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Abstract: Tuberculosis (TB) is one of the leading causes of death due to infectious disease. It is
a treatable disease; however, conventional treatment requires a lengthy treatment regimen with
severe side effects, resulting in poor compliance among TB patients. Intermittent drug use, the
non-compliance of patients, and prescription errors, among other factors, have led to the emergence
of multidrug-resistant TB, while the mismanagement of multidrug-resistant TB (MDR-TB) has even-
tually led to the development of extensively drug-resistant tuberculosis (XDR-TB). Thus, there is an
urgent need for new drug development, but due to the enormous expenses and time required (up to
20 years) for new drug research and development, new therapeutic approaches to TB are required.
Host-directed therapies (HDT) could be a most attractive strategy, as they target the host defense
processes instead of the microbe and thereby may prevent the alarming rise of MDR- and XDR-TB.
This paper reviews the progress in HDT for the treatment of TB using repurposed drugs which have
been investigated in clinical trials (completed or ongoing) and plant-derived natural products that
are in clinical or preclinical trial stages. Additionally, this review describes the existing challenges to
the development and future research directions in the implementation of HDT.
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1. Introduction

Tuberculosis, caused by infection with Mycobacterium tuberculosis (Mtb), is the oldest
and deadliest infectious disease known to mankind, responsible for more than 10 million
people inflicted with new active disease every year and 1.5 million deaths from tuberculosis
(TB) in 2022 [1]. It is a potentially curable disease; the Bacillus Calmette-Guerin (BCG)
vaccination and a combination of multiple antibiotics is typically used to prevent and treat
the disease and control its spread. However, the BCG vaccine is not very effective, and
standard treatment regimen for TB is lengthy, requiring about 6 to 9 months of therapy. The
standard drug combinations (e.g., isoniazid, rifampicin, pyrazinamide, and ethambutol)
have severe side effects, leading to decreased patient compliance with anti-TB treatment [2].
Moreover, epidemiological studies have shown that about one quarter to half of newly
diagnosed TB patients also suffer from diabetes mellitus (DM) as a concomitant disease;
in many countries, particularly in Sub-Saharan Africa, comorbidity with human immun-
odeficiency virus (HIV) infection/acquired immunodeficiency syndrome (AIDS) is very
common [3,4].

Late diagnosis, non-compliance with treatment regimens by patients, incomplete
dosage intake, and errors in drug selection by clinicians are some of the reasons that
have led to the emergence of multidrug-resistant TB (MDR-TB) and extensively drug-
resistant TB (XDR-TB) [4,5]. The global burden of MDR-TB is substantial: a staggering
number of 440,000 new cases of MDR-TB occur annually around the world, causing an
estimated 150,000 deaths. It is appraised that there are approximately 30,000 new cases of
XDR-TB each year globally [6]. These strains are resistant to frontline antibiotics, making
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treatment more difficult and expensive and less effective, thereby conferring a huge burden
on health systems. The rapid acquisition of resistance to the newly approved drugs for
MDR TB, delamanid and bedaquili, is even more distressing. Thus, there is a pressing
need to apply new therapeutic approaches, such as the development of shorter regimens
that can swiftly reach the microbe in different tissue locations to eliminate it and curb
the emergence or development of multidrug resistance. Conventional antimicrobial drug
development and validation takes several years to decades; therefore, alternative strategies
are of high priority.

In recent years, host-directed therapy (HDT) has emerged as an alternative therapeutic
approach for infectious diseases. Instead of acting on the pathogen itself, HDTs strengthen
the immune system to enhance its antimicrobial capacity and ability to identify the invading
pathogen and neutralize it [7-9]. The effective application of HDT requires a comprehensive
understanding of key host physiological processes involved during Mtb infection and the
intricate interactions between mycobacterial and host defense factors, such as the diverse
immune responses against Mtb infection, the immune-evasion mechanisms of Mtb, and the
metabolic processes of immune and inflammatory cells.

2. Immune Responses Against Mtb
2.1. Innate and Adaptive Immunity

TB is spread through air when people with active pulmonary TB release tiny droplets
carrying Mtb bacilli as a consequence of coughing, sneezing, or spiting. A nearby person
can acquire an infection after inhaling the aerosolized droplets [10]. The first-line defense
strategy is applied rapidly by the host in the lungs by employing alveolar macrophages,
dendritic cells (DCs), and neutrophils [11]. These phagocytic cells engulf and degrade
pathogens and present antigens after processing the degraded pathogen to help initiate
an adaptive immune response. For an effective phagocytosis, pathogen recognition, en-
gulfment, and phagosome maturation are essential. Macrophages and DCs recognize Mtb
through pattern recognition receptors (PRRs) expressed on their cell surface; these stimu-
lated PRRs activate transcription factors (e.g., nuclear factor kappa B (NF-«B)) through intra-
cellular signalling to promote the expression of proinflammatory cytokines and chemokines.
Moreover, macrophages produce host defense peptides, such as LL-37 and (3-defensin-2
and -3, that exert microbicidal activity against a broad spectrum of pathogens includ-
ing Mtb [12]. DCs use the receptor, dendritic cell-specific ICAM (intercellular adhesion
molecules)-grabbing non-integrin (DC-SIGN), and toll-like receptor (TLR) for the recogni-
tion and self-activation of Mtb [13]. DCs secrete receptors for antigen presentation; they
migrate to the lymph nodes to activate a Th1-type response and present these antigens to
naive T cells in the draining lymph node, bridging innate and adaptive immunity [14]. In
response to the chemotactic signaling of cytokines and chemokines, there is massive influx
of other inflammatory cells including neutrophils to the local infection site (lungs) to exert
phagocytosis. Alveolar macrophages and recruited inflammatory cells organize themselves
into compact structure called granuloma. Granuloma is formed in the lung to limit Mtb
growth; however, in 90% of infected individuals, a small proportion of Mtb can survive,
driving towards the caseation of granuloma with increased hypoxic necrotic centers, lipids,
multinucleated giant cells, and epithelioid and foamy macrophages, surrounded by a rim of
lymphocytes [15]. Mtb can remain inside the granuloma for a very long time in a dormant
state, resulting in latent tuberculosis. At the early stage of infection and granuloma forma-
tion, neutrophils exert anti-TB effects by producing reactive oxygen species (ROS) to kill the
phagocytosed mycobacteria and releasing azurophil granule proteins to help macrophages
to control intracellular Mtb [16]. However, only a small proportion of neutrophils can kill
internalized mycobacteria effectively; in the later stage, neutrophils become nonmotile and
their excessive accumulation in the granuloma helps the pathogen to survive [11,17,18].
Natural killer (NK) cells secrete perforin, granzyme, and granulysin to kill Mtb-infected
cells [19]; they also produce interferon-gamma (IFN-y) and interleukin (IL)-22 and multiple
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signaling pathways to activate macrophages in order to inhibit the intracellular growth of
Mtb. During TB infection, NK cells also seem to be involved in TB granuloma formation.

Adaptive immunity steps in at a mid-to-later phase of an infection, once the early
response of innate immunity has initiated. Antigen-presenting cells (APCs), including
macrophages and DCs, phagocytose Mtb, digest the pathogen, and load the antigens onto
major histocompatibility complex (MHC) class I or II molecules, presenting antigens to
CD4*T and CDS8*T cells to initiate adaptive T cell responses [20]. The process of antigen
presentation activates CD4*T cells, which in turn activate CD8*T cells [21]. Activated
CDS8*T cells together with NK and natural killer T (NKT) cells secrete various cytotoxic
molecules (perforin, granzyme and granulysin) and cytokines for signaling to kill intracel-
lular mycobacteria [22-24].

The role of humoral immunity in protection against Mtb infection is controversial;
little evidence exists about protective role of antibodies against mycobacterial invasion.
Only at the lung mucosal surface may antigen-specific neutralizing antibodies protect
against bacterial invasion [25].

2.2. Death of Infected Phagocytes

After the phagocytosis of Mtb, macrophages eliminate Mtb contained inside the
phagosome by fusing with a lysosome and killing by ROS inside the cell. Occasionally,
Mitb can escape phagosomes into the cytosol [26]. Autophagy is a mechanism that can
eliminate these cytosol-exposed Mtb; this process is mediated by intracellular signaling
proteins, stimulator of interferon genes (STING), parkin, or Smurfl (innate defense) [27,28].
Autophagy is a highly regulated non-inflammatory process where a cell digests and recycles
the internal structures in its cytoplasm and degrades the internalized pathogens inside
lysosomes. Apoptosis, a form of programmed cell death in macrophages, activates both
innate and adaptive immunity and protects against TB. The necrotic death of phagocytes,
however, induces inflammation in the neighboring cells and tissues, releases the Mtb
bacilli in the local milieu, and exacerbates the disease [11]. These mechanisms of the
death of macrophages are exploited by Mtb to escape the host defense and disseminate.
The tuberculosis necrotizing toxin produced by Mtb inhibits apoptosis and promotes
necroptosis in macrophages. Mtb infection also induces cell death in neutrophils. While
dying, neutrophils release neutrophil extracellular traps containing bactericidal proteins
that can capture Mtb [29].

