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ABSTRACT 
 
Mycobacterium tuberculosis (MTB) is a highly adaptive pathogen that emerged as a devastating and mortality-related 
disease agent. The limited efficacy of the Mycobacterium bovis BCG vaccine, antibiotics and intensive treatment to 
prevent mortality have piqued researchers' interest in host-pathogen interactions. Besides the emergence of multi-drug 
resistant TB as a drawback, the host immune responses could be successfully subverted and exploited by the MTB-host 
pathogenesis during the early stages of innate immunity. Factors contributing to mycobacterial pathogenesis are 
concomitant and multifactorial, including virulence factors such as adhesins, toxins and enzymes that drive the 
progression of MTB infection. Initially, alveolar macrophage (AM), which has been considered to restrain bacterial 
growth, facilitates the spread of disease through interactions with MTB. The progression to bacterial replication and 
systemic infection before the initiation of cell-mediated immunity (CMI) indicates a delay in the activation of adaptive 
immunity, which is crucial. The findings are supported by the bacterial multiplication and dissemination in the infected 
alveolar macrophage in animal models. On the other hand, mangrove plants have revealed a structural diversity and a 
plethora of compounds responsible for antibacterial, antifungal and antiviral activities. These may serve as potential 
bioactive compounds for anti-TB drugs. In this review, we discuss mycobacterial colonisation, tissue invasion and host 
inflammatory responses that lead to the pathogenesis of MTB, along with the potential bioactive compounds for 
alternative plant-derived anti-TB drugs. The mechanistic insights provide significant discoveries on the limitations of 
immunity, offering important strategies for developing immunomodulating drugs.     
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INTRODUCTION 
 
Tuberculosis (TB) is a contagious and potentially fatal 
disease caused by the human pathogen, Mycobacterium 
tuberculosis (MTB), primarily affecting the lungs. It can 
also spread to other areas of the body, such as the 
kidneys and spine, resulting in extrapulmonary 
tuberculosis. TB ranks among the top 10 most 
devastating infectious diseases worldwide, with 1.6 million 
reported cases and 6.4 million diagnoses in 2020, 
resulting in TB-related deaths (WHO, 2022). In Malaysia, 
tuberculosis is one of the two most highly contagious 
diseases, alongside dengue (MOH, 2020). The state of 
Sabah has the second-highest number of TB cases after 
Selangor, with 5,008 cases out of a total of 25,837 
reported cases (MOH, 2020). TB imposes a significant 
economic burden on affected individuals, their families, 
and communities (Wingfield et al., 2016). The heavy 

reliance on long duration of treatment with antibiotics, 
contributes to the high costs associated with managing 
TB. The increase in TB-related deaths in 2021 compared 
to 2020 can be attributed to limited access to TB 
diagnosis and treatment, as reported by the WHO (WHO, 
2022). Furthermore, the misuse of antibiotics has resulted 
in the emergence of multidrug-resistant TB (MDR-TB), 
rendering TB drugs ineffective. In 2021, approximately 
0.45 million new cases of MDR-TB or rifampicin-resistant 
TB (WHO, 2022). The standard treatment regimen for 
tuberculosis involves a six-month course of antibiotics, 
including rifampicin, isoniazid, ethambutol and 
pyrazinamide. However, these drugs may have the 
disadvantage of causing adverse side effects and the TB-
causing bacteria can easily develop resistance against 
them. Noncompliance with medication during the first year 
of treatment increases the risk of relapse in TB patients, 
potentially leading to drug-resistant TB (Adaikkappan et 
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al., 2012). The side effects of tuberculosis drugs and their 
modes of action are displayed in Table 1. Table 1 shows 
the tuberculosis drugs are categorised into two main 
groups: first-line and second-line anti-TB drugs. The first-
line drugs such as isoniazid, rifampicin, pyrazinamide and 
ethambutol are generally more effective and have a better 
safety profile compared to second-line drugs. They are 
the preferred choice for treating drugs-sensitive TB. First-
line anti-TB drugs are the preferred choice for treating 
drugs-sensitive TB due to their effectiveness and 
tolerability. The second-line drugs such as kanamycin and 
streptomycin are used when TB is resistant to first-line 
treatments or when the patient experiences adverse 
effects of intolerance to first-line drugs. Second-line drugs 
are reserved for drug-resistant TB cases and are often 
used when first-line treatments fail. However, they are 
associated with more side effects and are less effective, 
making them a less favourable option.  

Researchers have shown increased interest in host-
pathogen interactions due to the rising rates of rifampicin-
resistant TB and multidrug resistant TB, aiming to 
improve the development of vaccine strategies. Figure 1 
illustrates the mechanisms of current anti-TB drugs, which 
target different aspects of MTB pathogenesis, and it 
sheds light on the designations of vaccine strategies. 
Anti-tuberculosis drugs target MTB, the bacterium 
responsible for tuberculosis. Each drug has its own 
mechanism of action and their combined use in various 
drug regimens helps to treat TB effectively. Isoniazid, 
rifampicin and moxifloxacin primarily target processes 
involved in cell wall or DNA synthesis. Kanamycin and 
bedaquiline interfere with protein synthesis and energy 
production, respectively. Isoniazid and rifampicin are first-
line drugs and are typically used in the initial phase of TB 
treatment. Second-line drugs like kanamycin, 
moxifloxacin and bedaquiline are used when first-line 
drugs fail or in cases of drug-resistant TB. The 
combination of these drugs in multi-drug regimens are 
essential to prevent drug resistance and effectively treat 
TB. The pathogenesis of MTB infection is complex, 
involving various factors such as endogenous and 

