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INTRODUCTION

While Tuberculosis (TB) is an ancient disease, it still remains one of
top 10 causes of death globally and also a leading cause of death from
an infectious agent, exceeding even Human Immunodeficiency Virus
(HIV). Worldwide, an estimated 1.7 billion people are infected with
Mycobacterium tuberculosis (Mtb). In 2018, an estimated 10.0 million
people became ill with TB and almost 1.5 million of TB patients suf-
fered death. Tuberculosis occurs in every part of the world but eight
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Traditional medicine which is based on the observations of the patient’s condition after administration of herbal remedies
describes a vast number of plant species with potential application in Tuberculosis (TB) treatment. However, only a small number
of plant derived secondary metabolites were shown to influence Mycobacterium tuberculosis (Mtb) in mico- or nanomolar
concentrations. Nevertheless, plant-based food products were proven to be useful in tuberculosis treatment, including
eradication of Mtb, boosting natural immunity, managing disease symptoms and side effects of tuberculostatic drugs, as well as
providing proper nutrition and diet supplementation. This review describes natural products, with a focus on plant-based food
products, useful in antimycobacterial therapy. It summarizes the antituberculous potential of ethnopharmacologically selected
medicinal plants, herbs, spices and fruits. Moreover, the use of plant-based food products as supportive treatment of TB therapy
is discussed. Proper diet supplementation in tuberculosis treatment is also considered.
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countries with the highest TB burden (India, China, Indonesia, the
Philippines, Pakistan, Nigeria, Bangladesh and South Africa) account
for two thirds of the total new TB cases [1]. With early diagno-
sis and appropriate treatment most of the patients infected with TB
can be successfully cured. However, 3.4% of new TB cases and 18%
of previously treated cases had Rifampicin-resistant TB (RR-TB) or
Multidrug-resistant TB (MDR-TB) which can be treated with sig-
nificantly lower success rate. According to the latest WHO report the
treatment success rate for MDR-TB is 56% globally. In recent years
an increase of Extensively Drug-resistant TB (XDR-TB), defined as
MDR-TB with additional resistance to at least one of the fluoroquino-
lones and one of the injectable agents used in MDR-TB treatment
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regimens, was observed. In the age of global population movements
the emergence of MDR-TB and XDR-TB makes the treatment of TB
an ongoing challenge [1]. An increasing number of economic refugees
crossing the borders changed the epidemiological condition in many
countries and increased the possibility of spreading infectious diseases.
At the same time, the only licensed vaccine [Bacillus Calmette-Guérin
(BCG)] for the prevention of TB, which was introduced almost 100
years ago, can prevent the development of severe TB forms in children
but is not effective in adults [2]. The current recommendations for TB
treatment require combination of different drugs and regimens last-
ing from 6 months (drug-susceptible TB) to 9-20 months (MDR-TB).
However, in case of XDR-TB or when outcomes are not satisfactory,
the duration of the treatment can be much longer [1]. The long lasting
therapy, complexity of drug regimens, adverse effects exerted by many
medications taken concurrently and drug-drug interactions during
the treatment of coexisting diseases are the reasons of TB treatment
failure [3]. The global clinical development pipeline for new anti-TB
drugs and regimens summarized by WHO in August 2019 underline
the necessity of increasing the efforts undertaken not only by pharma-
ceutical companies but also by not-for-profit organizations, academic
institutions, small businesses or government agencies to improve TB
treatment [1].

2. TUBERCULOSIS - OLD DISEASE,
TRADITIONAL TREATMENT

Tuberculosis was proven to be an ancient disease with a wide geo-
graphic distribution. Samples with erosive lesions characteristic for
tuberculosis-like infection were traced back to the Pleistocene [4]. The
Egyptian mummies, dated back to 2400 BC, revealed skeletal defor-
mities typical of tuberculosis. However, the first written evidence of
TB were found in India and in China, and are dated as 3300 and 2300
years old, respectively [5]. The traditional medicine practiced by many
tribes native to different continents is based on indigenous knowledge
and provides valuable information on various natural products used in
the treatment of this disease. The First Nations, who are predominant
indigenous peoples in Canada south of the Arctic Circle, had devel-
oped natural remedies to manage TB, however, the treatment was
usually accompanied by various rituals based upon age-old traditions
[6]. Recent ethnopharmacological surveys show that medical prac-
tises related to TB treatment and cultivated by natural healers are still
alive and handed down from generation to generation in South Africa
[7-10], Uganda [11], Ghana [12], Malaysia [13] and India [14]. The
indigenous plant resources provide medications to alleviate cough and
related respiratory disorders associated with TB. In the era of exten-
sive high-throughput screening programs targeting potential anti-Mtb
activity, researchers explore variety of plant species native to differ-
ent parts of the world. The scientific efforts evaluating the rich flora
of Mexico [15,16], South Africa [17], Ghana [12], Malaysia [13] or
Colombia [18] aim to find new antibiotics among many diverse classes
of plant secondary metabolites. Nevertheless, the plant extracts used
by Natives are complex mixtures of large number of active compounds
exerting synergistic effects and these beneficial effects are often lost
after multi-step fractionation or isolation. What is more, the evaluation
of antimycobacterial activity is mostly performed in vitro, ignoring
many potential targets and natural mechanisms, like immune system
present in a human organism. The traditional medicine, which is often
based on a holistic approach, could provide a new and interesting per-
spective on TB treatment. This approach include not only the eradica-
tion of bacteria, but also boosting natural immunity, managing disease

symptoms, as well as proper nutrition and diet supplementation [19].
Those goals can be achieved using plant-based food products.

This review describes natural products, with a focus on plant-based
food products, useful in antimycobacterial therapy. It summarizes
the antituberculous potential of ethnopharmacologically selected
medicinal plants, herbs, spices and fruits. Moreover, the use of
plant-based food products as supportive treatment of TB treatment
is discussed. Proper diet supplementation in tuberculosis treatment
is also considered.

3. PLANT-BASED FOOD PRODUCTS
TRADITIONALLY USED IN TB TREATMENT

Since traditional healers utilize local resources to provide people with
natural medicines, plant species used for the treatment of pulmonary
tuberculosis vary significantly depending on the country. Survey per-
formed by Lawal et al. [9] listed a total of 30 plant species belonging
to 21 families as being used traditionally for the treatment of TB in
Eastern Cape Province, South Africa. Nguta et al. [12] documented 15
plant species distributed between 13 genera and 13 families as still uti-
lized for anti-TB treatments by local Ghanaian communities, whereas
Madikizela et al. [7] identified 24 plant species belonging to 19 families
that are used for treating TB in the eastern region of O.R. Tambo dis-
trict in South Africa. Recently, Semenya et al. [10] surveyed traditional
healers in the three districts of Limpopo Province, South Africa for the
management of TB and reported 184 plant species distributed in 149
genera and 77 botanical families. A large number of these species were
mentioned for the first time as medicines for TB and its opportunistic
infections. Also, quite recently Gupta et al. [14] interviewed tribal tra-
ditional healers in Anuppur, Mandla, Umariya and Dindori districts of
M.P, India and found 35 plant species distributed in 22 families with
indications against TB.