2.3. Metabolism in Host Cells During Infection and Inflammation

Phagocytes and immune cells undergo metabolic changes during Mtb infection.
Metabolic changes at cellular level are important for mounting appropriate immune re-
sponses against Mtb infection. Aerobic glycolysis increases in infected macrophages and
drives towards M1 polarization, with the halting of the tricarboxylic acid cycle and accu-
mulation of succinate. These events eventually lead to increased IFN-y release, induce
the production of inflammatory cytokines and host-protective eicosanoids, and finally the
controlling of intracellular Mtb replication [30]. Eicosanoids from lipid metabolic pathways
contribute to the regulation of the cytokine secretion from innate immune cells, influ-
encing both inflammatory and anti-inflammatory responses and increasing apoptosis in
infected macrophages. On the flip side, mitochondrial fatty acid oxidation in Mtb-infected
macrophages is inhibited, and there is excessive accumulation of cholesterol and fatty acids
in the cytoplasm, leading to the formation of foamy macrophages [31].

T cell metabolism is critical for the priming, and differentiation of T cells for rapid
activation during an immune response. Lymphocyte activation and proliferation are
regulated by three crucial factors: alterations in the expression of cell surface receptors,
type of nutrient availability, and oxygen levels. For efficient activation of lymphocytes to
counteract Mtb infection, the regulated production of cytokines, pyrimidine, glutathione,
and mitochondrial ROS are needed. Both early and chronic Mtb infection dysregulate T
cell glycolytic metabolism through several mechanisms [32].
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3. Host-Directed Therapies in the Treatment of TB

HDT primarily enhances the antimicrobial activity of the host to control the infec-
tion, repairs the host defense processes that have been manipulated by the pathogen, and
diminishes excessive inflammation to curtail tissue damage. HDT-based approaches are
attractive for the treatment of infectious diseases because they are less prone to causing
resistance in the pathogen. Diverse host factors come into play simultaneously and con-
secutively; thus, it becomes difficult for the pathogen to evade the different activated host
defense mechanisms. Moreover, the host factors are evolutionarily conserved; therefore,
a successful evasion will require substantial mutational changes in the pathogen which
is not cost-effective for the microbe. Furthermore, adjunctive treatment with HDT may
amplify the effectiveness of the mainstream antimycobacterial therapy for Mtb, since the
mechanism of mycobacterial elimination by HDT is different from that of anti-TB drugs.
There are various host pathways through which HDTs can hypothetically inhibit TB disease
progression, such as modulating different immune cells, regulating cytokine signaling,
and antimicrobial (e.g., host defense peptides and cytolytic molecules) and epigenetic
processes [33,34]. Many mechanisms of HDT in the treatment for tuberculosis as adjuncts
to standard anti-TB chemotherapy have been examined; few of these were also successful
in increasing the effectiveness of conventional antibiotics. Some examples are (1) the sup-
pression of host factors influencing immunopathogenesis and the different stages of Mtb
infection; (2) the augmentation of innate and adaptive immune response-related features;
(3) induce dampening factors to minimize inflammation and tissue damage; (4) inducing
immune regulatory pathways; and (5) curbing function of bacterial products that aid in
evading host defenses [35-37].

Globally, many HDT candidates are being evaluated and are at different stages of
preclinical or clinical trials as adjunctive therapies. Among these drug candidates, some are
repurposed /repositioned drugs licensed for other diseases, while some are plant-derived
natural compounds [38]. Newer studies are focusing on the effects of HDT on comorbid
conditions such as TB with DM and HIV-TB.

3.1. Repurposed Medicines

The repurposing of existing drugs that are licensed for the treatment of different
diseases (such as cancer, diabetes, and cardiovascular diseases) provides significant ad-
vantages in treating drug-resistant TB. These medicines, when used as adjunct therapies
to short-course chemotherapy regimens, can eliminate Mtb and prevent the development
of drug resistance. A number of preclinical and clinical trials have used licensed drugs
repurposed for the treatment of TB (Table 1); we have focused on phase 2I to 3 trials only
(completed or under investigations), reporting various HDTs.
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Table 1. Clinical trials of repurposed drugs for host-directed therapy in the treatment of tuberculosis.

FDA Approved Drugs Clinical Indications Probable Mechanisms and Outcomes/Endpoints Study Site, References
Trial Phase,
Sample Size

Targeting cell death

Phenylbutyrate, Vitamin D3

Phenylbutyrate, Vitamin D3

Vitamin D3

Imatinib

Vitamin D3

Anti-inflammatory

Acetylsalicylic acid (Aspirin)

Aspirin

Aspirin

Urea cycle disorders, healthy bones,
muscles, nerves, and to support the
immune system

As above

Immunomodulatory,
anti-inflammatory, modulation of
cell growth, neuromuscular
function, glucose metabolism
Chronic myelogenous leukemia and
other cancers

As above

Pain, inflammation or arthritis, risk
of heart attack, stroke or blood clot

As above

As above

Induces LL-37 (antimicrobial peptide) expression,
autophagy, reduction of proinflammatory
cytokines/chemokines, inhibition of ER-stress
related genes, intracellular killing of Mtb, and early
sputum culture negative

Mitigate clinical TB symptoms and disease-specific
complications

Faster resolution of fever, cough, and improvement
in nutritional status

Human trial will assess safety, optimum dose
identification, maximize bactericidal activity by
immune cells; induce myelopoiesis; time to sputum
culture conversion

Spondylitis Tuberculosis; clinical outcomes, serum
levels of TLR-2, and TLR-4

Favorable outcome in high dose group

Primary outcome is all-cause death between
inclusion and week 40

To shorten the duration and improve the treatment
outcomes; apply anti-inflammatory approaches to
improve disability-free survival

Bangladesh
Phase 2
n =288

Ethiopia

Phase 2

n = 348

Indonesia Phase 2
n=284

Nepal and Vietnam
Phase 2

n="72

n =180

Indonesia

Phase 2

Phase 3

n=37

South Africa
Phase 2
n =146
Ivory Coast,
Madagascar,

Uganda, and South Africa

Phase 3
n="768
India

Phase 2
n=2372

A Mily, 2015 [39]
NCT01580007
RS Rekha, 2018 [40]

Bekele, 2018 [41] NCT01698476

L Tamara 2022 [42]
NCT05073965

CR Giver, 2019 [43]
Cleverley TL, 2023 [44]
IMPACT-TB*

NCT03891901

Jainal Arifin, Firdaus Hamid,
Andi Alfian Zainuddin
NCT05376189

Not yet recruiting

JF Schoeman, 2011 [45]
Thomas Maitre, 2022 [46]

NCT04145258
INTENSE-TBM

LR Inbaraj, 2024 [47]
NCT05917340
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Table 1. Cont.

FDA Approved Drugs Clinical Indications Probable Mechanisms and Outcomes/Endpoints Study Site, References
Trial Phase,
Sample Size
Aspirin, Pain, inflammation or arthritis, risk  Significant inhibition of pro-thrombotic TXA2 and Vietnam NTH Mai, 2018 [48]
Dexamethasone of heart attack, stroke or blood clot  proinflammatory prostaglandins (PGD2, PGE2, and  Phase 2
PGF2) and upregulation of pro-resolution protectins n =120
in TB meningitis

Aspirin Anti-inflammatory, Anti-aggregation, anti-inflammatory, and India UK Misra, 2018 [49]

Corticosteroid immune-modulatory, rheumatoid antioxidant properties, and an antithrombotic effect ~ Phase 2
arthritis, lupus or vasculitis n =153

Aspirin, Reducing pain, fever, inflammation, Inhibitors of cyclooxygenase-1 and cyclooxygenase-2, South Africa and L Arias, 2023 [50]

Ibuprofen rheumatoid disorders, which are involved in synthesis of prostaglandins Georgia NCT04575519
dysmenorrhea, and osteoarthritis and leukotrienes Phase 2b

n =354
Ibuprofen - Potential efficacy and safety when used as adjunctive  Georgia, Cris Vilaplana NCT02781909
therapy in XDR-TB patients; immune responses South Africa
Phase 2
n=24

Dexamethasone Inflammation, certain forms of Immune reconstitution inflammatory syndrome Vietnam ] Donova, 2023 [51]
arthritis; severe allergies; asthma; (IRIS); no favorable outcome Indonesia NCT03092817
certain types of cancer Phase 2

n =520
Dexamethasone As above In TB meningitis. Outcomes: Survival rate; Incidence ~ Vietnam Guy Thwaites NCT03100786
of new neurological events; disability, frequency of =~ Phase 3
severe and serious adverse events; need for rescue n="720
corticosteroids.

Sulfasalazine Lower inflammation in certain Effective, safe, well-tolerated, and cost-effective; no China Liang Fu, 2024 [52]
diseases and help prevent the need  treatment failure or death Phase 2 ChiCTR2000032298
for steroids; used in ulcerative n=44
colitis, rheumatoid arthritis

Immune-modulating

Etoricoxib Cyclooxygenase-2 inhibitor Reduced circulating vaccine-responsive T-cells Norway S Jenum, 2021 [53]

Phase 1/2 NCT02503839
n=222

Doxycycline Preventing the growth and spread MMP-1, -8, -9, -12 and -13, suppressed type I Singapore QH Miow 2021 [54]
of bacteria, MMP inhibitor collagen, elastin destruction, reduced pulmonary Phase 2 NCT02774993

cavity volume n=30
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Table 1. Cont.