exogenous reinfection dynamics, lung parenchyma 
drainage, respiratory mechanics, local fibrosis processes 
and blood supply (Cardona, 2018). Macrophages and 
other immune cells play central roles in the invasion and 
dissemination of the pathogen (Queval, et al., 2017; 
Martinot, 2018). MTB employs adaptation strategies to 
evade host immune clearance by manipulating the 
regulatory machinery of immunity. The interaction 
between alveolar macrophage and mycobacteria is the 
initial event that determines the pathogenic capacity. 
Understanding the interactions between host responses 
and the adaptive processes of MTB, including the 
utilisation of virulence factors for survival, is crucial for 
drug discovery. 

A plant-based therapeutic holds promise as a safe 
and effective solution to combat the global burden of 
drug-resistant TB. Mangrove plants, known for their ability 
to thrive in challenging environments, have been found to 
possess remarkable compounds with medicinal 
significance, including antimicrobial activities that may 
have immunomodulating effects. Mangrove plants, 
belonging primarily to the families Rhizophoraceae, 
Acanthaceae, Lythraceae, Combretaceae and 
Arecaceae, are coastal shrubs that flourish in intertidal 
areas. They have adapted to biotic and abiotic stressors 
such as high salinity, sediment distribution, low-oxygen 
levels, and storm surges (Blankespoor et al., 2017; Mitra 
et al., 2021). These adaptations enable mangroves to 
produce bioactive compounds crucial for their survival, 
which have demonstrated antimicrobial, enzyme 
inhibitory, activators, antioxidant, anti-inflammatory, 
anticancer and antimycobacterial properties (Sulmartiwi et 
al., 2018; Eswaraiah et al., 2020; Sasidhar, 2020; Karthik 
et al., 2023). Globally, approximately 15.2 million hectares 
of land are covered by mangroves, with the majority 
located in Southeast Asia (42%), followed by Africa 
(21%), North and Central America (15%), Oceania (12%) 
and South America (11%) (Leal and Spalding, 2022). In 
Malaysia, Sabah boasts the largest mangrove area, 
spanning 629,038 hectares, making it one of the countries 
with the highest distribution (58.6%) of mangroves (Omar

 
Table 1: The side effects and mode of actions of anti-tuberculosis drugs. 
 

Synthetic drugs Side effects Mode of action References 

Isoniazid Hepatitis nausea, vomiting, 
reduced appetite 

Inhibit the reproduction of 
mycobacteria 

Yew and Leung (2006) 

Streptomycin Hearing problem and ear 
imbalance (ototoxicity) 

Suppress the protein synthesis of 
mycobacteria 

Vianna et al. (2019); 
Goldberger (1988)  

Rifampicin Drug-induced hepatotoxicity Suppress the enzyme activity RNA 
polymerase by inhibiting the 
transcription 

Scharf et al. (2017); 
Tostmann et al. (2008)  

Pyrazinamide Hepatitis, swelling of joints, 
arthritis, yellowish of eyes 

Release pyrazinoic acid and kill 
drug-tolerant mycobacteria 

Kokesch-Himmelreich et al. 
(2022); Gopal et al. (2019); 
Tostmann et al. (2008) 

Ethambutol Reduced eye-sight, 
numbness and skin rash 

Interrupt the synthesis of mycolic 
acid in the cell wall 

Schubert et al. (2017); Yee 
et al. (2003)  

Kanamycin Loss of hearing, 
nephrotoxic 

Suppress the synthesis of protein 
by binding to the bacterial 30S 
ribosomal subunit 

Chulluncuy et al. (2016); 
Sowajassatakul et al. 
(2014) 
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Figure 1: The mechanisms of anti-tuberculosis drugs. 
 
and Misman, 2020). Table 2 displays the phytochemicals 
produced by mangroves, highlighting their 
pharmacological significance. Mangrove species are 
known for their various bioactivities and different species 
may exhibit distinct properties. Avicennia marina has 
been studied for its potential anticancer properties. It 
contains compounds such as flavonoids and tannins, 
which have antioxidant and anticancer properties. They 
may help in preventing or slowing the growth of cancer 
cells. Rhizophora species have been explored for their 
bioactive compounds. While there may be some potential 
anticancer compounds in Rhizophora mucronata, more 
research is needed to confirm their efficacy. Mangrove 
species such as Ceriops decandra has been traditionally 
used in some regions for the treatment of malignant 
ulcers. The bark and leaves contain bioactive compounds 
that may possess antimicrobial and wound-healing 
properties. While Bruguierra gymnorrhiza and Avicennia 
marina have been investigated for their antimicrobial 
properties which contain antibacterial and antifungal 
effects, likely due to the presence of secondary 
metabolites. Avicennia alba is known to contain 
antioxidants such as tannins, naphthoquinones and 
polyphenols, these compounds may help to protect cells 
from oxidative stress and reduce the risk of diseases 
related to oxidative damage. Ceriops decandra has been 
reported to possess antioxidant properties, likely 
attributed to its triterpenes and phenolic content, as 
antioxidants help neutralise harmful free radicals in the 
body. Other mangrove species such as Excoecaria 
agallocha, Aegiceras corniculatum and Avicennia 
officinalis have also been studied for their 
antimycobacterial properties, and its extracts have shown 
activity against tuberculosis-causing mycobacteria.  