The most frequently listed and validated plant species recom-
mended in TB treatment and the management of associated
diseases belong to Amaryllidaceae, Apiaceae, Asparagaceae,
Asteraceae, Leguminosae, Rutaceae and Solanaceae botanical fam-
ilies [13,17,20]. Leaves, roots, bulbs, barks and fruits were used as
plant remedies eaten directly or prepared as decoctions or infu-
sions and sometimes burned and fumes inhaled [7,12,21]. Edible
plants recommended in TB related coughs, chest ailments, chest
pains and fever were: Abelmoschus esculentus; Acacia catechu;
Agave sp.; Allium cepa; Allium sativum; Allium odorum; Aloe vera;
Alpinia galangal; Amaranthus tricolor; Anacardium occidentale;
Ananas comosus; Annona squamosal; Averrhoa bilimbi; Azadirachta
indicia; Capparis brassii; Capparis tomentosa; Capsicum annums;
Carica papaya; Cassia fistula; Centella asiatica; Cinnamomum cam-
phora; Cinnamomum zeylanicum; Citrus microcarpa; Eucalyptus
spp.; Ficus sur; Foeniculum vulgare; Fragaria vesca; Glycyrrhiza
glabra; Humulus lupulus; Hypericum spp.; Juglans regia; Justicia
flava; Kaempferia galangal; Lavandula angustifolia; Lupinus hir-
sutus; Mangifera indica; Mentha longifolia; Momordica charantia;
Momordica foetida; Morus alba; Ocinum sanctum, Olea capensis;
Opuntia spp.; Panax ginseng; Persea Americana; Phaseolus vulgaris;
Phytolacca americana; Piper cubeba; Piper nigrum; Protasparagus
africanus; Prunus Africana; Punica granatum; Rubus pinnatus;
Rumex crispus; Salvia. spp.; Sambucus canadensis; Schizandra chin-
ensis; Solanum torvum; Syzygium aromaticum; Tamarindus indica;
Thymus vulgaris; Tulbaghia alliacea; Urtica dioica; Syzygium corda-
tum; Zingiber officinale [13,15,17,22,23].
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The literature data clearly state that a large number of plant species
traditionally used for TB management do not demonstrate significant
antimycobacterial activity in vitro [8,13,15,22,24]. Even though they
are still helpful to treat symptoms of the disease rather than to cure the
disease itself [8]. The relieving of TB-related symptoms such as cough,
chest pains and fever can be achieved by the administration of plant
extracts exerting expectorant, bronchodilatory, anti-inflammatory,
antipyretic or antitussive effects. Administration of Tussilago farfara,
Cetraria islandica or Pulmonaria officinals was recommended for this
purposes over a 100 years ago [25]. Natural products serve as adjuvants
for classical antimycobacterial therapy, reducing severe side effects
caused by synthetic drugs, enhancing activity of antibiotics and rein-
forcing the immune system to fight Mtb. The combination therapy of
Chinese herbal medicines (single herbs, practitioner-prescribed herbal
formulations or Chinese proprietary medicines) and anti-TB chemo-
therapy for MDR-TB evaluated in a number of randomized clinical
trials appeared to be more effective than anti-TB chemotherapy alone
in improving sputum bacteria conversion, lung lesions resorption,
cavity closure, and reducing liver and kidney damage [26].

4. PLANT-BASED FOOD PRODUCTS AS
SOURCES OF COMPOUNDS TESTED
AGAINST Mtb

A vast variety of plant species are still being screened in order to find
molecules inhibiting Mtb growth. The recent advances in the investi-
gation of plant extracts active in vitro against sensitive and MDR-Mtb
strains, inhibiting intracellular bacilli in vitro and ex vivo, and killing
replicating and dormant bacteria were reviewed by Gupta et al. [27].
What is more, plant endophytes were also discovered as emerging
source of active antimycobacterial agents [28,29]. However, because
molecules active in nano- or micromolar concentrations are found
rarely, the plant secondary metabolites were evaluated for their ability
to enhance activity of antimycobacterial antibiotics. The synergistic
action of plant extracts or isolated compounds against Mtb was already
mentioned by Polak and Kapka-Skrzypczak [30], Gupta et al. [27] or
Komape et al. [31]. Interestingly, the synergy was more frequently
found when natural compounds were combined with rifampicin
rather than with isoniazid or ethambutol [32,33]. These combinations
showed variable activity against sensitive and drug resistant Mtb clini-
cal strains [33-35] underlining the need to screen a wide panel of Mtb
strains. The synergistic in vitro results, however, need to be validated
using animal models and clinical trials, because in vivo synergy can
result from increased antibiotic bioavailability, e.g. administration of
piperine along with rifampicin [36], increased tolerability and func-
tionality of the liver, e.g. piperine combined with rifampicin, isonia-
zid, pyrazinamide and ethambutol [37] or immunomodulated host
response, as was shown in case of co-administration of rifampicin and
piperine [38], rather than from the direct interaction with the bacilli.

5. PLANT-BASED FOOD PRODUCTS USED
FOR REDUCTION OF SIDE EFFECTS
OF CLASSICAL ANTIMYCOBACTERIAL
THERAPY

Administration of antibiotics in TB treatment is related to serious
adverse effects such as gastrointestinal disorders, ototoxicity, nephro-
toxicity, skin rashes, fever, peripheral neuritis and hepatotoxicity [39].

The last being a result of drug-induced liver damage caused mainly
by the first line anti-TB drugs; Rifampicin (RIF), Isoniazid (INH) and
Pyrazinamide (PZA). The anti-TB drug-related hepatotoxicity affects
5-28% of treated patients and negatively affects clinical outcome,
leading to therapeutic doses reduction and treatment failure [40,41].
It is also one of the major reasons for the discontinuation of therapy,
which in effect contributes to the development of resistant Mtb forms
[42-45]. Peroxidative damage to the liver induced by INH is related
to reduced levels of glutathione S-transferase, catalase and superoxide
dismutase and manifests as increased levels of the liver enzymes [46].
What is more, anti-TB drugs induce cytochrome P450 enzymes affect-
ing the effectiveness of concurrent diseases management [47].

Co-administration of certain types of plant-based food products
with anti-TB drugs was proven to be beneficial in protection of
the liver, both in vitro and in vivo. The main indicators suggest-
ing the improved condition of liver cells were decreased levels of
enzymes: Alanine Transaminase (ALT), Alkaline Phosphatase
(ALP) and Aspartate Transaminase (AST) observed after co-
administration of plant extracts with anti-TB drugs in animal
models. Such effect was observed for Garlic (Alium sativum)
homogenate in rats [48], standardized aqueous onion (Alium cepa)
extract in rats [49], standardized alcoholic extract from Terminalia
chebula fruit containing 0.250% chebuloside in rats [50], sylimarin
isolated from milk thistle (Sylibum marianum) in rats [51] and in
rabbits [52], as well as for nanoparticle-formulated curcumin which
significantly reduced liver lesions induced by INH as confirmed by
lowering liver enzyme levels in mice [53]. Decreased levels of liver
enzymes suggested the reduction of oxidative stress in liver cells
[48]. Those results are consistent with earlier findings that garlic
constituents, diallyl disulfide and diallyl trisulfide, up-regulate the
expression of glutathione S-transferase, the enzyme involved in
maintaining of oxidative balance and detoxification of xenobiot-
ics, as was shown in clone-9 cells derived from normal rat livers
[54]. What is more, garlic polysulfides were recently found to have
antimycobacterial activity as well as hepatoprotective effect against
acetaminophen-induced toxicity in C3A liver cells [55]. The bene-
ficial antioxidant action of plant secondary metabolites in protec-
tion of TB patient’s liver was proven for sylimarin from milk thistle.
In a double-blind randomized placebo-controlled trial, sylimarin
was found to prevent liver damage in patients undergoing anti-TB
treatment via restoration of the superoxide dismutase pool [42].