FDA Approved Drugs Clinical Indications Probable Mechanisms and Outcomes/Endpoints Study Site, References
Trial Phase,
Sample Size
Doxycycline As above Outcome: improvement of lung function and Singapore, J Mi, 2024 [55]
decrease in tissue destruction Malaysia NCT05473520
Phase 3
n =150
N-acetylcysteine (NAC) Treat acetaminophen overdose Restore reduced form of glutathione, exert Brazil IP Safe, 2021 [56]
antioxidant effects, decreased peroxidation Phase 2 NCT03281226
n=39 RIPENACTB
N-acetylcysteine (NAC) As above Increased glutathione levels; improved recovery of Tanzania RS Wallis, 2024 [57]
lung function; no impact on sputum culture Phase 2 NCT03702738
conversion n =140 TB SEQUEL
Regulating metabolic pathways
Statins Hypercholesterolemia Induces phagosome and phagolysosome maturation, Cape Town K Wolmarans, 2022
Atorvastatin autophagy and apoptosis in Mtb-infected PBMCs Phase 2b NCT04147286
n =220 Poster
Rosuvastatin Hypercholesterolemia, to prevent Safe but did not demonstrate substantial benefits on ~ Philippines, GB Cross, 2023 [58]
cardiovascular disease culture conversion Vietnam, NCT04504851
Uganda
Phase 2b
n=137
Pravastatin Hypercholesterolemia Inhibits cellular cholesterol biosynthesis, South Africa SP Parihar, 2019 [59]
phagolysosome maturation and induces autophagy  Phase 2 NCT03882177
n=16 StAT-TB
Pravastatin Hypercholesterolemia Safety and tolerance, severity of adverse outcomes South Africa PC Karakousis; RE Chaisson; N
Phase 2b Martinson, NCT03456102
n=40 StAT-TB
Atorvastatin Hypercholesterolemia Dose finding, outcome: Speedier sputum culture Nigeria Olanisun O Adewole
conversion, adverse events Phase 2 NCT06199921
n =440 StatinTB
Metformin Diabetes Did not speed up sputum culture conversion, India C Padmapriydarsini 2022 [60]
reduced inflammatory markers and lung tissue Phase 2 CTRI/2018/01/011176
damage. Reduced inflammatory chemokines. n=322 NP Kumar 2024 [61], H
Krismawati 2024 [62]
Metformin As above Outcomes: % participants experiencing leprosy Indonesia H Krismawati 2024
reactions; frequency of serious adverse events Phase 2 NCT05243654
n =166 MetLep Trial
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Table 1. Cont.

FDA Approved Drugs Clinical Indications Probable Mechanisms and Outcomes/Endpoints Study Site, References
Trial Phase,
Sample Size
Metformin As above Outcomes: Safety and tolerability; efficacy as South Africa Hardy Kornfeld NCT04930744
measured by time to sputum conversion Phase 2 Recruiting
n=112
Everolimus, auranofin, Renal cell carcinoma CC-11050 and everolimus arms were safe and South Africa RS Wallis, 2021 [63]
CC-11050, vitamin D2 relatively well tolerated; had increased recovery of Phase 2 NCT02968927
FEV1 at day 180 n =200
Everolimus Renal cell carcinoma Modulate autophagy via the inhibition of mTOR; South Africa RS Wallis, 2022 [64]
higher recovery of lung function at day 180; peak Phase 2

glycolytic activity was reduced

Secondary analysis

IMPACT-TB*, Imatinib Mesylate per Oral As a Clinical Therapeutic for TB.
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3.1.1. Targeting Death of Infected Phagocytes

Promote phagosome maturation: Mtb uses various immune evasion strategies through
its virulence factors, and one of them is to inhibit phagosomal maturation. Therefore,
accelerating phagosome maturation could be one approach for TB treatment. Imatinib
is approved for the treatment of chronic myeloid leukemia (CML); it inhibits Abelson
tyrosine kinase (Abl), known to affect lysosomal trafficking, and induces the expression
and recruitment of the enzyme Vacuolar-type ATPase (v-ATPase), which is important for
phagosomal acidification. Thus, imatinib promotes phagosomal acidification and improves
Mtb killing within macrophages (Figure 1) [65]. In a murine M. marinum infection model,
the use of imatinib as an HDT provided evidence of accelerating and regulating immune
responses and limiting the lesion size and inflammation around granulomas [44]. A phase
2 trial is currently in progress in Vietnam and Nepal [44] (IMPACT-TB*; NCT03891901).
Doxycycline and imatinib can disintegrate a granuloma’s structure by inhibiting matrix
metalloproteinases (MMP) and blocking angiogenesis, thereby allowing antibiotics to enter
into the granuloma and infected cells and reduce the bacterial load (Figure 2).

Induce ROS
WACRO P, u Metformin
Ge mImiquinode
Mycobacterium .
tub)!arculosis (Mtb) Mitochondria DEErlE
mEGCG
¢ &— mAllicin Inhibit lipid
" . body formation
Phagocytosis Lipid body m Statins
N Phagosome O < mVitamin D
| I
UelE < Induce
B Vs . wy\  Cytosol antimicrobial
Reduce Lysosome e peptides to kill
ER Stress 4 Mtb
m Phenylebutyrate Endoplasmic Y mVitamin D
mVitamin D reticulum (ER) < m Phenylebutyrate
_ \/ o mHDAC Inhibition
Autophagosome
P4

Activate > AT
A hagy dasdiy) ¢ — Promote
m Phenylebutyrate Lysosome & < phagoso'me
almiauinode Autolysosome autophagosome fusion ) maturation

' ; > Promote fusion m Metformin
. )

fetformin  Statins m Statin

.VltalinerdD m Carbazepine mImatinib
n Isoma.n _ m Everolimus m Tofacitinib
] Pyra2|ném|de mVitamin D mEGCG
m Curcumin m Curcumin
mEGCG mEGCG

Figure 1. Targeting death of infected phagocytes. Macrophages engulf and phagocytose Mtb, which
interferes with various processes to evade killing by the macrophage. (i) Some drugs such as metformin,
everolimus, and allicin induce ROS production by mitochondria to enhance killing of Mtb. (ii) Statins,
metformin, EGCG, carbazepine, and curcumin promote phagosome maturation or fusion of phagosome
and lysosome. (iii) Phenylbutyrate, vitamin-D, metformin, and EGCG trigger autophagy, improve
phagolysosomal fusion, and increase phagosome maturation and thereby enhance intracellular killing
of the pathogen by macrophages. (iv) Once Mtb escapes from phagosomes into cytosol, some drugs
such as phenylbutyrate and HDAC inhibitors induce production and release of antimicrobial peptides,
e.g., LL-37, by the macrophages to kill the escaped microbe in the cytoplasm. (v) Within an infected
macrophage, Mtb causes abnormal ER morphology and induces ER stress and subsequently apoptosis
to promote intracellular survival. Phenylbutyrate and vitamin D can downregulate ER stress to prevent
apoptosis. (vi) Mtb infection drives accumulation of neutral lipids and trigylcerides, with spontaneous
lipid droplet formation leading to foamy macrophage development, which exerts inflammatory effects.
Statin drugs and vitamin D can decrease blood cholesterol levels by blocking the synthesis of cholesterol
and serve as a potential HDT candidate. EGCG: epigallocatechin gallate; ER: endoplasmic reticulum;
HDAC: histone deacetylases; HDT: host-directed therapy; ROS: reactive oxygen species.
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Figure 2. Targeting granuloma degradation. Granulomas are formed in the lungs to limit Mtb
growth, though in majority of the infected individuals, a small percentage of Mtb may survive within
the granulomas, driving towards caseation of granulomas and necrotic centers. Some drugs such
as doxycycline and imatinib disintegrate granulomas’ structure by inhibiting MMP and blocking
angiogenesis. This allows accessibility of antibiotics into the granulomas and infected cells and
reduces the bacterial load. MMP: matrix metalloproteinase; Mtb: Mycobacterium tuberculosis.

Autophagy induction and improving antimicrobial responses of macrophages: Mtb
can escape the phagosomal membrane via its early secretory antigenic target 6 kDa (ESAT-
6) secretion system-1 into the cytosol, where it replicates and induces the necrotic death
of the infected cells and inflammation in neighboring cells and tissues. If autophagy is
activated in an infected phagocyte, the cytosolic Mtb can be killed [66]. Autophagy induction
thus can be one strategy of HDT for eliminating TB. Studies on the mechanism of action
have revealed that many drugs and compounds can activate autophagy. A number of
studies have reported a link between PRR and autophagy which can improve innate host
defense against pathogens [67]. Imiquimod, an agonist of TLR7 (a PRR), is applied for
treatment for superficial basal cell carcinoma [68]. This drug has been shown to trigger
selective autophagy by increasing mitochondrial ROS and targeting autophagosomes to
the mitochondria and nitric oxide (NO) production in mouse macrophages, thereby killing
intracellular Mtb [69] (Figure 1). The active form of vitamin D blocks Mtb replication inside
the infected macrophages through autophagic process [70]. Lipopolysaccharide in the cell
wall of Mtb is recognized by TLR2 which triggers activation of vitamin D3-activating enzymes.
Activated vitamin D3 induces the synthesis of an antimicrobial peptide, LL-37, which further
enhances xenophagy [70]. Ex vivo studies have shown that phenylbutyrate, used for the
treatment of various conditions, including urea cycle disorders, with or without vitamin D3
induces expression of LL-37, LL-37-dependent autophagy and intracellular killing of Mtb
by macrophages, including multidrug-resistant Mtb [40,71-73]. Phenylbutyrate and vitamin
D3 were applied as an adjunct HDT to standard short-course therapy in two clinical trials
in pulmonary TB patients, including one that involved HIV-associated TB patients [39,41].
These studies showed that phenylbutyrate with or without vitamin D3 significantly improved
clinical recovery, accompanied with increased expression of LL-37 and reduced intracellular
Mtb growth in macrophages and earlier bacterial clearance from sputum (Figure 1).