However, there is a scarcity of reported data on 
mangroves with mycobacterial properties, necessitating 
further studies to explore the potential of phytochemical 
contents of mangroves that can be tested in vivo for their 
anti-TB properties, thus filling the gaps in the existing 
literature. This review focuses on the study of host-
pathogen interactions, including the adherence, 
colonisation and survival of mycobacteria within host 
cells, which require surface adhesions. The effectiveness 
of successive host immune responses depends on the 
capability of host defence mechanisms and the ability of 
tuberculosis to evade or manipulate host responses 
during the ingestion of mycobacteria by macrophages. 
Furthermore, this review also discusses some of the 
antimicrobial activities exhibited by mangroves.  
 
Colonisation by tuberculosis 
 
Tuberculosis is transmitted through infectious aerosols 
that enter the pulmonary alveoli and cause infection. 
Transmission occurs when healthy individuals inhale 
droplet nuclei, measuring approximately 1-5 μm, from 
infected people who have coughed, sneezed or spoken, 
through nasopharyngeal passages (Ryndak and Laal, 
2019). These particles can remain in the air for several 
hours. The first line of defence encountered by MTB is the 
alveolar macrophage (AM) and the ability of the bacterium 
to infect the AM determines the outcome of the infection. 
The adherence of mycobacteria to host cells and their 
ability to evade the host’s innate and adaptive immunity 
may facilitate mycobacterial colonisation. Several factors 
can influence the infective capacity, including the 
infectious inoculum and the size of aerosol particles, 
which are crucial for ensuring penetration into the
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Table 2: The bioactivity of different types of mangrove species. 
 

Mangrove species Compound Bioactivity References 

Acanthus ilicifolius Benzoxaxoline Anticancer Das et al. (2015) 
Avicennia officinalis Triterpene, betulinic acid Anticancer Das et al. (2015) 
Ceriops decandra Quinine Malignant ulcer Govindasamy and Kannan 

(2012) 
Avicennia marina Tannins, triterpenes, flavonoids, 

phenolic  
Anticancer Cerri et al. (2022); Eldohaji et 

al. (2021); Esau et al. (2016) 
Rhizophora mucronata  
 

Alkaloids, flavonoids, steroids Anticancer Youssef et al. (2022) 

Avicennia marina 2H-Pyran-3-ol, tetrahydro-2,2,6-
trimethyl-6-(4-methyl-3-
cyclohexen-1-yl, β-Sitosterol 

Antimicrobial  Ibrahim et al. (2022)  

Bruguiera gymnorrhiza, 
Avicennia marina 

Saponin, tannin Antimicrobial Audah (2020) 

Aegiceras corniculatum Tannin, saponin, glycosides, 
phenolics, flavonoids 

Antimicrobial Janmanchi et al. (2017) 

Rhizophora mucronata  Flavonoids, tannins Antimicrobial Mikchaell and Eddy (2018) 
Avicennia rumphiana Phenolic, tannin, flavonoids Antioxidant Sulmartiwi et al. (2018) 
Avicennia alba, 
Bruguiera gymnorrhiza, 
Ceriops decandra 

Phenolic, tannin, naphthoquinones, 
triterpenes 

Antioxidant Banerjee et al. (2008) 

Avicennia officinalis Phenolic compounds, flavonoids Antioxidant Nguyen et al. (2021) 
Excoecaria agollacha, 
Aegiceras corniculatum, 
Avicennia officinalis 

Alkaloids, flavonoids, phytosterols, 
tannins 

Antituberculosis Amudha et al. (2014) 

Aegiceras corniculatum Tannin, saponin, glycosides, 
phenolics, flavonoids 

Antituberculosis Janmanchi et al. (2017) 

 
alveolus for the development of infection (Fennelly and 
Jones-Lopez, 2015). Recent investigations using rabbit 
models have shown that larger droplets cannot reach the 
alveolus (Plumlee, 2021). Additionally, pulmonary 
surfactant plays a role in preventing the destructions of 
alveoli by breaking down the lipophilic wall of 
mycobacteria, thereby facilitating the phagocytosis of 
alveolar macrophages (Chroneos et al., 2009). 
 
Adherence of M. tuberculosis to host mucosal epithelial 
cells 
 
Inhaled bacilli encounter the primary innate defence 
system through mucociliary clearance before they can 
reach the alveolus in the lungs (Tena and Clara, 2012). 
The attachment of MTB to alveolar epithelial cells can be 
facilitated by adherence to mucins via nasopharyngeal 
colonisation and airway infections (Kinhikar et al., 2006). 
Mucins, which are glycoproteins lining the mucosal 
surfaces of the upper respiratory tract (URT), not only act 
as lubricants for cilia movement but also contain 
antimicrobial agents (Janssen et al., 2016). Mucus 
entrapment helps trap mycobacteria in the mucus layer, 
providing a favourable niche and nutrients for MTB to 
persist in the nasopharynx.  
 

Adherence of M. tuberculosis to host alveolar 
macrophage  
 
Each alveolar macrophage (AM) is tasked with clearing 
the air spaces of bacilli that have managed to evade the 
mechanical defences of the upper respiratory tract, such 
as the mucociliary system, within a single alveolus 
(Cardona, 2018). AMs recognize viable bacilli and 
phagocytize them. MTB secretes one of its essential 
factors, 6 kDa early secretory antigenic target (ESAT-6), 
to prevent the phagosome-lysosome mechanism from 
killing the mycobacteria, thus providing an opportunity for 
intracellular replication (Cardona, 2018; Ryndak and Laal, 
2019). ESAT-6 plays roles in inhibiting phagosome 
maturation, de-acidification of the phagosome vacuole, 
escaping from the vacuole to the cytosol, and stimulating 
macrophage apoptosis (Awuh and Flo, 2017; Ryndak and 
Laal, 2019).  