To conclude, administration of plant-based food products as
adjunct therapy in TB treatment is beneficial in preventing and
diminishing hepatotoxicity caused by anti-TB drugs, mainly via
restoration of antioxidant enzymes, resulting in the decrease of
liver enzymes levels.

6. PLANT-BASED FOOD PRODUCTS AS
IMMUNOTHERAPEUTIC AGENTS
AGAINST TB

Microbial infection and inflammation are two closely related pro-
cesses ongoing during tuberculosis. The innate immune cells in
the lungs, primarily macrophages, dendritic cells, monocytes, and
neutrophils are critical for the early anti-mycobacterial responses,
progression of the infection and long-term control of Mtb by
continually developing adaptive immune responses and by reg-
ulating inflammation [56]. However, Mtb has evolved a number
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of strategies to abolish immune responses. Inhibited production
of Interleukin 12 (IL-12) was observed in susceptible hosts with
active pulmonary TB resulting in suppression of T helper type 1
cells (Thl) responses, manifested as lowered levels of Interferon
gamma (IFN-7) and Tumor Necrosis Factor (TNF-¢) [57-59].
What is more, it was shown that Mtb stimulates IL-10 production,
thus facilitating Th2 responses that counter-regulate host-protec-
tive Th1 responses via IL-4 [58,59]. The bacteria-host interactions
are further complicated by the side-activity of anti-TB drugs, which
were proven to eliminate antigen-responding T cells during ther-
apy leaving hosts hyper-susceptible to disease reactivation and
reinfection [60-62]. Introduction of anti-inflammatory drugs to
the conventional antibiotic treatment regimens allows to control
the inflammation and improves the therapy effectiveness [63].
However, taking into account the side effects associated with pro-
longed administration of steroids, an alternative approach to redi-
rection of the host immune response toward selective induction of
Thl cells and concomitant inhibition of Th2 cells is needed [59].

A number of research evaluating the usefulness of plant-based
food products as boosters of host immune system against Mtb have
emerged recently and show that those substances could restore the
balance between the inflammatory and anti-inflammatory processes
disrupted by the bacilli. Many of the studied plant extracts and iso-
lated compounds provoked lymphocyte proliferation and conse-
quently increased expression and release of related cytokines. This
activity was observed for Miana leaves (Coleus scutellarioides) alco-
holic extract, which stimulated T-lymphocyte proliferation and in
result increased the number of Th cells and the levels of IFN-yand
TNF-¢ in rats. The decreased number of Mtb colonies after miana
extract treatment was not the effect of direct inhibition of bacteria
proliferation but resulted from positively modulated host immunity
[64]. Similar immunomodulatory activity inducing a strong protec-
tive Th1 response and supporting the direct killing of both suscep-
tible and drug-resistant strains in vivo was reported for garlic extract
in murine models of TB infection [65]. Also sylimarin, a mixture of
flavonolignans (silibinin, isosilibinin, silicristin, silidianin) from milk
thistle (Sylibym marianum) seeds, induced a significant expression of
Th-1 cytokines: IFN- % IL-12 and TNF- o5 when administered alone or
in combination with chemotherapy in mice infected with drug-sen-
sitive or MDR mycobacteria [66]. Another example of indirect bac-
teria clearance and adjuvant activity when combined with rifampicin
is piperine, an alkaloid from black pepper (P. nigrum). Piperine acted
synergistically through stimulation of mouse splenocytes leading to
lymphocyte (T and B cells) proliferation, Th-1 cytokine production
and macrophage activation ex vivo. It activated the differentiation of
T cells into Th-1 sub-population (Th/Tc subsets), increased the secre-
tion of IFN-yand IL-2 as well as the expression of IFN-yand IL-2
mRNA transcripts in the infected lung tissues in mouse infection
model of Mtb [38]. The corresponding immunomodulatory effects
described in animal models were also confirmed in humans ex vivo
and in vivo. Aqueous extract of chanca piedra (Phyllanthus niruri)
increased mononuclear cells proliferation and macrophage activity,
including phagocytic activity in TB patients ex vivo [67]. The same
extract given concomitantly with the standardized anti-TB regimens
regulated immune responses in patients with active pulmonary TB
and caused a significant elevation of IFN-yand TNF- & plasma levels
and simultaneous decrease of IL-10 release. What is more, chanca
piedra extract markedly elevated the number of peripheral Th cells
and Th/Tc (T-killer cells) ratio and, as a result, it facilitated the inflam-
matory response required to eradicate the microbes [68,69].

Detailed examination of the influence of allicin from garlic on the
host immunity during Mtb infection found that allicin treatment
enhanced the activation of the SAPK/JNK pathway in macrophages
and resulted in the inhibition of p38-MAPK phosphorylation and
decreased TNF- & production by infected macrophages [65].

Other important observations after the administration of plant
extracts, concomitant with restored Th1/Th2 balance, were
increased antioxidant capacity within macrophages and induced
surface expression of molecules important in initiation of immune
responses. The first mechanism was described for extracts from
selected Rubiaceae species, which inhibited the replication of myco-
bacteria by stimulating the macrophages to release pro-inflammatory
cytokines and to scavenge free radicals [67]. Additionally, the inhi-
bition of 15-lipoxygenase enzyme pathway was observed leading
to the induction of programmed cell death and prevention of
intracellular growth of Mtb [70]. The second mechanism was
revealed for an acidic arabinogalactan polysaccharide derived from
Tinospora cordifolia used to stimulate Mtb infected RAW264.7
macrophages in vitro. The stimulation significantly induced the
surface expression of MHC-II and CD-86 molecules important in
initiating immune responses. However, it also caused an increased
secretion of proinflammatory cytokines (TNF- ¢, IL-£3, IL-6, IL-12,
IFN-7) and nitric oxide [71]. As a result of the polysaccharide
immunomodulatory activity, the intracellular survival of sensitive
and MDR Mtb strains was reduced [71]. Further in vivo investiga-
tion confirmed similar effects in the lungs of Mtb infected mice
treated with arabinogalactan polysaccharide. The acidic arabino-
galactan polysaccharide upregulated the expression of TNF-¢
INF- yand Nitric Oxide Synthase 2 (NOS2) in the mice lung tissue,
elevated the levels of Th1 cytokines (IFN-% IL-12) and decreased
the levels of Th2 cytokine (IL-4) in the serum. Restoration of Th1/
Th2 balance resulted in better animal protection against Mtb in
comparison to the INH treatment [71]. Similar positive effects on
phagocytic activity of macrophages infected with Mtb and on the
secretion of cytokines ex vivo was observed for polysaccharides
and astragalosides isolated from Astragalus membranaceus. Both
fractions of active compounds enhanced secretion of IL-14, IL-6
and TNF-ain activated macrophages [67,72].