The canonical anti-TB drugs isoniazid and pyrazinamide, which directly act on Mtb,
can also activate autophagy in infected human macrophages, independent of their bacte-
ricidal activity [74,75]. Carbamazepine, an anticonvulsant medicine, activates Adenosine
monophosphate (AMP)-activated protein kinase (AMPK) to induce autophagy during Mtb
infection in human macrophages [76] (Figure 1).
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3.1.2. Modulating Immune Responses

The modulation of immune responses by drugs as adjunctive HDT is an important
approach to treating tuberculosis [7]. Endoplasmic reticulum (ER) stress plays a central role
in innate immune signaling in response to microorganisms. Infection with Mtb mediates
the overproduction of proinflammatory cytokines and induces ER stress in the host cells
and promotes its intracellular survival [77]. Mycobacterium protein cell adhesion molecule
M-cadherin (CdhM) can cause abnormal ER morphology and subsequently apoptosis
through increasing the host stress markers binding immunoglobulin protein (BiP) and
C/EBP Homologous Protein (CHOP) and the levels of X-box binding protein (XBP) 1 splic-
ing and eukaryotic initiation factor-2« (elF2«) phosphorylation to promote apoptosis [78].
Ex vivo experiments carried out using samples from a clinical trial showed that HDT
with phenylbutyrate with or without vitamin D significantly reduced proinflammatory
cytokines and chemokines and ER stress-related genes and induced autophagic markers in
monocyte-derived macrophages [40]. Inmunomodulatory compounds such as phenylbu-
tyrate plus vitamin D inhibited the growth of clinical MDR tuberculosis strains in human
macrophages via the induction of the antimicrobial peptide LL-37 and LC3-dependent au-
tophagy. Vitamin D3 plus phenylbutyrate also had additive effects with isoniazid, showing
potential therapeutic application in difficult-to-treat pulmonary TB [73] (Figures 1 and 3).

In the context of adaptive immunity, many promising candidates have been inves-
tigated in in vitro studies; however, very few of these drugs have been tested as HDTs
in clinical trials. Class II, major histocompatibility complex, transactivator (CIITA) is a
major transregulator of MHC class II molecules; Mtb interferes with the antigen-presenting
capacity of APCs by downregulating the expression of CIITA to prevent the production of
MHC class II in macrophages critical for adaptive immunity [79]. G1-A4, a polysaccharide
derived from Tonispora cordifolia, is a TLR4 agonist that upregulates MHC class II proteins
and CD86 and increases the secretion of NO and proinflammatory cytokines, such as
TNF-«, IL-6, IL-12, and IFN-y, in a mouse model [80] (Figure 3). Cysteamine is a drug
approved for the treatment of nephropathic cystinosis; it decreased the replication of Mtb
strains in human macrophages [81]. Tamoxifen is a breast cancer drug. Even though it was
reported to have a direct antibacterial effect on Mtb, it has a role as a repurposed drug in
HDT in an experimental model for TB. The drug functions by promoting the delivery of
mycobacteria to the lysosomes to engulf, process them into peptides, and transport them to
the MHC-II loading compartment [82].

Metformin, the most widely used diabetes drug, has been used as a repurposed
candidate adjunctive HDT for TB and the trials were associated with improved control of
Mtb infection and decreased disease severity [83]. Metformin treatment exhibits a myriad
of effects, such as reduced production of TNF-«, IFN-y, and IL-1f3, amplified phagocytosis
activity and mitochondrial ROS production of APCs, and reduced chronic inflammation
and lung pathology [84,85] (Figure 3). N-acetylcysteine (NAC) is a glutathione (GSH)
precursor. In a phase 2 randomized clinical trial (RIPENACTB study), NAC used as
an adjunct therapy during the first two months of anti-TB treatment was safe and also
enabled mycobacterial clearance from sputum among HIV-associated TB patients [86]
(NCT03281226, RIPENACTB). The NAC-treated patients showed markedly higher GSH
and total antioxidant levels with a concomitant reduction in lipid peroxidation compared
to the control group [56].

The mammalian target of rapamycin (mTOR) is a type of kinase protein which is
switched on in certain types of cancer, allowing the cancer cells to grow and produce new
blood vessels. mTOR inhibitors can stop the growth of these cancer cells and improve
immune function [87]. Everolimus is a type of mTOR blocker. Auranofin is a disease-
modifying antirheumatic drug that decreases pain during arthritis by decreasing inflamma-
tion. CC-11050 is a novel anti-inflammatory compound being used to treat diverse chronic
inflammatory conditions and cytokine storms associated with infectious diseases. These
three drugs and vitamin D3 were used in four separate arms in a phase 2 clinical trial; the
findings showed that patients treated with everolimus and CC-11050 were safe and the
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treatment was reasonably well tolerated as an adjunctive HDT for TB, and also displayed
enhanced recovery of lung function capacity [63] (NCT02968927). The modes of action of
everolimus as an adjunct therapy are thought to be multiple. There is reduction of glycolytic
activity which may mitigate inflammation in the lung and improve lung function; there may
be increased ROS production in infected macrophages, inducing autophagy [88] (Figure 1).
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Figure 3. Modulating cell-mediated immunity. Both innate and adaptive immunity may be mod-
ulated by HDT candidate drugs. (i) G1-A4 enhances antigen-presenting capacity of macrophages,
dendritic cells, and B cells and increases NO production and proinflammatory cytokine production.
(ii) Cysteamine, berberine, and piperine reduce Mtb growth inside the infected macrophages. (iii) Met-
formin statins and some phytochemicals regulate cell-mediated immune responses by enhancing
antigen-specific T-cell responses. Metformin enhances anti-mycobacterial responses by educating
CD8+T-cells, reducing production of TNF-«, IFN-y, and IL-13, amplifying phagocytosis activity and
mitochondrial ROS production of APCs. Statins, berberine, bergenin, curcumin, and luteolin can in-
crease the proportion of central memory T cells. (iv) Phytochemicals such as piperine, silymarine, and
allicin induce Th1/Th17 responses. (v) Phenylbutyrate reduces ER stress and inflammatory cytokine
production and improves cell survival. APC: antigen-presenting cell; ER: endoplasmic reticulum;
IFN-y: interferon gamma; IL-1§3: interleukinl beta; MHC: major histocompatibility complex; NO:
nitric oxide; ROS: reactive oxygen species; Tcyp: T central memory cell; Tgyy: T effector memory cell;
Th: T helper cell; TNF-«: tumor necrosis factor alpha.

3.1.3. Modulating Anti-Inflammatory Responses

Mycobacterial infection can trigger a cascade of immune dysregulation. The host
combats the infections by generating an inflammatory response that is crucial for controlling
the pathogen, whereby a network of inflammatory cytokines, eicosanoids, prostaglandins,
and other mediators are released. Uncontrolled and excessive release of these inflammatory
mediators damage tissues and contributes to disease exacerbation [38]. Thus, balancing the
inflammation could potentially optimize TB treatment.

Aspirins and ibuprofen are non-steroidal anti-inflammatory drugs (NSAID) that have
analgesic, antipyretic (reducing fever) and anti-inflammatory effects. These drugs are
inhibitors of cyclooxygenase-1 (COX-1) and cyclooxygenase-2 (COX-2), the enzymes in-
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volved in the synthesis of eicosanoids such as prostaglandins and leukotrienes that are
biologically active lipid mediators. There is an increased synthesis of eicosanoids during
leprosy and TB [89]. Prostaglandins have a significant role in the production of pain,
inflammation, and fever (Figure 4). A number of clinical trials have been initiated to assess
the safety and efficacy of NSAIDs (aspirin, ibuprofen, meloxicam, and etoricoxib) and
steroid drugs (e.g., dexamethasone) as repurposed adjunctive HDTs of drug-sensitive and
drug-resistant pulmonary TB as well as TB-meningitis, targeting the inhibition of COX
enzyme activities [46-51,53] (NCT04575519; NCT02781909; NCT03092817; NCT02060006)
(NCT04145258, NCT05917340) (Figure 4). One phase 2 trial in China utilized Salfasalazine
as an adjunctive treatment of patients with pre-XDR-TB, which was found to be effective,
safe, and well-tolerated [52] (ChiCTR2000032298).
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Figure 4. Modulating inflammatory response. (i) Non-steroidal anti-inflammatory drugs (NSAIDs),
cyclooxygenase inhibitors (aspirin, ibuprofen, meloxicam, and etoricoxib), steroid drugs (dexametha-
sone), antioxidants (N-acetylcysteine), AMPK activators (metformin), and statins suppress proin-
flammatory responses, which decreases inflammation and tissue damage in infected macrophages.
(i) Phytochemicals such as curcumin, resveratrol, and quercetin reduce proinflammatory mediators.
AMPK: adenosine monophosphate (AMP) -activated protein kinase; APC: antigen-presenting cell;
COX: cyclooxygenase; EGCG: epigallocatechin gallate; GSH: glutathione; HMGB1: high mobility
group box 1; IFN-g: interferon gamma; IL-6: interleukin 6; PMN: polymorphonuclear leukocytes;
SOD: superoxide dismutase; TNF-a: tumor necrosis factor alpha.