Upon entry into the cytoplasm after escaping from the 
phagosome-lysosome fusion (Mitchell et al., 2017), the 
bacillus has the capacity to multiply, reaching 
concentrations of 32 and 64 bacilli (Lee et al., 2006). This 
multiplication leads to the necrosis of alveolar 
macrophages (Behar et al., 2010), causing the bacilli to 
become extracellular. The extracellular bacilli are then 
phagocytized by additional circulating alveolar 
macrophages from the interstitial space and neighbouring 
alveoli, which in turn produce more bacilli. Once the 
concentration of the bacilli reaches approximately 1000, it 
triggers the release of chemokines such as CCL2 (also 
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known as monocyte chemoattractant protein-1, MCP-1), 
CXC chemokine ligand 10 (CXCL10) and tumor necrosis 
factor alpha (TNF-α), as well as cytokines such interferon-
gamma (IFN-γ), interleukin-2 (IL-2) and interleukin-12 (IL-
12) by the infected AMs, initiating an inflammatory 
response and allowing the entry of neutrophils and 
monocytes (Jang et al., 2008; Deshmane et al., 2009; 
Domingo-Gonzalez et al., 2017; Cardona, 2018). 
Furthermore, it has been observed that alveolar 
macrophages are more conducive to MTB replication 
compared to interstitial macrophages (Huang et al., 
2018). This suggests that MTB requires a certain time 
frame for niche adaptation and survival before 
dissemination. Targeting these strategies could potentially 
prevent replication and the escape of bacilli from innate 
mechanisms. Numerous studies have demonstrated the 
significant role of cellular immunity in the elimination of 
bacilli and providing host protection against TB 
(Chackerian et al., 2001; Ryndak and Laal, 2019). 
However, there is limited analysis on MTB replication and 
escape from the phagosome-lysosome union specifically 
in alveolar macrophage (Ryndak and Laal, 2019). These 
findings could help the delay in adaptive immunity, where 
cellular responses are initiated during the bacterial 
replication and systemic dissemination several weeks 
after infection (Ryndak and Laal, 2019).    

Previous studies have demonstrated that granulomas, 
organised collections of macrophages and lymphocytes, 
play a role in limiting mycobacterial infection (Bold and 
Ernst, 2009). However, recent findings have raised the 
possibility that granulomas may contribute to the 
pathogenic capacity of MTB. A study utilising quantitative 
intravital microscopy in zebrafish infected with 
Mycobacterium marinum shed light on the process of 
granuloma formation, the consequences of infection and 
bacterial numbers (Davis and Ramakrishnan 2009). The 
study revealed the expansion of infected macrophages, 
increased bacterial numbers and the progression to 
secondary granulomas during the early innate immune 
phase (Davis and Ramakrishnan, 2009). 
 
Adherence of M. tuberculosis to alveolar epithelial cell 
(AEC)  
 
The alveolus consists of epithelial cells and its thin and 
delicate structure facilitates gas diffusion. This 
characteristic makes it susceptible to the entry of bacilli 
and other and other particles from the external air during 
alveolar expansion. Alveolar macrophages recognize 
these pathogens and initiate an inflammatory response. 
Additionally, surfactant aids in cleaning the alveolar 
space, which is continuously drained to the bronchioles 
and pharynx, ultimately being swallowed by the stomach 
through respiratory movements (Cardona, 2018). Droplet 
nuclei ranging from 1-5 µm in size can enter the alveolar 
sac, while larger droplet nuclei are trapped in the mucus 
of the upper respiratory tract (Tena and Clara, 2012). The 
innate immune system provides early protection to the 
lungs by maintaining the surface tension of the alveoli 
(Cardona, 2018). It can eliminate MTB infection before 

triggering an adaptive immune response. However, MTB 
is a highly adaptive pathogen that can evade host 
immune responses (Lerner et al., 2015). Therefore, it is 
crucial to comprehend the physiological functions and 
metabolism reactions occurring in the alveolus, as 
alveolar epithelial cells (AEC) can provide a favourable 
environment for MTB replication and systemic 
dissemination (Ryndak and Laal, 2019).   

The infection efforts of MTB are fundamentally based 
on bacterial-host interactions, with adherence serving as 
the initial step towards the invasion process. Adhesins, 
toxins and extracellular enzymes are binding components 
that mediate adhesion to alveolar epithelial cells. 
Adhesins, which are cell surface-exposed molecules 
expressed by pathogens, enable microbial adhesion to 
the host receptors of epithelial cells. Toxins are equally 
vital in assisting adhesins in cell destruction and exposing 
the host extracellular matrix, facilitating accessible 
penetration across barriers (Ryndak and Laal, 2019). 
Extracellular enzymes also function as adhesins, altering 
and modifying the cell membrane to enhance bacilli 
adherence to epithelial cells. The synergistic effect of 
these binding components could thereby increase AEC 
colonisation and systemic dissemination of the 
mycobacterium. 