More complex immunomodulatory action with a beneficial effect
on restoration of memory immune responses and protection from
reinfection was shown for curcumin, the main active constituent
of Curcuma longa. Curcumin was proven to increase the ability of
human monocytic cells (THP-1 cell line) infected with Mtb to control
infection via inhibition of NFkB activation and induction of apop-
tosis and autophagy through caspase-3 dependent pathway [73].
Because NF-kB induced by Mtb provoke the expression of enzymes
involved in the development of inflammatory process, such as the
Inducible NOS (iNOS) and the inducible Cyclooxygenase (COX-2),
generating nitric oxide and prostanoids, respectively, the inhibition
of NF-kB activation helps to control host inflammatory and immune
responses and prevents chronic inflammation [74]. Thus, curcumin
can be an alternative to steroids administered in the TB management.
Moreover, curcumin nanoparticles reversed INH-induced immune
dysfunction of T cells in vitro and restored the INH-induced sup-
pression in antigen-specific cytokine responses in mice TB model
[53]. Curcumin also prevented apoptosis induced by antibiotics in
antigen-responding activated T cells by inhibiting activation of the
caspase-3 pathway [53]. Co-treatment with curcumin nanoparticles
increased the total number of splenocytes and enhanced the activa-
tion of both Th and Tc cells during primary infection. What is more,
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introduction of curcumin nanoparticles to the treatment regimen
contributed to the restoration of memory immune responses and
consequent protection of animals from reinfection. The ability of cur-
cumin nanoparticles to protect against post-treatment infection was
correlated with enhanced generation of central memory T cells [53].

As was shown above, the antimycobacterial action of plant-based
food products is often the result of immunomodulatory properties
and boosting the immune system to fight Mtb. Even plants inac-
tive or weakly active in vitro against bacilli can provoke bacteria
clearance but mainly by acting synergistically when combined with
anti-TB drugs. The introduction of plant-derived food products as
immunomodulatory agents administered as adjuvants in TB che-
motherapy could be a solution to shorten the duration of treatment
regimen, increase the successful bacteria clearance, minimize gen-
eration of drug resistant bacteria and lower the incidence of rein-
fection and disease reactivation.

7. THE ROLE OF PLANT-DERIVED FOOD
PRODUCTS IN TUBERCULOSIS
TREATMENT

The tuberculosis prevalence is undoubtedly correlated with mal-
nutrition among patients in developing countries [1]. Malnutrition
can impair host immune responses against Mtb infection, as was
nicely summarized by Gupta et al. [75].

Protein deficiency contributes to enhanced bacterial growth and
dissemination due to thymic atrophy and impaired generation and
maturation of T-lymphocytes, but also due to impaired protective
interaction between macrophages and T-lymphocytes, higher pro-
duction of transforming growth factor-/ being a mediator of immu-
nosuppression and immunopathogenesis in tuberculosis, decreased
production of Thl cytokines and loss of tuberculosis resistance fol-
lowing BCG vaccination. All these effects were observed in animal
models, because, as highlighted by Cegielski and McMurray [76], it is
hardly possible to determine the nutritional status in TB patients prior
to the onset of the disease. Also more recent work by Chandrasekaran
et al. [77] underlined the role of macro- and micro-nutrients in immu-
nomodulation in tuberculosis. Among micronutrients, the influence
of vitamins A, D, E, C, selenium, zinc, iron and copper on the host
defense functions against Mtb was described and verified in a number
of clinical trials [75,77]. Micronutrients supplementation resulted in
significantly better lymphocyte proliferation and immune responses
when administered as adjuvant to MDR-TB therapy. A higher rate of
TB-negative sputum patients and lower mean lesion area in the lungs
was recorded after the treatment [75]. Interestingly, new cases of Mtb
infection were associated with inadequate intake of not only certain
vitamins and minerals but also fruits and vegetables [78]. Moreover,
the progressive shift from traditional, home cooked meals to pro-
cessed food contributes to insufficient supply of nutrients essential to
maintain proper functions of the immune system. Poor nutrient value
and low variety of ingredients in ready-to-eat foods justify the need
of the re-introduction to the patients diet the plants rich in vitamin A
(carrots, spinach, waterleaf, and tomato), vitamin D3 (tomato, potato,
pumpkin, and alfalfa red pepper), vitamin E (grains and nut oils) or
vitamin C (citrus fruits, strawberries, cantaloupe, tomatoes, cabbage,
and green leafy vegetables) [79]. Also plants with high protein con-
tent such as soy or lentil were shown to be beneficial in tuberculosis

therapy [80,81]. Thus, the TB treatment schemes including anti-TB
drugs and proper diet composition and supplementation are essential
to successful bacteria clearance. Also plants showing general immuno-
modulatory properties like Angelica sinensis, Andrographis paniculata,
Ligusticum chuanxiong, Nigella sativa, Panax ginseng [82] and already
validated as immune boosters in TB treatment like, A. sativum, A.
membranaceus, C. scutellarioides, C. longa, P. nigrum, P. niruri, S. mar-
ianum [38,53,64-69,72,73] can be beneficial and improve the anti-TB
chemotherapy.

8. EXAMPLES OF PLANT-DERIVED
FOOD PRODUCTS WITH PROVEN
ANTIMYCOBACTERIAL ACTIVITY

Selected plant species investigated for their usefulness in TB man-
agement are described here to underline the progress in the holistic
approach to the disease treatment. The main directions of activities
exerted by plant-based food products are presented in Figure 1 and
summarized in Table 1. Figure 2 shows main secondary metabolites
related to described beneficial effects.

8.1. Zingiber officinale Roscoe

Zingiber (Zingiberaceace) originates from China, where it has a long
history of cultivation as a spice and as a traditional medicinal plant.
Ginger grows naturally in subtropical and tropical Asia, Africa, Far
East Asia, China, and India. In these regions, it is traditionally used to
treat headaches, nausea, colds, flu, cough and asthma, arthritis, rheu-
matism, muscular discomfort and inflammation [83,84]. Modern
scientific studies have proven ginger’s ethnobotanical usage as a
herbal remedy to cure symptoms associated with TB by local com-
munities in Uganda and Ghana [20,85,86]. Such activities of ginger
as antibacterial, antioxidant, anti-inflammatory, neuroprotective or
anticancer can be attributed to bioactive constituents as gingerols,
shogaols, gingerdiones, gingerdiols and paradols [87]. Importantly,
due to its long history of use, ginger is considered as safe by FDA.