Statins are primarily used for lowering blood cholesterol levels and reducing the
risk of heart disease and stroke. In clinical trials, statins have been applied for their anti-
inflammatory, antioxidative, anti-thrombotic, and immunomodulatory functions [59]. These
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drugs promote host defense mechanisms and inhibit pathological inflammation in infectious
diseases. The mechanism of action includes the inhibition of formation of intermediates
of the host mevalonate pathway, thereby compromising the immune evasion strategies of
pathogens and their survival [90]. Atorvastatin given as a repositioned drug in HDT to un-
complicated, drug-susceptible pulmonary TB in Nigeria resulted in early sputum conversion
and substantial decrease in chest X-ray severity scores after 8 weeks of treatment [91]. The
mechanism of action of statins from experimental studies include anti-inflammatory effects,
induction of autophagy, escalation of phagosome, and phagolysosome maturation [59]. Ad-
junctive rosuvastatin treatment was also safe in TB patients but did not produce substantive
benefits on culture conversion [58]. A number of HDTs are ongoing using pravastatin as a
repurposed medicine in South Africa (NCT03456102 and NCT03882177).

Doxycycline, a tetracycline antibiotic, has been shown to dampen host inflammatory
responses by inhibiting MMP, which degrades collagen and other structural proteins to
induce tissue damage and cavitation, down-regulate type I /Il interferon and innate immune
response genes, and up-regulate B cell biology-related genes. In a phase 2 trial in Singapore,
doxycycline was given for 2 weeks as an adjunctive therapy that showed that the treatment
was safe, and it reduced MMP-1, -8, -9, -12, and -13 expression in the sputum, suppressed
type I collagen and elastin destruction, and reduced pulmonary cavity volume without
altering sputum mycobacterial loads [54] (NCT02774993). A phase 2 clinical trial showed
that doxycycline, when given in combination with anti-TB drugs, was well tolerated and
the activity of type 1 collagenase and elastin was reduced in the sputum (NCT02774993).
In a newly initiated phase 3 clinical trial in Singapore (Trial NCT05473520), 75 PTB patients
in each arm will be given doxycycline or a placebo for two months with a follow-up of four
months to determine improvement of lung function and decrease in tissue destruction [55].

3.1.4. Regulating Metabolic Pathways

The accumulation of neutral lipids and trigylcerides during Mtb infection drives
towards the necrosis of infected cells, facilitating the escape of Mtb into the cytosol.
Hypercholesterolemia induces spontaneous lipid droplet formation and leads to foamy
macrophage formation that exerts inflammatory effects through increasing inflammatory
mediators. Excessive accumulation of lipid droplets in foamy macrophages can render
them unable to control Mtb. Statins are used to decrease blood cholesterol levels by block-
ing the synthesis of cholesterol. Several statin drugs have been used as repurposed drugs
in HDTs of TB, as described above.

Mounting evidence suggest that optimum activation of T lymphocytes for prolifera-
tion, clonal expansion, and execution of effector function is crucial to mount an effective
immune response for the efficient clearance of infections. APCs activate T cells to undergo
metabolic reprograming to support their effector functions [32]. Failure to activate T cells
lead to T cell exhaustion. Mtb infection induces distinct defects to the metabolism of CD8*T
cells and increases expression of both programmed death receptor 1 (PD-1) and other
inhibitory receptor Cytotoxic T-lymphocyte-associated protein 4 (CTLA4) which is linked
with decreased glucose uptake, glycolysis and mitochondrial respiration. Metformin in-
creases the frequency of undifferentiated T cells, improves effector function and telomerase
content [92]. Metformin enhances anti-mycobacterial responses by educating CD8* T-cells’
immunometabolic circuits [85] as described above. These actions of metformin can indi-
rectly help improve the T cell-related metabolic pathways (Figure 3). The role of ibuprofen
and aspirin as COX inhibitors that block eicosanoid synthesis have already been described
above. Findings reflect that targeting the coupled metabolism of Mtb and the macrophage
improves the control of infections [93].

3.2. Plant-Derived Natural Products (Phytochemicals)

Historically, natural products have constituted a vital basis of diverse medicinal agents
including anticancer, anti-inflammatory, antimicrobial, and antiviral drugs [94]. Plants
are a source of a broad range of natural products having therapeutic properties against



Biomolecules 2024, 14, 1497

15 of 32

various diseases. Traditional ayurvedic treatments were based on the medicinal plants
and plant-based products (primary and secondary metabolites), and knowledge of this
traditional medicine system has provided the basis of exploring medicinal plants for
manufacturing pharmaceutical products. The prospect of plant-derived natural products
for drug discovery and phytopharmaceutical drug delivery systems has been reviewed
extensively by Nasim N et al., 2022 [95]. In this review, we will highlight some of the
phytochemicals that have undergone preclinical trials; a few of these products have also
reached initial phases of clinical trials (Table 2). The chemical structures of the selected

phytochemicals are given in Figure 5.
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Table 2. Phytochemicals in clinical or preclinical trials as potential host-directed therapeutic candidates for the treatment of tuberculosis.

Phytochemicals Categories (Source) HDT Effects for TB Developmental Stage as HDT References
for TB
Epigallocatechin gallate ~ Polyphenol Induction of autophagy, phagosome maturation through ~ Randomized clinical trial Agarwal A, 2010 [96]
(EGCG) (Green tea) autophagic flux, and reduction of inflammation and
oxidative stress
Quercetin Polyphenolic flavonoid (Capers, Reduction of caseous necrosis of hepatocytes, inhibition of =~ Phase 2 clinical trial Butov D, 2016 [97]
red onions, kale) inflammatory mediators, suppression of oxidative stress,
and boosting of endogenous antioxidants
Silymarin Polyphenolic flavonoid Reduction of anti-TB drug-induced hepatotoxicity and Randomized double-blind Talebi A, 2023 [98],
(Milk thistle seeds) induction of Th-1 cytokines clinical trial Luangchosiri C, 2015 [99]
Curcumin Polyphenol (Turmeric) Induction of apoptosis, autophagy, phagosome lysosome  Preclinical trial (mouse model) Lara-Espinosa JV, 2022 [100],
fusion, attenuation of isoniazide-induced hepatotoxicity, Gupta PK, 2023 [101]
downregulation of oxidative stress and inflammation, Tousif S, 2017 [102],
reversion of isoniazide-induced dysfunction and apoptosis LiY, 2022 [103]
of T cells, restoration of isoniazide-induced suppression of
antigen-specific cytokine responses, activation of Th and
Tc cells, enhanced generation of central memory T cells,
and reduction of the release of proinflammatory cytokines
IL-6 and TNF-x
Resveratrol Stilbenoid polyphenol (Peanuts, Inhibition of Mtb-induced apoptosis and reversion of Preclinical (mouse model) Yang H, 2019 [104]
grapes, cranberries) Mtb-induced secretion of IL-6 and TNF-«
Luteolin Polyphenolic flavonoid (Herbs, Alleviation of isoniazide-induced hepatotoxicity, Preclinical (mouse model) Singh DK, 2021 [105]
fruits and vegetables) promotion of central memory T cells, activation of NK and
NKT cells, and induction of Th1 (IFN-y and TNF-x) and
Th17 (IL-17 and IL-22) cytokines
Bergenin Polyphenol Stimulation of Th1 and Th17 response and promotion of Preclinical (mouse model) Dwivedi VP, 2017 [106]
(Different parts of many plants) antigen-specific central memory T cell Kumar S, 2019 [107]
6-Gingerol Polyphenol Promotion of Th1/Th17 responses Preclinical (mouse model) Bhaskar A, 2020 [108]
(Ginger)
Piperine Alkaloid Promotion of the proliferation of T and B cells, Th-1 Phase 3 clinical trial Patel N, 2017 [109]
(Black pepper) cytokines, and macrophage activation
Berberine Isoquinoline alkaloid Protection from isoniazide -induced liver injury, reduction  Preclinical Mahmoud AM, 2014 [110],
(Medicinal plants) of oxidative stress and inflammation, induction of (mouse and rat models) Pahuja I, 2023 [111], Ozturk M,
macrophage activation, and Th1/Th17 polarization, T 2021 [112]
effector memory, T central memory, and tissue-resident
memory T cell responses
Allicin Organosulfur compound Induction of protective Thl response and reduction of Preclinical Dwivedi VP, 2019 [113]

(Garlic)

Mtb-induced ROS and TNF-x

(mouse model)
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3.2.1. Host-Directed Therapeutic Effects of Phytochemicals for TB
Targeting Cell Death of Phagocytes and Autophagy

Mtb can arrest phagosome maturation for its survival within macrophages by upregu-
lating the host molecule tryptophan-aspartate containing coat protein (TACO). Epigallocat-
echin gallate (EGCG), one of the principal polyphenolic compounds of green tea was shown
to downregulate the transcription of the TACO gene in human macrophages by inhibiting
the Sp1 transcription factor, which was linked to inhibition of mycobacterium survival
within macrophages [114]. Lysosome acidification by EGCG was also evident in mouse
macrophages [115] (Figure 1). Supporting this finding, prospective population-based cohort
and case-control studies showed a significant association between regular tea drinking and
reduced risk of active TB [116,117]. Autophagy induction by microencapsulated EGCG
was correlated with the dose- and time-dependent killing of TB bacteria inside mouse
macrophages (Figure 1) [115].