The expression of heparin-binding hemagglutinin 
adhesin (HBHA) is upregulated during MTB infection of 
alveolar epithelial cells, leading to increased adherence 
and invasion of these cells (Pethe et al., 2001). It is 
noteworthy that HBHA is specifically expressed during 
infection of AEC, while Protein kinase D (PknD) is 
upregulated during infection of human brain 
microvascular endothelial cell (Nicholas et al., 2012; 
Ryndak et al., 2015; Abhishek et al., 2018). This indicates 
that the pathogen employs different strategies to interact 
with specific host cell receptors for direct dissemination, 
independent of macrophages. Additionally, as previously 
mentioned regarding the prevention of phagosome-
lysosome fusion, ESAT-6 acts as an adhesin that 
facilitates binding and damage to the basolateral Lm of 
AEC (Kinhikar et al., 2010), enabling MTB dissemination 
through the alveolar wall (Ryndak and Laal, 2019).   

In conclusion, the interaction between MTB and the 
host in the nasopharynx plays a significant role in the 
success of colonisation and facilitates the migration of the 
bacteria from the nasopharynx to the lungs and blood. 
However, the specific mechanism of nasopharynx 
colonisation by MTB is not well understood and require 
further research. Investigating the essential mechanisms 
and surface components utilised by MTB to evade 
mucociliary clearance in the URT could provide valuable 
insights. These findings could potentially be utilised in the 
development of targeted vaccine approaches for the 
prevention of MTB infection. Additionally, the adherence 
of MTB to alveolar macrophages and alveolar epithelial 
cells is crucial for the colonisation of the bacteria. This 
adherence allows the bacteria to cross the alveolar 
barriers and subsequently reach endothelial cells and the 
bloodstream. 
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Progression to tuberculosis disease  
 
The progression from MTB infection to active tuberculosis 
is more likely and faster in immunosuppressed 
individuals. This can be attributed to the synthesis of 
virulence factors by the mycobacterial or the induction of 
alveolar macrophage necrosis (Cardona, 2018). The 
interplay between bacterial virulence and host resistance 
plays a crucial role in the pathogenesis of tuberculosis. 
Understanding the specific bacterial and host components 
involved allows for the identification of virulence factors, 
potential drug targets and components of the immune 
systems that are essential for the development of 
effective treatments. MTB is an obligatory aerobic 
pathogen that shows a preference for oxygen-rich areas 
of lung tissue. As mentioned earlier, infection occurs 
when droplets containing the bacteria are inhaled into the 
lungs and subsequently ingested by alveolar 
macrophage. This successful deposition of the 
tuberculosis infection in the pulmonary alveoli is a key 
step in the disease process. From there, the bacilli can 
disseminate to the lung apex, regional lymph nodes and 
other parts of the body. 
 
Niche adaptation  
 
Alveolar macrophages play a crucial role as the primary 
site of replication for MTB. Upon adherence of the 
mycobacteria to macrophages through adhesion 
molecules, the bacteria that have evaded initial 
elimination can persist and establish a latent infection. In 
some cases, the bacilli may actively replicate within the 
macrophages. Mycobacteria are highly adaptable 
pathogens that can manipulate host-pathogen 
interactions by secreting factors that affect both the host 
within the complex environment of macrophages, 
facilitating persistent infection. When internalised by 
phagocytes, the bacilli encounter various endocytic 
pathways, and they can employ different strategies to 
manipulate these pathways. This includes the ability to 
resist fusion with the phagolysosome and survive the 
acidic conditions encountered within these compartments 
(Cambier et al., 2014). These observations suggest that 
MTB possesses specific virulence factors that confer acid 
resistance and allow the bacilli to survive within the host.        

Furthermore, MTB has the ability to adapt to different 
sites within the host, which is a result of co-evolution and 
interaction with various host factors. This adaptability 
allows MTB to exist in multiple stages of TB, depending 
on the functionality of the host’s immune system. These 
stages include the macrophage response, primary 
infection, latent infection and active tuberculosis, as 
shown in Figure 2, which depicts the clinical stages of 
tuberculosis. When MTB is inhaled into the lungs, it 
encounters the host’s first line defence, which includes 
alveolar macrophages. Macrophages are the primary 
immune cells that respond to MTB infection. They engulf 
the bacteria and attempt to destroy them. MTB has 
developed mechanisms to resist macrophage killing, 
allowing it to survive and multiply within the macrophages. 

During primary infection, MTB establishes itself in the 
host’s lungs. The infected macrophages transport the 
bacteria to regional lymph nodes, where they trigger an 
immune response. T lymphocytes are activated and 
recruited to the site of infection. This leads to the 
formation of granulomas, which are collections of immune 
cells that wall off the infected area. The host’s immune 
system attempts to control the infection, leading to a 
balance between bacterial containment and bacterial 
replication. In many cases, the host’s immune response is 
successful in containing the infection, leading to a state of 
latent tuberculosis. In latent tuberculosis infection, the 
host’s immune system successfully controls the infection, 
preventing active disease. The bacteria remain dormant 
within granulomas, which can persist for years or even 
decades. However, they carry a risk of progressing to 
active tuberculosis if their immune system becomes 
compromised. Active tuberculosis occurs when the 
balance between the host immune response and bacterial 
replication is disrupted. This can happen when the 
immune system is weakened, allowing MTB to reactivate 
and cause disease. It is important to note that not 
everyone who is exposed to MTB will progress to active 
disease. Many individuals will remain in a latent infection 
state, and only a fraction of them will develop active 
tuberculosis if their immune system becomes 
compromised.  It has been reported in a recent review 
that more than 90% of individuals infected with TB are 
able to control the infection, indicating that different levels 
of immune responses can influence the progression of the 
disease (Cambier et al., 2014). However, in cases where 
the host’s immune system is compromised, MTB can 
suppress both the innate and adaptive immune responses 
(Goldberg et al., 2014). In healthy immunocompetent and 
bacterial determinants. This enables their survival 
individuals, bacilli within granulomas, which are 
aggregates of immune cells containing mycobacteria, can 
be contained for an extended period. 