8.1.1. In vitro antimycobacterial activity

The antimicrobial activity of ginger was recently reviewed [88]
showing very weak antibacterial properties of extracts and better
of essential oil obtained from ginger rhizomes. The in vitro exam-
ination of different fractions of essential oil obtained from ginger
rhizomes against Mtb and nontuberculous mycobacteria showed
minimal inhibitory concentration (MIC) values ranging from
31.25 to >250 pg/mL and from 15.6 to >250 pg/mL, respectively.
The best activity was observed for fraction containing yeudesmol
as the main compound [89]. The ethanolic extract of ginger showed
poor activity against Mtb reference strains in vitro with the MIC of
2.5 and 10 mg/mL for strains H37Ra and H37Rv, respectively [86].
Whereas, an isolated 10-gingerol was shown to be a better inhibi-
tor of Mycobacterium avium and Mtb with a MIC values of 25 and
50-100 ug/mL, respectively [90]. Other phenyldecanoid derivatives
present in the hexane extracts of Z. officinale, namely 6-shogaol and
6-gingerol, exhibited good activity against Mtb H37Rv, with MIC
values of 64 and 33 pg/mL, respectively [91].
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Figure 2 The examples of main secondary metabolites of plant related to the beneficial effects in the TB management: 1 - 10-gingerol; 2 — curcumin; 3 -
demethoxycurcumin; 4 - bisdemethoxycurcumin; 5 - silybinin; 6 - schisandrin C; 7 - piperine; 8 - thymoquinone.
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8.1.2. In vivo studies
8.1.2.1. Antiinflammatory and antioxidant activity in TB

Ginger was shown to exert immunomodulatory activities. A ran-
domized and placebo-controlled study in pulmonary TB patients
(69 individuals) revealed that co-administration of ginger with
anti-TB treatment for 1 month was beneficial, because of observed
anti-inflammatory and antioxidant effects. Introduction of 3g
of ginger extract into daily diet for 1 month resulted in lowered
levels of TNF-¢; ferritin and Malondialdehyde (MDA) in blood
samples in comparison to control group [92]. These results were
consistent with previous findings that gingerol, shogaol, and other
structurally-related ginger constituents inhibit biosynthesis of
prostaglandin and leukotriene through suppression of 5-lipoxy-
genase or prostaglandin synthase, decreasing the production of
pro-inflammatory cytokines (IL-1, TNF-¢; and IL-8) and down-
regulating the expression of iNOS and COX-2 genes [93-95],
underlining its possible usefulness as anti-inflammatory agent in
tuberculosis.

8.1.2.2. Nutraceutical value in TB

Ginger is also known for its nutraceutical value. The administration
of ginger metabolites in rat model resulted in increased adrenal cate-
cholamine secretion and improvement of the appetite [96,97], indi-
cating that Z. officinale may influence the host energy consumption
and may be a valuable ingredient of functional food used during
anti-TB treatment. Other interesting study, conducted by Kumar
et al. [98], involving 76 newly diagnosed sputum positive pulmo-
nary TB patients having significant anaemia and receiving anti-TB
treatment supplemented with 250 mg of ginger extract twice daily
after meals for 1 month, showed a significant decrease in serum
levels of C-reactive proteins and ferritin, high increase of haemo-
globin level and improvement of standard biochemical parameters.
Moreover, increased serum levels of iron were also noticed at the
end of the investigation indicating that acute phase response inter-
acts with the iron metabolism. The improvement in weight gain
was significantly higher in ginger supplemented group compared
with the anti-TB treatment alone suggesting a better restoration of
nutritional status of patients and confirming that ginger is a prom-
ising adjuvant in TB therapy [98].

8.2. Curcuma longa L.

Another plant with interesting and versatile biological activity,
belonging to ginger family, is C. longa L. (turmeric). Its rhizomes
have a long history of use in the traditional Chinese medicine as a
flavoring agent and ayurvedic remedy to treat various diseases, pri-
marily associated with skin and gastrointestinal tract. The tumeric’s
effects on health stems from principal bioactive component - cur-
cumin, also called “Indian Yellow Gold” due to its brilliant yellow
color [53,99]. It has been determined that the chemical structure of
curcumin possess strong structural homology to bioactive mole-
cules derived from ginger (gingerol), alpinia (yakuchinone A) and
red chilli (capsaicin) [100].

Over the last 50 years, preclinical and clinical studies have pro-
vided strong evidence of curcumin safety and effectiveness in the

prevention and treatment of numerous human illnesses, ranging
from cancer to autoimmune disorders, diabetes and neurological
diseases via antioxidative, anti-inflammatory and antiapoptotic
activity [101-104]. Wide range of reported biological effects of cur-
cumin is due to its pleiotropic properties which involve modulating
multiple molecular targets involved in pathogenesis of various dis-
eases [100,105-107].

8.2.1. In vitro antimycobacterial activity

Commercially available curcumin is actually a mixture of curcumi-
noids: curcumin, demethoxycurcumin and bisdemethoxycurcumin
[108]. Scientific data suggests that structural modifications of cur-
cumin may lead to the development of analogs with improved bio-
availability and pharmacokinetic profile. This may have an impact
on antimycobacterial activity but also on anti-inflammatory and
anticancer properties of curcumin derivatives compared to cur-
cumin [109,110]. Particularly, monocarbonyl analogs have attracted
a great interest for the development of novel curcumin-based con-
stituents. Several of them have been screened for antitubercular
effects. The study conducted by Baldwin et al. [99] revealed that
they inhibit the growth of pathogenic of M. tuberculosis and related
Mycobacterium marinum, as well as rifampicin-resistant Mtb
strains [99]. Other authors evaluated chloroform extract of C. longa
(1000 pg/mL) and its main component — demethoxycurcumin
(200 ug/mL) against M. tuberculosis H_Rv and found that deme-
thoxycurcumin was more potent, however, chemical modifica-
tion of demethoxycurcumin yielded a derivative showing 25-fold
increase in antitubercular activity [111].

Curcuminoids were demonstrated to be active also against the
non-virulent M. tuberculosis H, Ra strain [112] and their subsequent
chemical modification provided isoxazole analogs of curcuminoids
with improved antimycobacterial properties. Among those deriva-
tives the highest activity was found for mono-O-methylcurcumin
isoxazole with MIC of 0.09 pg/mL. An isoxazole ring and two
unsaturated bonds on the heptyl chain which were present in mod-
ified moiety and allowed for greater antitubercular effect in com-
parison to curcumin (100 pg/mL) and reference drug kanamycin
(2.5 ug/mL) and comparable to isoniazid (0.06 ug/mL). Interestingly,
mono-O-methylcurcumin isoxazole was also active against various
MDR clinical isolates of Mtb with MIC values between 0.195 and
3.125 pg/mL. Furthermore, according to the authors, curcuminoids
unique skeleton is different from the currently used antitubercular
medications which may prevent the possibility of cross resistance of
these analogs with other TB drugs [112].

8.2.2. Ex vivo and in vivo studies

8.2.2.1. Immunomodulatory and hepatoprotective
activity in TB

According to the literature data there is a proven link between cur-
cumin anti-inflammatory and immunoregulatory effects in hosts
and its beneficial properties against tuberculosis. There are numer-
ous research investigating the mechanisms by which curcumin can
display its immune-adjunctive effects in immune system related
illnesses [113-115]. For instance, Bai et al. [73] reported that cur-
cumin was found to reveal its immunomodulatory properties in
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human macrophage TB infection model. Curcumin up-regulated
apoptosis and autophagy in Mtb-infected macrophages probably
through the activation of caspase-3.