After treatment with curcumin, a yellow-colored natural polyphenol compound iso-
lated from turmeric (Curcuma longa), the co-localization of enhanced green fluorescent
protein (GFP)-MTB H37Rv containing phagosome to lysosome was observed, suggesting
enhanced phagosome lysosome fusion [101] (Figure 1). Curcumin also mediates intracel-
lular clearance of drug-sensitive and MDR strains of Mtb by inducing apoptosis and au-
tophagy in differentiated THP-1 human monocytes, primary human alveolar macrophages
as well as in murine macrophage cell line RAW 264.7 [101,118]. These anti-MTB cellular
functions of curcumin are mediated in part via the inhibition of NF«B activation [118]. In a
mice model of pulmonary tuberculosis, treatment with curcumin was shown to decrease
lung bacilli load [100]. However, in vivo studies are limited by poor bioavailability, poor
gastrointestinal absorption, and rapid metabolism and elimination of curcumin. To over-
come these limitations, a nano-formulation for curcumin (~200 nm in size) was developed
which enhanced the bioavailability by 5-7-fold in mice over regular curcumin [101,102]. A
combination of curcumin nanoparticles and isoniazid led to a >99% decrease in the intracel-
lular survival of MTB in macrophages [101]. The administration of curcumin nanoparticles
along with isoniazid diminished the risk of tuberculosis reactivation and reinfection in mice,
which is the major shortfall of the Directly Observed Treatment Short-course. Moreover,
curcumin nanoparticles significantly shorten the duration of antibiotic treatment needed
for complete clearance of Mtb from the lung, thereby reducing the possibility of generat-
ing drug-resistant Mtb strains [102]. The co-encapsulation of rifampicin and curcumin in
polymeric nanoparticles was also shown to improve Mtb clearance from macrophages [119].

Resveratrol, a stilbenoid polyphenol found in more than 70 plant species including foods
like peanuts, grapes, and cranberries, inhibited Mtb-induced apoptosis by activating Sirtuin
1 (Sirtl) in murine macrophages as well as in peripheral blood mononuclear cell (PBMC)-
derived macrophages from healthy controls and patients with tuberculosis [120,121].

Modulating Immune Responses

The immune dysfunction of T cells induced by isoniazid is reversed by curcumin.
Apoptosis of antigen-responding activated T cells is also prevented by curcumin through
inhibition of the caspase-3 pathway activation. During primary infection in a mouse TB
model, the co-administration of curcumin and isoniazid enhanced the total number of
splenocytes, augmented the activation of both helper and cytotoxic T cells, and restored
isoniazid-induced suppression in antigen-specific cytokine responses. Treatment with
curcumin nanoparticles also protected the mice from reinfection by enhanced generation
of central memory T cells [102] (Figure 3). Interestingly, by activating the host immune
response, curcumin nanoparticles also enhanced the efficacy of the BCG vaccine [122].

Luteolin, a flavonoid found in many herbs, fruits, and vegetables, when co-administered
with isoniazid in Mtb-infected mice, enhanced bacterial clearance, shortened the length
of TB treatment, reduced the gross pathology of lung and spleen and prevented disease
relapse. Luteolin or luteolin plus isoniazid also enhanced long-term anti-TB immunity by
promoting central memory T cell responses in both spleen and lung [105]. Furthermore,
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luteolin enhanced the activities of natural killer and natural killer T cells and induced Thl
(IFN-y and TNF-«) and Th17 (IL-17 and IL-22) cytokines [105] (Figure 3).

Bergenin, a secondary metabolic product (a polyphenol compound) found in different
parts of several plants, stimulates Th1l and Th17 response and hinders the replication of
Mtb in the lungs of Mtb-infected murine models. In infected macrophages, bergenin could
activate the mitogen-activated protein kinases (MAPKs), extracellular signal-regulated
kinase 1/2, and stress-activated protein kinase/c-Jun N-terminal kinases (JNKs) pathways,
resulting in the production of TNF-«, NO, and IL-12 (Figure 3). Bergenin also shortens
the duration of treatment and reduces immunological damage in mice receiving anti-TB
treatment [106]. When co-administered with isoniazid, it increases the effectiveness of
isoniazid in reducing bacterial load, including that of a multidrug-resistant Mtb strain,
decreases isoniazid-mediated immune damage, and promotes the generation of long-
lasting, antigen-specific central memory T-cell responses [107]. In a very recent study,
bergenin has been shown to potentiate protective efficacy of BCG in mice by promoting
a proinflammatory response milieu as well as mounting central and resident memory
responses through modulation of the Akt-Foxo-Stat4 axis [123].

Berberine, an isoquinoline alkaloid obtained from the roots, bark, and rhizomes
of medicinal plants, induces macrophage activation, Th1/Th17 polarization (Figure 3),
enhancement of T effector memory (TEM), central memory (TCM), and tissue-resident
memory (TRM) responses, and proinflammatory cytokine responses, resulting in enhanced
host protection against both drug-sensitive and drug-resistant TB [111]. Analysis of hu-
man PBMCs derived from PPD+ healthy individuals revealed the modulation of the
NOTCH3/PTEN/AKT/FOXO1 pathway as the central mechanism of berberin-mediated
TEM and TRM responses. Enhancement of T cell memory by berberin lowered the risk of
TB recurrence due to relapse and re-infection and also enhanced the efficacy of the BCG
vaccine [111].

Piperine, an alkaloid isolated from the fruit of the plant Piper nigrum (black pepper),
promoted the proliferation of T and B cells, enhanced Th-1 cytokines, and augmented
macrophage activation in murine splenocytes. In Mtb-infected mice, piperine activated
the differentiation of T cells into Th-1 phenotypes, as demonstrated by the secretion of
elevated levels of Thl cytokines (IFN-y and IL-2) (Figure 3). A combination of piperine
and rifampicin displayed a synergistic effect, resulting in the reduction of lung bacterial
counts [124]. Risorine, a novel formulation of Rifampicin (200 mg) with bio-enhancer
piperine (10 mg) and a standard dose of isoniazid (300 mg) was developed for a pilot study.
In patients with drug-susceptible pulmonary tuberculosis, risorine, when given along
with ethambutol and pyrazinamide, was found to be well tolerated and highly effective
in sputum culture conversion [125]. Later, in a phase 3 clinical trial, the risorine group as
compared to the standard WHO therapy group was found to maintain higher blood levels
of rifampin, have a better safety profile, and demonstrate a higher sputum conversion rate
at the end of 24 weeks, which was maintained until the end of the study [109].

Silymarin, a polyphenolic flavonoid extracted from milk thistle (Sylibym marianum)
seeds, when administered with anti-TB drugs in a model of progressive pulmonary TB
in mice infected with drug-sensitive or MDR Mtb strains, induced the expression of Th-1
cytokines IFN-vy, IL-12, and TNF«, producing significant therapeutic activity (Figure 3).
Silymarin had a synergistic effect in reducing bacterial load and decreasing lung area
affected by pneumonia [126].

6-Gingerol, a very potent pharmacologically active ingredient of ginger, inhibited the
mycobacterial growth of dormant/starved bacilli and MDR/XDR strains inside the lungs,
spleen, and liver of Mtb-infected mice. The reduction in bacterial load in the spleen was
supplemented with the increased expression of proinflammatory cytokines and enhanced
Th1/Th17 responses (Figure 3). Moreover, the anti-mycobacterial effect of isoniazid was
enhanced by 6-Gingerol [108].

Allicin, an organosulfur compound and the main constituent of garlic, was shown to
induce a protective Thl response (Figure 3), resulting in a rapid reduction of mycobacterial
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burden in a mouse model of Mtb infection. The immune-dampening effects of anti-TB
drugs was also reversed by the garlic extract [113].

Modulating Anti-Inflammatory Responses

The Mtb 19-kDa lipoprotein (P19), a component of the complex cell wall structure,
induces an inflammatory response in human macrophages, which was shown to be atten-
uated by low concentrations of curcumin; curcumin inhibited the p38 MAPK pathway,
decreasing the release of proinflammatory cytokines IL-6 and TNF-oc [127] (Figure 4).

The Mtb-induced secretion of IL-6 and TNF-o in macrophages was reversed by resver-
atrol (found in grape skins, berries, and medicinal plants) (Figure 4). Resveratrol exerted
this anti-inflammatory effect by augmenting Sirtl expression, which in turn inhibited the
activation of the transforming growth factor-3-activated kinase 1 (TAK1), MAPKs, and
NF-kB pathways. Moreover, treatment with resveratrol reduced the susceptibility of mice to
Mtb infection, as evidenced by lower bacterial loads and reduced histological impairment
of the lungs [104].

In a rat model of TB, quercetin, a plant-derived polyphenol flavonoid inhibited inflam-
matory mediators, i.e., high mobility group box-1 (HMGB-1) and IFN-y (Figure 4), and
hindered activation of the NF-«kB/TLR-4 axis.

Microencapsulated EGCG administered in a Mtb-infected mouse model by pulmonary
delivery demonstrated a resolution of inflammation and significant reduction in bacte-
rial load in the infected lungs; histopathological investigation revealed no or minimal
pathological granulomas, lesions, and inflammation in the lungs [115] (Figure 4).