Indeed, bacilli that remain confined within granulomas 
can exhibit metabolic activity despite being dormant, 
highlighting the ability of MTB to adapt and balance within 
the highly stressful environment of the granuloma 
(Pienaar et al., 2016; Chai et al., 2018). This adaptation 
allows the bacilli to enhance their survivability and evade 
the immune response. Recent studies have linked the 
latent stage of MTB to adaptation in hypoxic 
environments, as indicated by the gene regulatory 
network involved in acclimation (Forrellad et al., 2013; 
Chai et al., 2018). It is important to note that in 
approximately 90% of individuals infected with TB, the 
growth of MTB is suppressed by the innate and adaptive 
immune responses, leading to the establishment of a 
latent infection (Rittershaus et al., 2013; Bhavanam et al., 
2016). This represents one of the strategies employed by 
MTB to evade the host immune system, as the bacilli can 
remain dormant until reactivation occurs due to a 
compromised immune system (Dutta and Karakousis, 
2014; Chai et al., 2018). Furthermore, MTB possesses 
the ability to imitate the signalling pathways and cellular 
functions of the host, thereby gaining control over the 
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Figure 2: The clinical stages of tuberculosis in human lungs. Adapted from Bourguignon et al. (2023). 
 
host’s systems. Effector proteins such as MTB-encoded 
eukaryotic-like serine and MTB-encoded threonine 
phosphatases play a critical role in this imitation process 
and are essential for the survival of the mycobacteria 
(Forrellad et al., 2013). In conclusion, the development of 
new drugs targeting the host-pathogen interactions 
specific for mycobacterial persistence has the potential to 
disrupt the imitation or modification efforts of MTB. By 
targeting these interactions, it may be possible to interrupt 
the survival strategies of the bacteria and improve 
treatment outcomes. Further exploration of the virulence 
factors of MTB will provide valuable insights into the 
pathogenesis of tuberculosis and inform the development 
of novel therapeutic approaches. 
 
Invasion and dissemination  
 
The chronology of the pathogenesis of human 
tuberculosis, which includes the initial stage of infection, 
the latent stage of infection, reactivation to post-primary 
infection and the dissemination stage, is largely 
influenced by the central roles of macrophages, 
granulomas and IFN-γ in systemic immunity (Nunes-Alves 
et al., 2014; Queval et al., 2017; Martinot, 2018). The 
ability of MTB to invade various epithelial cells and 
endothelial barriers may describe the penetration of 
tissues by MTB and thus its dissemination via 
bloodstream. Recent studies have suggested the ability of 
TB to invade various cells, including non-canonical 
immune cells, may result in TB dissemination to multiple 
organs (Randall et al., 2015; Chai et al., 2018). As 

discussed previously, TB adherence to the host cells 
favours the intracellular colonisation of mycobacteria and 
leads to the activation of pattern recognition receptors 
(PRRs) for phagocytosis, such as mannose receptors and 
DC-SIGN. To counteract the mechanisms, a few 
components of MTB, such as HBHA adhesin, are 
activated, which are responsible for the extrapulmonary 
dissemination of MTB (Pethe et al., 2001). Additionally, 
Mce1 protein is one of the virulence-related proteins 
involved in the invasion of epithelial cells (Arruda et al., 
1993; Chai et al., 2018) and Mce3C protein interrupts the 
β2 integrin-mediated signalling pathway for entry into 
macrophages (Zhang et al., 2018). 

There are a few types of common routes for bacilli 
dissemination, including the transmission of bacilli from 
venous capillaries to the left atrium and ventricle for 
systemic dissemination, the retransmission of bacilli 
backs into the lungs resulting from lymphadenitis, and the 
dissemination from the pharyngeal cavity to the mucous 
membrane via alveolar fluid, causing intestinal abdominal 
tuberculosis (ATB) (Cardona, 2018). In addition, bacilli 
tend to recolonize previous lesions with high 
vascularization and permeability, allowing for infection 
and multiplication of bacilli in the pulmonary venous 
capillaries (Osherov and Ben-Ami, 2016). The 
dissemination of bacilli is often related to a delay in the 
immune response (Cardona, 2018). Extrapulmonary 
infections have been implicated in 15% of the worldwide 
population, and their diagnosis and future treatments may 
be challenging (Behr et al., 2018; Behr et al., 2019; WHO, 
2019; Moule and Cirillo, 2020). In cases of 
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Figure 3: The pathophysiology of tuberculosis in the lungs of humans. Adapted from Yadav et al. (2021). 
 
extrapulmonary infections, the absence of MTB in sputum 
can prevent detection through a regular sputum smear, 
primarily because the bacterium is not located within the 
pulmonary system (Zürcher et al., 2019). Additionally, the 
wide range of additional symptoms such as swollen lymph 
nodes, pleural effusion, meningitis, bone and joint, 
gastrointestinal TB and skin TB, depending on the 
specific site of infection in extrapulmonary infections may 
complicate the current MTB treatment (Moule and Cirillo, 
2020). Factors such as delayed diagnosis, complex 
diagnostic procedures, specialised treatment which 
require longer duration, risk of drug resistance, morbidity 
and complication and coexisting conditions can 
complicate the current MTB treatment in extrapulmonary 
tuberculosis (Moule and Cirillo, 2020). The 
pathophysiology of tuberculosis is illustrated in Figure 3, 
demonstrating the varying clinical manifestations in 
different stages of the disease. 
 