However, the application of curcumin in therapy still remains a
challenge. Its relatively low bioavailability and high doses required
to exert health-promoting effects, significantly reduce clinical
application. Therefore, to overcome those limitations a number of
technologies have been developed to improve curcumin’s pharma-
cokinetic properties and raise its therapeutic value [116]. New oral
delivery systems for this compound have been recently designed,
e.g., nanoparticles of curcumin (~200 nm in size), formulated by
Tousif et al. [53] were found to possess fivefold higher bioavailabil-
ity in animals than regular curcumin. Importantly, the combined
administration of curcumin nanoparticles along with antimycobac-
terial antibiotics used in TB therapy may reduce their hepatotoxic-
ity and minimalize the risk of tuberculosis reactivation [53,115].
Furthermore, the curcumin nanoparticles have been reported to
activate the host immune response and increase the efficacy of
BCG vaccine commonly used to prevent disseminated and menin-
geal tuberculosis in young children [117].

8.3 Silybum marianum (L.) Gaernt. (Sm)

The milk thistle, a plant belonging to Asteraceae family, is now one
of the most extensively studied liver protective natural drugs with
long tradition of use dating back to the 4th century B.C. [43]. Its
seeds are the source of silymarin, well-established standardized
extract comprised of a mixture of flavonolignans, mainly silybi-
nin, silydianin and silychristin [66]. Silymarin is recommended
in alcohol and drug-induced liver injuries, in case of mushroom
poisoning and in chronic hepatitis B treatment [118-120]. Most of
silymarin’s biologically relevant properties are attributed to its main
component - silybinin [66]. Numerous animal studies and clinical
trials revealed significant hepatoprotective activity of the extracts
containing silymarin [121]. To date, its proved high safety profile
without any major adverse effects, make it a promising adjuvant in
anti-TB treatment of natural origin [122].

8.3.1. In vivo studies
8.3.1.1. Hepatoprotective activity in TB

There are evidences that silymarin may prevent liver cell damage,
stabilize the membrane potential and restore the normal function
of hepatic enzymes [42,45]. According to Tasduq et al. [123], sily-
marin may be responsible for reversion of the abnormal increase of
enzymes including AST and ALT, caused by co-administration of
rifampicin, isoniazid and pyrazinamide in rats. Other study, con-
ducted by Eminzade et al. [51] confirmed silymarin’s liver protective
effects in animal hepatotoxicity model. The simultaneous intragas-
tric administration of silymarin (200 mg/kg) together with different
combinations of anti-TB drugs over 14 days caused a significant
reduction of liver damage observed as a decline of enzyme activity
(ALT, AST, ALP) compared to animal group that received TB-drugs
alone. Improvement of histopathological changes induced by syn-
thetic TB-drugs in silymarin animal group, correlated well with
biochemical results [51]. Jahan et al. [52] demonstrated that combi-
national therapy of isoniazid and silymarin (50 mg/kg/day) resulted

in a decrease of serum ALT level induced by INH in rabbit model.
Similar results were reported by Raghu and Karthikeyan [124],
where the intake of silymarin (100 mg/kg) contributed to the allevi-
ation of toxic effects induced by zidovudine and isoniazid.

Silymarin hepatoprotective effects had been demonstrated in
numerous animal and in vitro experiments. However, its clinical
efficacy in anti-TB drug-induced liver injury still remains contro-
versial. A double-blinded randomized controlled trial designed by
Luangchosiri et al. [42], performed in human, showed a positive
hepatoprotective effects of silymarin intake after 4-week treat-
ment. The risk of the occurrence of anti-TB drug-induced liver
injury in the silymarin treated group was approximately 28% lower
than in the placebo one. In contrary, Marjani et al. [43] and Zhang
etal. [125] observed no significant effect of silymarin on the risk on
drug-induced hepatitis. However, because of a limited sample size
and study period, further clinical trials are required. The long-term
administration of TB-drugs leads to liver dysfunction and damage
by increased production of oxygen free radicals. The molecular
mechanism underlying the activity of the standardized extract of
silymarin is not fully understood, but it has been linked to the anti-
oxidant and radical scavenging properties [66].

8.3.1.2. Anti-inflammatory and immunomodulatory
activity in TB

Silymarin was also reported to exert anti-inflammatory and immu-
nomodulatory activity which may also play a crucial role during
antituberculosis therapy [66,126]. Zhang et al. [127], investigated
silymarin mechanisms of action in an animal model of alcohol-
induced liver injury. It was found to exert anti-inflammatory effect
via down-regulation of the expression of NF-kB, intercellular adhe-
sion molecule-1 and IL-6 genes in liver tissue. Silymarin adminis-
tered in combination with primary anti-TB drugs has a potential
therapeutic effect during mycobacterial infection. Rodriguez-
Flores et al. [66] suggested that silymarin used as an adjuvant in the
TB-chemotherapy increase the effectiveness of bacteria eradication
and could considerably avert TB-drug associated hepatotoxicity,
resulting in improved treatment outcome. What is more, silymarin
was found to boost host immune response in TB by increasing the
expression of protective Th-1 cytokines like IFN- % IL-12 and TNF- &
and directly decreased in vitro the viability of both the MDR and
drug-sensitive Mtb H37Rv strains at doses higher than 50 uM. All of
these effects are important in the immune system protection against
tuberculosis, because in humans and mice organisms the activation
of Th-1 cytokines and macrophages lead to NO and oxygen free rad-
icals production which was found to be crucial to eliminate Mtb [66].

8.4. Schisandra chinensis

Schisandra chinensis (Turcz.) Baill. - Chinese magnolia is a well-
known worldwide medicinal plant adaptogen, cultivated mainly
in Asia and Eastern parts of Russia. The red edible berries of
S. chinensis called Wuweizi in Chinese, meaning “five flavour fruit’,
which refers to its characteristic taste, has been commonly used in
tea, wine and beverages [128-130]. Schisandra chinensis has been
a fundamental astringent constituent of various prescriptions used
for thousands of years in Traditional Chinese Medicine. The dry
ripe fruit of S. chinensis is officially documented in the Chinese
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Pharmacopoeia as a tonic and sedative [131,132]. It is currently
known to be an adaptogenic herb which provide beneficial effects
in a wide range of health ailments, such as stress, chronic fatigue
and nervous exhaustion. Recently, S. chinensis gained tremendous
attention in western-based medicine due to its abundant bioactiv-
ities, including antioxidant, anti-inflammatory, antiviral and anti-
cancer properties [133]. Phytochemical investigations of schisandra
berries resulted in the identification of various compounds, among
which lignans, namely schisandrins and gomisins, were found to
be major constituents responsible for diverse pharmacological
effects [134-136]. The hepatoprotective properties of those berries,
being the best documented activity of S. chinensis, were found to be
effective in managing liver damage induced by carbon tetrachlo-
ride, alcohol or acetaminophen [137-139]. Medical preparations
based on extracts obtained from S. chinensis berries and the syn-
thetic analogues of active component-schisandrin C, are currently
marketed in Asian countries for the treatment of chronic viral
hepatitis and drug induced liver injury [128,136,140].