A berberin treatment of Mtb-infected mice along with isoniazid decreased the level
of granulomatous inflammation in the lung (Figure 4) and had a synergistic effect on the
anti-tubercular potential of isoniazid; the adjunct therapy was applicable to drug-sensitive
as well as MDR and XDR strains [111]. Ozturk M et al. combined berberin with isoniazid
and rifampicin in treating mice and found decreased lung pathology, which was associated
with a reduction in the number of neutrophils, recruited interstitial macrophages, and
CD11b+ dendritic cells. However, they did not find any additive or synergistic effects on
bacterial burdens [112].

In Mtb-infected monocytes, the Mtb-induced expression of TNF-o« mRNA was curbed
by allicin in a dose-dependent manner; allicin also stimulated glutathione peroxidase
activity, which correlated with reduction of ROS and TNF-« [128].

Hepatoprotective Role of Natural Products

The treatment of TB with isoniazid, rifampicin, and pyrazinamide are known to
cause hepatotoxicity, which can vary from asymptomatic elevations of liver enzymes to
liver failure.

Curcumin nanoparticles considerably attenuated isoniazid-induced hepatotoxicity
and improved liver function in Mtb-infected mice by downregulating oxidative stress and
inflammation. The hepato-protective effect of curcumin in mice as well as in liver cell
line L-02 was correlated with a reversion of the SIRT1/peroxisome proliferator-activated
receptor-y coactivator (PGC)-1a/nuclear respiratory factor (NRF) 1 pathway, which was
suppressed by isoniazid [103].

In mice treated with quercetin along with polyvinylpyrrolidone (QP), there was
dramatic reduction of caseous necrosis caused by Mtb; adipose dystrophy of hepato-
cytes was observed in mice that did not receive QP treatment. When combined with
the anti-tuberculosis medications isoniazid and streptomycin, the effect of QP was more
pronounced; the spread of necrosis to other tissues was also prevented. This study suggests
that quercetin and antibacterials have hepatoprotective effects against Mtb [129]. In a phase
2 clinical trial, the administration of QP as an adjunct to standard antimycobacterial therapy
in patients with newly diagnosed pulmonary tuberculosis led to faster resolution of disease
manifestation compared to patients with only standard therapy [97]. In a liver injury model
in rat, pretreatment with quercetin improved isoniazid-induced histopathological changes
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in liver and substantially alleviated apoptotic cell death. Isoniazid-induced apoptosis in
LO02 cells was reversed by treatment with quercetin through the elevation of SIRT1 expres-
sion, increase of B-cell lymphoma (Bcl)-2 expression, and inhibition of the level of tumor
suppressor P53, Bcl-2-associated X (Bax) protein, and cleaved-caspase 3 [130]. In another
rat model, Sanjay S et al. showed that the protective effect of quercetin on liver injury
was mediated by the activation of nuclear factor erythroid 2-related factor 2 (NRF2) and
consequential suppression of oxidative stress and boosting of endogenous antioxidant
levels [131]. Isoniazid-induced hepatotoxicity was also alleviated by luteolin in a mouse
model [105].

Silymarin reduced anti-TB drug-induced hepatotoxicity in randomized clinical tri-
als [98,99]. Lee YY in a recently published case report has also shown hepatoprotective
effects of silymarin in a patient with TB [132]. Restoration of the superoxide dismutase
pool is one possible mechanism for the hepatoprotective effects [99]. However, some other
clinical trials and a population-based cohort analysis did not show any hepatoprotective
effect of silymarin [133-137].

Berberine, commonly used for diabetes, high cholesterol levels in blood, and high
blood pressure in ayurvedic medicine protects against isoniazid-induced liver injury in rats
by reducing oxidative stress and inflammation through the upregulation of peroxisome
proliferator-activated receptor y and subsequent suppression of NF-« (3, Inducible Nitric
Oxide Synthase (iNOS), and secretion of proinflammatory cytokines TNF-oc and IL-1f3 [110].

3.2.2. Potential Side Effects and Challenges Associated with Plant-Derived
Natural Products

Although phytochemicals hold a huge potential as HDT candidates for TB (sum-
marized in Table 2), the side effects of these products and challenges related to chemical
stability, solubility, and bioavailability need to be addressed before their clinical application.

Adverse Effects

EGCG has been widely promoted as food supplement product, raising concern on
its safety. The most notable adverse effect is hepatotoxicity, and the effect was dose-
dependent [138-140]. Further, a high dose of EGCG may cause nephrotoxicity, affect ocular
tissues, corneas, retinas, destroy islet 3-cells, and decrease insulin sensitivity, resulting in
type 1 diabetes [140]. However, in some randomized clinical trials (RCTs), EGCG was found
to be safe and well tolerated even at high doses and long treatment durations [141-144].
Oral intake of quercetin in humans appears to be safe and well tolerated [145-148]. In fact,
high-purity quercetin is regarded as “Generally Recognized As Safe” (GRAS) by the Ameri-
can Food and Drug Administration (FDA) under the intended conditions of use. However,
based on the results obtained from animal studies and considering the uncertainties due to
the limited human data, certain potential risk groups have been identified, e.g., patients
with kidney dysfunction [145]. Reports on adverse events of silymarin are scarce. In a
recent systematic review and meta-analysis, the frequency of side effects of silymarin was
similar and uncommon in the intervention and non-intervention groups of patients with
non-alcoholic fatty liver disease [149]. In a phase 1 and pharmacokinetic study in prostate
cancer patients, silymarin was found to be well tolerated, with the most prominent adverse
event being hyperbilirubinemia in 9 out of 13 patients and grade 3 elevation of alanine
aminotransferase (ALT) in one patient [150]. Moreover, silymarin did not cause any notable
adverse events compared to those in a placebo treatment group in hospitalized patients
with COVID-19 [151]. With a long-established safety record, a good safety profile of cur-
cumin has been found in animals and humans, even at doses up to 8 g/day; the FDA has
declared this substance as GRAS [152]. In several RCTs in patients with different ailments,
oral intake of curcumin did not produce any toxic effects [153-158]. Even a daily dose of
12g was safe in other phase 1 trials [152]. Only a few incidences of digestive disorders,
dermatitis and allergies, lung cancer, and reduction of sperm fertility have been reported.
As shown in many RCTs, resveratrol, is generally well tolerated [159-162]. However, some
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adverse effects, including nephrotoxicity and gastrointestinal problems, were reported
in human subjects [161,163]. Long-term intake of resveratrol, which acts as a goitrogen,
may lead to thyroid disruption. In overweight older adults, a higher dose of resveratrol
was shown to raise the biomarkers of cardiovascular disease (CVD) risk [164]. The use of
berberine in healthy volunteers or patients with different diseases was found to be safe in
some clinical trials [165-169]; however, some other clinical trials and toxicological studies
in animals have shown that berberine is toxic to gastrointestinal function, immune function,
and the heart [170-173]. There is a lack of information on the toxicity profile of luteolin,
gingerol, and piperine in humans. Luteolin appears to have a very good safety profile,
based on the available preclinical and clinical data [174-177]. Limited clinical trials have
demonstrated a good safety profile of gingerol except for mild gastrointestinal problems
and heartburn [178-180]. Piperine is generally considered beneficial to human health
except for some minor side effects, including loss of potassium, acid reflux, constipation,
and nausea. However, in animal models, effects on liver, kidney, lung, embryo, and sperm
quality have been observed [181,182]. To our knowledge, no studies have so far evaluated
the toxicity of bergenin and allicin in humans; studies in animals and in vitro studies have
demonstrated that bergenin and its natural derivatives had no significant cytotoxicity
effects [183]. Severe cell damage in isolated rat liver is inflicted by allicin [184]. Allicin may
lead to adverse reactions such as intolerance, allergy, gastrointestinal disturbances, and
those affecting the autonomic nervous system in experimental animals [185].

Another concern regarding adverse effects for some of the phytochemicals are drug-
drug interactions. The bioavailability of different drugs can be increased (e.g., paracetamol,
calcium channel blockers, and antihypertensive drugs) or decreased (e.g., cholesterol-
lowering drugs and immunosuppressive drugs) by quercetin [145]. By increasing drug
bioavailability, quercetin may cause an upsurge in the effectiveness of a drug, but may
also raise the possibility of adverse drug effects. On the other hand, by reducing drug
bioavailability, quercetin would reduce the effectiveness of the drugs. Curcumin can
enhance the effect of antiplatelet drugs, which may lead to hemorrhages. On the other hand,
it can reduce the effectiveness of antacids [152]. By interacting with other drugs, resveratrol
may attenuate the activities of these drugs or overexpression of drug transporters and
CYP450 enzymes, the major cellular system involved in drug metabolism [163]. Piperine can
interact with other drugs and in most cases can increase the bioavailability and consequent
bioactivity of these drugs (e.g., antihypertensive, bronchodilatory, muscle relaxant, and
sedative drugs); however, such an increase in activity can be harmful depending on the
drug and the degree of interaction [182]. The bioavailability of some other drugs (e.g.,
anticoagulants and calcium channel blockers) can be reduced by piperine [182].

Challenges Regarding Chemical Stability and Bioavailability

A major challenge for the clinical application of the natural products including phyto-
chemicals is their chemical instability and poor systemic bioavailability. EGCG is highly
degradable under physiologic environments and displays poor systemic bioavailability,
a lower absorption rate, and low membrane permeability [186]. Since EGCG has a low
half-life in plasma and the outflow rate is much higher compared to the influx, the pro-
duction of an efficient therapeutic potential in the target site require a high dose of EGCG,
which can be toxic. Quercetin has a poor bioavailability, less than 10% of what is consumed,
due to its low water solubility, chemical stability, and absorption in the gastrointestinal
system, interactions with other compounds, e.g., fats and pectin, and the influence of gut
microbiota [187,188]. Low bioavailability, rapid metabolism, weak absorption due to low
water solubility, and instability in higher pH and temperature are the most limiting factors
for the use of resveratrol as a pharmaceutical drug [161]. Luteolin is also well known
for its low oral bioavailability due to its low water solubility and rapid and extensive
metabolism [175]. However, metabolites of luteolin are also biologically active, possess-
ing anti-inflammatory activity. Moreover, the recycling of luteolin can contribute to the
bioactivity of luteolin. Biological activities of metabolites of other polyphenols, including



Biomolecules 2024, 14, 1497

22 of 32

flavonoids, and the enterohepatic recycling of flavonoids are also evident [175]. The clinical
applications of silymarin, curcumin, bergenin, gingerol, berberine, and piperine are also
limited by their low water solubility, poor oral bioavailability, chemical instability, and low
absorption in the gastrointestinal tract [171,189-193]. Low water solubility, instability, and
poor bioavailability also greatly limit the bioefficacies of allicin. Although allicin is rapidly
metabolized, it was still bioavailable in in vitro experimental models as the lipid soluble
property of this organosulfur compound allows it to rapidly cross cell membranes [185].

To overcome the limitations of poor water solubility and bioavailability, several novel
approaches have been introduced that include (i) prodrug approaches i.e., synthesis of chem-
ically modified agents that transform to release active drugs, retaining their bio-efficacy,
(ii) improved formulations and delivery systems, including nano-encapsulations in liposomes,
micelles and exosome-like nanoparticles, microneedle-mediated intradermal delivery, mi-
cro/nano emulsions, incorporation in lipid-based carriers, complexation with other molecules
such as cyclodextrin and phospholipids, and cocrystallization for efficient penetration and
better bioavailability and biodistribution [102,161,171,175,181,185-189,191-195]. Prodrug and
nanoparticle formulation approaches have been tested for the treatment of tuberculo-
sis by curcumin. Monocarbonyl analogs of curcumin were synthesized and several of
these analogs remarkably reduced the number M. tuberculosis and M. marinum (Mm) [194].
Nanoparticle-formulated curcumin exhibited a five-fold increase in the bioavailability of
curcumin in mice [102] and effectively reversed the antitubercular drug-mediated hepato-
toxicity, augmented the clearance of M. tuberculosis from infected macrophages, lowered
the incidence of reinfection and reactivation, and improved the host protective ability of
BCG [102,119,122]. These sophisticated techniques can be tailored to suit specific routes
of administration and tissue targets, and need to be tested in large-scale clinical trials,
including trials in tuberculosis.

4. Comparison of Therapeutic Potential of HDT Candidates

Many licensed medicines and nutrients have long been used as adjunct treatments
of complex diseases such as TB. However, the concept of host-directed therapy itself is
relatively new; studies on the mechanism of action of adjunct therapies has led to the
generation of this concept. Anti-inflammatory drugs and lipid-lowering statins used as
HDT for TB treatment seem to be at an advanced stage for application in mainstream
therapy. Aspirin, or acetylsalicylic acid, a non-steroidal anti-inflammatory drug (NSAID),
alone or in combination with other drugs (ibuprofen or corticosteroid) has been tested in
phase 2 trials. Of the completed trials, the results showed promising findings in terms of
reduced inflammation; some studies also showed a favorable clinical outcome particularly
in TB meningitis [45,48,49]. Dexamethasone, a corticosteroid, alone did not exhibit any
beneficial clinical outcome, but together with aspirin showed some benefits in the reduction
of inflammation [48]. Sulfasalazine, belonging to the aminosalicylates group (NSAID),
in HDT showed favorable outcomes without any deaths or treatment failures in XFR-
TB [52] and deserves further evaluation in phase 4 trials. The antibiotic doxycycline, when
used as an adjunct therapy, has shown significant improvement in lung function and
reduced pulmonary cavity volume in pulmonary TB and was safe [54,55]. The positive
findings limiting TB immunopathology warrant larger phase 3 trials. Lipid-lowering statins
(atorvastatins and pravastatin) and metformin (to treat type 2 diabetes) have been used in a
number of phase 2 trials. The studies showed reductions in inflammatory markers, limiting
lung tissue damage, and the induction of autophagy and apoptosis of infected cells, but
these drugs did not speed up sputum culture conversion. The majority of the HDT trials
have been phase 2 studies, and only four of these have entered phase 3 trials (vitamin D,
aspirin, dexamethasone, and doxycycline). It remains to be seen whether these trials will
show clinically favorable effects on the treatment of TB or be applicable in the mainstream
clinical management of TB.

The phytochemicals described in this review are promising HDT candidates for TB.
However, clinical research on use of phytochemicals as anti-TB drugs is still in its infancy;
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only a few candidates, e.g EGCG, piperine, quercetin, and silymarin, have reached the
clinical trial stage. Piperine, being used in a phase 3 trial, has reached to the most advanced
stage as an anti-TB HDT. Moreover, apart from the HDT activities, piperine can directly
act on the Mtb inside the host cells. Since its interaction with other drugs increases the
bioavailability and bioactivity of these drugs, it has the potential to be used in synergy
with other drugs and/or phytochemicals [196]. However, although generally regarded
as safe, the safety profile of piperine has to be scientifically proved in large-scale clinical
trials. Quercetin, with its pleiotropic HDT activities, antimycobacterial activities, and very
good safety profile as recognized by the FDA, could be a drug of choice for the treatment
of tuberculosis and has already entered into a phase 2 clinical trial. The multitargeted
activities of EGCG along with its antimycobacterial activities may also make it a potential
therapeutic candidate, and it has also undergone a randomized clinical trial. However,
the toxic effects of EGCG are a major concern for its therapeutic use in TB, and the safe
and effective dose needs to optimized in further clinical trials. Another phytochemical
that has been tested as an anti-TB drug in a randomized clinical trial is silymarin, but its
toxicity profile is limited. To our knowledge, no clinical trial of curcumin as an anti-TB
therapy has been performed so far; however, it has a well-established safety profile in both
animals and humans. Moreover, as discussed in the previous section, analogs of curcumin
(prodrug approach) and nanoparticle-formulated curcumin have been successfully used in
the treatment of TB, putting it one step further forward than other phytochemicals.

5. Concluding Remarks and Future Perspectives

Host-directed therapy possesses revolutionary potential for treating TB, considering
the emergence of alarmingly high rates of AMR strains of Mtb and the limited repertory of
antibiotics. HDT, by regulating different host functions including phagocytosis, autophagy,
apoptosis (death pathways), the modulation of immune and inflammatory responses, and
metabolic pathways, can be effective against MDR/XDR Mtb strains. Additionally, it
is effective against metabolically inactive and non-replicating bacilli inside granuloma
during latent tuberculosis infections, which are tolerant or insensitive to current standard
antibiotics. HDTs are less likely to result in drug resistance as there is no direct selection
pressure on mycobacteria. Moreover, the use of HDTs as adjuncts to conventional antibiotics
has been suggested to exert synergistic or additive effects, resulting in a reduction of
treatment time and/or lowering of antibiotic doses, thereby reducing drug toxicity. In
addition, HDT may reinstitute the balance between immune and inflammatory responses,
which has been disrupted by Mtb infection. HDT thus may reduce disease pathology and
improve overall treatment outcomes for TB patients.

The use of repurposed drugs as HDTs, with proven safety profiles in humans, although
in other clinical conditions, have the potential to be quickly implemented to respond to
the ever-increasing threat of antibiotic resistance in Mtb. This strategy will also reduce the
huge investments of money, time, and labor in the development of new drugs. Many of
the repurposed drugs have already entered into different phases of anti-TB clinical trials
(Table 1). On the other hand, natural products containing many bioactive compounds are
excellent sources for generating novel and effective anti-TB drugs due to their remarkable
chemical and structural diversity. Plant-derived natural products or phytochemicals in
the established settings of traditional ayurvedic treatments provide attractive and efficient
alternatives or adjunct therapies to conventional anti-TB treatments. They offer potential
for not only eliminating bacteria but also alleviating the side effects of standard anti-TB
drugs by reducing the immunopathology of lungs and hepatotoxicity.

Although HDT offers a ray of hope and encouragement for expanded treatment
possibilities, there remain significant challenges that need to be addressed before the
clinical application of HDT candidates in TB. These are safety and toxicity, drug—drug
interactions, variations in effectiveness, and validating clinical efficiency. Many of the HDT
candidates are shown to be effective in vitro or preclinical studies, but evidence from human
studies or clinical trials is limited and often conflicting. Factors causing distinct results
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include but are not limited to study design, sample size, sociodemographic and behavioral
factors, food habits, malnutrition, dose selection, route of administration, geographical
location, ethnicity, coinfection, immune suppression, metabolic disorders, and genetic
pre-disposition associated with susceptibility /resistance to infection. New and advanced
phases of clinical trials, preferably multicenter with harmonized and meticulous design,
enrolling different populations of clinical relevance, and applying homogeneous protocols
through existent TB networks are needed for the validation of the clinical efficiency of HDT
candidates. Given the recent advancements in research and development, HDT candidates
including re-purposed drugs and plant products applied as adjuncts to standard antibiotic
therapy will present a crucial breakthrough in the treatment of TB.
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