Immune responses to tuberculosis  
 
Innate immune responses: Roles of macrophages in 
phagocytosis and other initial host defences 
 
The crucial phenomenon for the survival of host defences 
lies in the ability of macrophages and antigen-specific T 
cells to contain the persistent growth of bacilli and 
achieve complete clearance of MTB. The interaction 
between macrophages and antigen-specific T cells plays 
a critical role in determining the subsequent rate of host 

immune responses or evasion of MTB. Persistent bacilli 
can remain within the phagosomes of infected 
macrophages for extended periods, providing an 
opportunity for intracellular replication. The successive 
recognition of MTB components by macrophages and 
dendritic cells through toll-like receptors (TLRs) stimulates 
the activation of innate immunity and, in turn, the 
development of antigen-specific adaptive immunity. This 
adaptive immune response is initiated by the efficient 
presentation of MTB antigens by dendritic cells to CD4+ T 
cells, along with the expression of costimulatory signals 
and cytokines. 

More macrophages are recruited from the 
bloodstream following infection to control the bacilli in the 
lung. As discussed earlier, alveolar macrophages could 
provide a favourable niche for MTB replication by 
manipulating the microbicidal functions, leading to 
disease progression. Therefore, macrophages are not 
responsive to IFN-γ. However, infected macrophages 
could undergo early death with MTB or apoptosis, which 
is one of the strategies of host defence to suppress the 
intracellular replication of MTB (Amaral et al., 2016). 
Macrophages responses to the bacilli depend on the type 
of cellular receptors that are normally expressed on cells 
such as macrophages, dendritic cells, NK cells and 
lymphocytes. Different receptors may result in varying 
levels of engagement between macrophages and the 
mycobacteria (Van Crevel et al., 2002; Hernandez-Pando 
et al., 2009). Increased engagement between 
macrophages and mycobacteria enhances the 
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macrophages’ capability to kill and digest the 
mycobacteria through the fusion of bacteria-containing 
phagosomes and lysosomes.  

Phagocytosed antigens are presented to CD4+ T 
lymphocytes by the major histocompatibility complex 
(MHC) class II for host protection. IFN-γ and IL-12, T cell-
mediated cytokines, promote the attraction and activation 
of macrophages and the recruitment of additional 
lymphocytes to the site of infection for complete 
destruction of the infected cells (Hernandez-Pando et al., 
2009; Kulchavenya, 2013). These cytokines are vital in 
containing the growth of the bacilli, as evidenced by 
studies in human and mouse MTB infections, and by the 
increased susceptibility to mycobacterial infections in 
animals deficient in interferon gamma and interleukin 12 
(Hernandez-Pando et al., 2009). This condition may be 
associated with one of the determinant factors for TB 
disease, which is genetic control, along with 
environmental factors. According to Kang et al. (2011), 
mutations in the gene for IFN-γ producing Th1 cells in 
humans and mice likely contribute to susceptibility to 
mycobacterial infections. Additionally, different clinical 
manifestations of TB in individuals may exhibit diverse 
macrophage responses, which are likely associated with 
polymorphisms in genes. This variation may result in 
different gene profiles in innate immunity that could lead 
to susceptibility to mycobacterial infections in humans 
(Kulchavenya, 2013).  

Studies have been conducted to explore the functions 
of macrophages in humans, including the phagocytosis of 
mycobacteria, stimulation of antimicrobial responses and 
responsiveness to interferon gamma (Sia et al., 2015). 
Dendritic cells and monocyte-derived macrophages are 
immune cells involved in phagocytosis following the initial 
interaction between alveolar macrophages and MTB. The 
uptake of MTB is facilitated by different macrophage 
receptors on phagocytic cells, allowing for easy binding 
and invasion of mycobacteria into the host macrophages, 
indicating the early stages of infection. Opsonizations with 
complement factors such as C3 enhance the recognition 
of a wide range of antigens or mycobacterial ligands by 
macrophages, promoting phagocytosis and cell lysis (Van 
Crevel et al., 2002). The absence of complement receptor 
CR3 in humans leads to an approximate 70-80% 
reduction in receptor-mediated phagocytosis of MTB by 
macrophages (Van Crevel et al., 2002). Several receptors 
are involved in the opsonization process, including CR1, 
CR3, and CR4 (Van Crevel et al., 2002); collectins such 
as surfactant proteins A and mannose-binding lectin; C-
type lectins such as mannose receptor, DC-SIGN and 
DECTIN-1; and toll-like receptors such as TLR-2, TLR-4 
and TLR-9 (Sia et al., 2015). The binding of these 
receptors to non opsonized or opsonized MTB is crucial 
for the recognition and uptake of mycobacterial 
glycolipids, lipoproteins, and carbohydrates (Philips and 
Ernst, 2012; Sia et al., 2015).  

It is important to note that receptor-mediated 
phagocytosis in vivo continues to progress and may differ 
from what has been demonstrated in vitro. Therefore, 
further in vivo studies are necessary to unravel the 

mechanisms involved in the uptake of MTB by 
macrophages and its implications for immune activation. 
These studies could provide insights into preventing 
bacterial replication within macrophages during early 
infection and persistent bacterial infections within 
granulomas during chronic infection. 
 
Neutrophils 
 
Polymorphonuclear neutrophils, as part of the innate 
immune system, play a crucial role in combating invading 
bacilli during early TB infections through oxidative killing. 
They excel in phagocytosis and the release of reactive 
oxygen species (ROS), which possess antimicrobial 
properties, from their granules via the respiratory burst 
mechanism. Neutrophils are the most abundant type of 
white blood cells in the lungs of individuals infected with 
TB, and they can be observed in bronchoalveolar lavage 
(BAL) fluid of patients with pulmonary TB (Eum et al., 
2010; Sia et al., 2015) as well as in murine models of 
pulmonary (Hilda et al., 2020). A study conducted by 
Martineau et al. (2007), revealed an inverse relationship 
between the number of neutrophils functions, including 
chemotaxis, phagocytosis, the release of reactive 
oxidative compounds and activation of other immune 
responses, could increase susceptibility to TB infection 
due to immunological dysfunction (Kruger et al., 2015; 
Hilda et al., 2020). It should be noted that the mechanism 
of action of neutrophils demonstrates a higher level of 
phagocytosis and oxidative respiration compared to 
macrophages (Nordenfelt and Tapper, 2011). However, 
contradictory findings have been reported in other 
studies, which indicate a reduced capability of neutrophils 
in phagocytosis and oxidative burst response against TB 
infections (Hilda and Das, 2018; Gideon et al., 2019). 
Exploring the roles of neutrophils in the context of bacilli 
could provide valuable insights into their functions that are 
yet to be fully explored. 
 
Dendritic cells 
 
Bone marrow-derived dendritic cells play a crucial role in 
bridging the gap between innate and adaptive immune 
responses. They are responsible for antigen presentation, 
activation of T cells and secretion of cytokines, all of 
which are essential for the initiation of T cell responses. 
Studies in mouse models, have demonstrated the 
presence of a significant number of MTB-infected 
dendritic cells, indicating their important role in presenting 
MTB antigens to T cells (Wolf et al., 2008). The receptor 
DC-SIGN is prominently expressed on dendritic cells and 
facilitates efficient migration of these cells by binding to 
MTB ManLAM (Tailleux et al., 2003; Sia et al., 2015). 
However, dendritic cells have also been implicated in 
eliciting negative responses that allow MTB to evade host 
adaptive immunity. MTB can exploit the function of 
dendritic cells, leading to impaired maturation, inhibition of 
cytokine secretion and reduced production of stimulatory 
cells for antigen-specific T cells (Sia et al., 2015; Balboa 
et al., 2016). This can result in uncontrolled lymphocyte
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Figure 4: The general mechanism of the innate and adaptive immune responses to tuberculosis in humans. 
 
production (lymphoproliferation) and irrelevant production 
of T cells at different stages of infection (Sia et al., 2015), 
potentially leading to MTB persistence in the host. Other 
reviews have suggested that the presence of MTB-
infected DC (MTB-DC) tends to promote the production of 
Th2 and Th17 responses over Th1 responses (Balboa et 
al., 2016). Furthermore, the binding of MTB ManLAM and 
DC-SIGN inhibits the production of IL-12, which is an 
important cytokine for promoting Th1 responses (Sia et 
al., 2015). These factors may contribute to the 
persistence of MTB in the host. Another factor that could 
influence the immune response is the reduced availability 
of antigens due to the slow growth of mycobacteria. This 
limited antigen availability may hamper the initiation of 
adaptive immune responses, potentially leading to poor 
responses of mycobacteria-specific T cells (Sia et al., 
2015). Similar to neutrophils, the precise contribution of 
DCs in the context of MTB infection is still not fully 
understood. Further research is necessary to investigate 
the specific functions of dendritic cells in the presentation 
of MTB antigens during the early stages of adaptive 
immune responses. These studies are crucial for 
establishing a comprehensive understanding of the 
consequences arising from the interaction between 
dendritic cells and MTB. 
 
Adaptive immunity: Initiation of the cellular immune 
response 
 
Innate and adaptive immunity exhibit a mutualistic 
relationship in effectively providing successive protection. 
The interaction between TB-infected macrophages and T 
lymphocytes predominantly contributes to the destruction 

and elimination of bacilli, underscoring the significance of 
cellular immunity in the host defence system against 
tuberculosis. The mechanisms involved in the innate 
immune response against MTB play a crucial role in 
initiating the adaptive immune response, encompassing 
antigen presentation, activation of synergistic 
combinations of secondary signalling pathways or co-
stimulation, and the production of cytokines. In addition to 
macrophages, dendritic cells also serve as primary cells 
that play a pivotal role in bridging innate and adaptive 
immunity, as the initiation of adaptive immunity relies on 
the ability of dendritic cells to present the antigens to T 
cells. To effectively control the infection, host defences 
must surpass a certain threshold of mycobacterial 
numbers to successfully eradicate mycobacteria, which 
depends on the intrinsic relationship between the 
microbicidal capacity of macrophages and the engulfed 
MTB.  

CD4+ T cells, a part of adaptive T cell-mediated 
immunity, help suppress the intracellular replication of the 
bacilli by activating macrophages and halting the growth 
of MTB. