anti-TB treatment, but also
possibly by accelerating itself sputum
negativity [26,27].
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increases oxidative radicals

induces VBNC bacterial state which
could lead to misdiagnosis and
predilection for resistant TB forms
up-regulates various stress response
genes

VITAMINS B
MYCOBACTERIAL
FACTORS

A plethora of studies revealing the
importance of dietary support in TB
patients agree there are also some nutrients
that can trigger the growth and evolution
of M.tb., such as thiamine (vitamin B1)
and biotin (vitamin B7) [18]. Even though
vitamins have always been considered
essential immunity boosters, these two
particular vitamins seem to be required by
the bacilli in order to establish the
infection [18].

Thiamine diphosphate (THDP)-dependent
enzymes, such as pyruvate dehydrogenase,
transketolase, 2-cetoglutarate
dehydrogenase, acetohydroxyacid
synthase, are essential for several crucial
metabolic pathways and are conserved
among pathogen microorganisms
including M.tb [28].
Because almost all
dependent enzymes aren’t pathogen
specific, tentative to develop novel
antibiotics emerged from their inhibition
failed.

Although microorganisms can compensate
their thiamine requirements from the host
or salvage pathways, M.th. lacks
mechanisms to save thiamine; therefore,
scientists try to use the enzymes that the
bacilli involve in thiamine biosynthesis
(thiC, thiD, thiG, thiS, thiF, thiO, iscS and
thiL) in order to elaborate new
antituberculosis agents as enzymatic
thiamine inhibitors [18].

Specific enzymes which use biotin as a
cofactor, such as acyl CoA carboxylase

GROUP -
GROWTH

of these ThDP-
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and pyruvate carboxylase, are also
required for the pathogenicity of M.tb.,
which lacks the capacity for biotin uptake
and depends on de novo Dbiotin
biosynthesis [18]. Humans generate biotin
using pimeloyl-CoA as a precursor and
enzymatic help of BioF, BioA, BioD and
BioB [18]. Even some variation of biotin
biosynthesis has been observed in
microorganisms, genetic studies have also
identified three of the genes encoding
specific enzymes - bioF, bioA, bioB - to be
essential for the virulence of M.tb [29].
These enzymes appear to be targets for
hydrazides,  aryl hydrazides  and
amiclenomycin, which naturally occurs as
a supplement host-protection by inhibiting
biotin biosynthesis and mycobacterial
growth [18]. Furthermore, some studies
show that various Streptomyces species
interfere  with biotin and thiamine
biosynthesis, sustaining that Streptomyces
derived promising compounds may be
developed as antituberculosis agents [18].
On the other hand, in a clinical trial among
more than 100 active TB cases, subjects
which received antituberculosis treatment
in addition to injectable thiamine and other
vitamins presented higher lymphocyte
proliferation responses than the group
receiving only antituberculosis
chemotherapy [8]. This particular effect
can occur due to vitamins capacity to
decrease the risk of antituberculosis
adverse effects such neuropathy (on
patients who receive higher doses than 5
mg/kg/day of isoniazid) and hepatic
disease (on patients who receive both
isoniazid and rifampicin), especially in the
vitamin B group [4,8,24].

Research data suggest that not in all cases
the vitamins B seem to enhance
mycobacterial virulence [30,31]. Isoniazid
leads to peripheral neuropathy by lowering
pyridoxine (vitamin B6) plasmatic levels
and by interfering with its metabolism,
with higher prevalence of this adverse
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reaction in patients with TB and alcohol

dependence, malnutrition or diabetes
mellitus [4,30,31]. Since 2013, WHO
guidelines recommend pyridoxine

supplementation, without mentioning the
proper dosage, but the dose of 10 mg of
pyridoxine has been established by a
guidance document for nutritional care in
India, in 2017, without posing any
problematic additional cost for both
patients and health institutions all over the
world [5,30,31].

CONCLUSIONS

Malnourished population presents
decreased concentration of antioxidants
and increased oxidative stress, cytokine
production and lymphocytic apoptosis,
which may have pathogenic consequences
in those infected with M.th. It has been
clearly established the bidirectional
relationship between TB and malnutrition,
therefore a truly centred-patient treatment
implies nutrient and vitamins
supplementation in order to obtain better
and rapidly sputum-negative results. More
studies regarding vitamins as immune
boosters and M.th. survival mechanisms
are obviously necessary, due to the fact
that TB severity scores can be associated
with lower plasmatic levels of vitamin D,
but higher concentrations of thiamine and
biotin. If proven entirely beneficial, a
multimineral and vitamin supplementation
in TB patients could not only be a cost and
therapeutic effective intervention, but it
could also increase the patients
compliance over antituberculosis
treatment, by presenting fewer adverse
reactions. After all, the pre-chemotherapeutic
era, based on cod liver oil (rich in lipids and
vitamins A and D) treatment, gave an
introduction into the mechanisms discussed
nowadays in order to strengthen host defence.
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