8.4.1. In vivo studies
8.4.1.1. Virostatic and immunomodulatory activity

The probability of developing TB disease is much higher among people
infected with HIV. Among all TB cases reported in 2018, 8.6% were
people living with HIV. Moreover, there were approximately 251,000
deaths due to the TB among HIV-positive people [1]. According to
Habibi et al. [141] the treatment of HIV in TB infected patients is an
appropriate tool to fight tuberculosis and vice versa. Both pathogens,
HIV and Mtb, are considered to intensify the severity of symptoms of
these two high-burden diseases in a synergistic manner, leading in the
final stage to breakdown of the host immune system and premature
death [141]. Schisandra chinensis may be considered a plant capable of
braking this HIV-TB link. The dibenzocyclooctadiene lignans found in
different species of Schisandra were reported to reveal inhibitory effects
against HIV replication [142,143]. Whereas, study conducted by Huang
etal. [144] showed polysaccharides to be responsible for inhibiting Mtb
H37Rv in the lung tissue of TB-infected rats. Results of investigations
provide evidence that S. chinensis might be considered as a promising
natural product which effectively eliminates both pathogens, probably
via enhancement of both cellular and humoral immunity [145]. The
immunomodulatory properties of bioactive constituents derived from
S. chinensis fruit may play a key role in both antibacterial and liver pro-
tective activity.

8.4.1.2. Hepatoprotective activity in TB

Hepatoprotection of S. chinensis constituents against anti-TB
drug-induced liver injury was studied in animal models and in
clinical trials. One of the schisandrin C analogues, bicyclol, showed
significant liver protective effects in anti-TB drug intoxicated rats.
The administration of bicyclol (100 and 200 mg/kg) tended to
reverse elevated serum transaminases levels (ALT, AST, ALP) in
treated group [146]. Numerous clinical studies have found S. chin-
ensis effective in the treatment of drug induced liver injury caused
by anti-TB drugs. Zhu et al. [140] summarized the clinical trials
conducted in China, investigating different Chinese traditional
formulations containing schizandra in patients receiving anti-TB
therapy. The Wuwezi granule were shown to be more effective in

preventing anti-TB drugs induced liver injury than glucurolactone,
the basic liver protectant. Co-treatment with Wuwezi capsules for
4 weeks significantly normalized elevated levels of serum biochem-
ical parameters (ALT, AST, bilirubin and j-glutamyltransferase)
and reduced the incidence of anti-TB drug-induced liver failure
(47%) in TB patients. Another study demonstrated that co-ad-
ministration of schisandra-derived capsules with anti-TB drugs
for 6-12 months may mitigate the severity of biochemical changes
compared to control group receiving only antituberculosis treat-
ment [140]. What is more, the administration of glucurolactone, in
conjunction with bicyclol at dosage of 75 mg/day p.o. significantly
reduced the occurrence of liver injury caused by anti-TB therapy
in comparison to control (p < 0.05). Furthermore, other clinical
study revealed bicyclol to be more effective in preventing anti-TB
induced liver injury than silybinin [147,148].

The mechanism of hepatoprotective action of dibenzocyclooct-
adiene lignans derived from S. chinensis and their synthetic ana-
logues in case of anti-TB induced liver injury may be associated
with antioxidant and antiradical effects. It has been implicated
that the inhibition of hepatic lipid peroxidation and consequently
alleviation of hepatic injury may play a pivotal role in liver protec-
tive mechanisms of schisandra constituents. Schisandra chinensis
co-administration with anti-TB drugs makes the treatment safer
and may help to reach therapeutic drug levels, but also increases
the recovery rate in tuberculosis patients [149].

8.5. Morina citrifolia Linn.

Morina citrifolia Linn. generally known as “noni” is one of the most
important Polynesian medicinal herbs. Its edible leaves and fruits
were used by traditional healers to treat skin lesions and wounds.
Indigenous population of Australia used noni plant for the treat-
ment of respiratory diseases [150].

8.5.1. In vitro antimycobacterial activity

Some scientific evidence supports its traditional recommendations
and noni was considered as a plant with potential application in TB
treatment. The study conducted by Saludes et al. [151] revealed that
the crude ethanolic (50%) extract and hexane fractions obtained
from M. citrifolia leaves showed 89% and 95% inhibition against
Mtb H37Rv strains at 100 pg/mL. According to the study, the noni
anti-TB properties can be attributed to the presence of lipids in the
hexane fractions: diterpene (E)-phytol (MIC of 32 pg/mL); trit-
erpenes: cycloartenol (MIC of 64 pg/mL); sitosterol (MIC of 128
pg/mL); stigmasterol (MIC of 32 ug/mL) and epidioxysterol (MIC
of 2.5 pug/mL); 2:1 mixture of the ketosteroids: stigmasta-4-en-3-
one and stigmasta-4-22-dien-3-one (MIC of 2.0 ug/mL) [151]. The
antimycobacterial activity of (E)-phytol and of some 24,25-epoxy-
cycloartanes have previously been reported by Cantrell et al. [152].

8.5.2. In vivo studies
8.5.2.1. Immunostimulatory activity and nutraceutical value

The juice from noni fruits is commercially sold as a health tonic
which consumption has dramatically increased, recently [153].
Partly because of radical scavenging activity and immunity
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enhancing properties of noni, it is considered as a promising func-
tional food which immunoadjunctive effects [154,155]. The water
extract of M. citrifolia fruits revealed its immunostimulatory effects
in vitro, ex vivo and in vivo by activating both innate and adaptive
immune responses in healthy mice [156].

Noni has been known for over 2000 years by the natives of Polynesia as
a nutritional agent used to treat diseases and maintain health. Due to a
high amount of micronutrients, vitamin A, C, sugars and fiber, M. citri-
folia fruit is suggested to promote general good health and to be ben-
eficial for physical activity [157]. The study were the mice swimming
model was used, revealed that noni leaves water extract may alleviate
fatigue [158]. In M. citrifolia treated group the improvement of the
blood glucose, nutrient and lactate levels was observed. Noni helped
to combat exhaustion by enhancing energy production. This findings
may be crucial in infectious disease recovery. Morina citrifolia may be
regarded as an adjuvant used in anti-tuberculosis therapy [158].

8.6. Piperaceae Family

Piper nigrum L., black pepper, is a herb of the Piperaceae family, native
to tropical, Indo-Malaya region. It is regarded as “the king of spices”
and generally used in almost every cuisine [159]. The black pepper
has an essential role in the traditional Indian system of medicine,
called ‘Ayurveda’ where it has been used as a basis of medicinal for-
mulations recommended in the treatment of various infectious dis-
eases such as leprosy or tuberculosis [160,161]. The wide spectrum
of pharmacological activities of black pepper, including antimicrobial,
antifungal and anti-inflammatory are related to the presence of vari-
ous phytoconstituents, but primarily, alkaloid - piperine [162-164].
In the recent years, therapeutic potential of different Piper taxons,
piper extracts and piperine was described in a number of research.

8.6.1. In vitro antimycobacterial activity

Numerous studies have been focused on the therapeutic potential
of different members of the Piperaceae family. Plants belonging
to the Piper genus may produce various secondary metabolites
such as alkaloids, flavonoids, phenylpropanoids, lignans, ben-
zenoids, steroids, monoterpenoids and essential oils [165], which
may be involved in antimycobacterial effects. According to Diaz
et al. [166] high polyphenols content was associated with the anti-
mycobacterial activity of the flower extract of Piper imperiale which
was reported to inhibit the growth of Mtb H37Rv at 75 pg/mL.
Chen et al. [167] evaluated the potential antitubercular activity of
neolignans and phenylpropanoids found in the methanolic extracts
of the roots of Piper taiwanense. The most effective in inhibition of
Mtb H37Rv were: hydroxychavicol acetate (MIC of 30.3 pg/mL),
4-allylcatechol (MIC of 27.6 pg/mL), and trans-caffeicaldehyde
(MIC of 25.5 pg/mL). Further analysis of the root phytoconstitu-
ents revealed the presence of other compounds, obtained as two
isomer mixtures of taiwanensols A and B, and taiwanensol C and
3-acetoxy-4-hydroxy-1-allylbenzene with inhibitory effect against
Mtb bacilli at MIC of 30.0 and 48.0 pg/mL, respectively [165]. Also a
benzoic acid derivatives isolated from supercritical CO, (SFE-CO,)
extracts of Piper diospyrifolium leaves were reported by Regiane
et al. [168] to demonstrate a moderate antimycobacterial activity
(MIC of 125 pg/mL). The neolignan, eupomatenoid-5, identified in
SFE-CO, extract derived from leaves of Piper regnellii, was shown

to inhibit the growth of Mtb H37Rv at 1.9 pg/mL [169]. According
to Lopes et al., eupomatenoid-5 may be a promising agent in mul-
tidrug therapy. When used in combination with first-line anti-TB
drugs it revealed synergistic effects against Mtb H37Rv [170].

8.6.2. In vivo studies
8.6.2.1. Antimycobacterial and immunomodulatory activity

Due to the chemical structure different from anti-TB drugs, pip-
erine is considered as a privileged scaffold for the development
of new, bioactive drug molecules with less resistance and toxicity
[171,172]. It was shown to enhance the bioavailability of several
drugs and to act in synergy with them [38,173]. Piperine co-
administration with rifampicin (10 mg/kg) exhibited a greater
reduction of Mtb bacilli load in animals lung tissue within 4 weeks
as compared with rifampicin alone. Moreover, piperine demon-
strated the immunomodulatory effects via up-regulation of Th-1
immune response in mouse splenocytes [38]. What is more,
according to Amaral et al. [174], piperine may be considered as
a compound enhancing the killing of MDR Mtb strains through
inhibition of pathogen’s P-glycoprotein, which expression is related
to the promotion of bacilli’s tolerance toward anti-TB drugs.

8.7. Nigella sativa L.

Black cumin is widely known as a spice used for flavouring of bakery
products, pickles, sauces, and salads. It originates from Middle East,
Middle Asia and Far Eastern countries where it was considered by
earliest herbal specialists as miraculous plant. The medicinal uses
of black cumin seeds range from airway disorders, fever, coughs,
infection, pain, or inflammation to paralysis [175]. The pharmaco-
logical effects: analgesic, anticancer, antidiabetic, antihypertensive,
anti-inflammatory, antimicrobial, antioxidant and neuroprotec-
tive, exerted by N. sativa seeds, seeds fixed oil and essential oil are
attributed to the most bioactive compound, thymoquinone [175].

8.7.1. In vitro antimycobacterial activity

Thymoquinone was shown to inhibit the growth of clinical isolates
of Mtb in vitro in a dose higher than 20 pg/mL [176]. It was also
proven to inhibit the replication of intracellular Mtb in RAW 264.7
macrophages at concentrations ranging from 12.5 to 25 pg/mL
and 6.25 to 12.5 ug/mL for H37Rv and XDR-TB strains, respec-
tively [177]. The killing of the bacilli in the presence of thymo-
quinone was mediated via concentration-dependent reduction in
NO production in both H37Rv and XDR-TB infected RAW 264.7
cells. What is more, the lowered expression of iNOS, TNF-¢ and
IL-6 was observed in H37Rv-infected cells resulting in reduced
pathogen-derived stress in host cells [177].

8.7.2. In vivo studies

8.7.2.1. Hepatoprotective activity

Nigella sativa and thymoquinone were also studied for their hepa-
toprotective potential against anti-TB drugs induced liver injury
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[178-181]. The introduction of thymoquinone or N. sativa to the
treatment after administration of antibiotics, normalized the levels
of AST, ALT, ALP, bilirubin, albumin, cholesterol, urea, uric acid,
creatinine and antioxidant enzymes (superoxide dismutase) in rats.
Histopathological examinations of liver showed improved cellu-
lar architecture. The authors suggested that membrane stabilizing
effect exerted by thymoquinone may be related to decreased oxi-
dative stress and free radical mediated tissue damage [178,179].
Similar beneficial effects of administration of black cumin oil
after isoniazid treatment were observed by Paul et al. A significant
reduction in the liver enzymes (AST, ALT, ALP) and total biliru-
bin levels as well as significant improvement in the microscopic
architecture of the liver were obtained in rats treated with oil when
compared with control group. Again, authors explained that the
hepatoprotective effects of the oil is due to the presence of thymo-
quinone and its antioxidant and anti-inflammatory activities [181].
Nigella sativa suspension co-administered with pyrazinamide alone
or with combination of pyrazinamide, isoniazid and rifampicin was
studied for hepatoprotection in rabbits as well. Combined ther-
apy resulted in significantly improved liver enzymes, glutathione
S-transferase, MDA and histopathological changes toward normal
values [180]. Taken together, the presented literature data indicate
protective effect of black cumin against liver damage in TB treat-
ment, mainly due to antioxidant and anti-inflammatory effects.

8.7.2.2. Nutraceutical value

The additional value of black cumin supplementation during TB
management may be its nutrient-rich composition. The high nutri-
tional value of seeds is related to the presence of protein, fat, fiber,
and carbohydrates. Besides various amino acids, N. sativa seeds
contain iron, copper, zinc, phosphorus, calcium, thiamin, niacin,
pyridoxine, and folic acid [175], which are important during TB
treatment. Especially, the administration of zinc, iron and copper
were shown to boost host defence functions against Mtb, due to
better lymphocyte proliferation and immune responses, when
administered as adjuvant to MDR-TB therapy [75,77].

9. CONCLUDING REMARKS

The usefulness of plants in fighting tuberculosis is not limited to
reservoir of antimycobacterial drug leads. The data discussed above
suggest that plants may be potential adjunct agents reducing side effects
of classical antimycobacterial antibiotics, protecting the liver from
anti-TB drug-induced liver injury, restoring the balance between the
inflammatory and anti-inflammatory processes disrupted by bacilli,
and nourishing of the exhausted organism. The beneficial effects of
co-administration of some plant-derived food products with classi-
cal anti-TB therapy was supported by clinical trials, however, more
scientific evidence is needed to fully explore numerous plant species
used by traditional healers to manage tuberculosis. Undoubtedly, the
introduction of herbal drugs and dietary supplements may shorten
the TB treatment and should be recommended in anti-TB regimen.
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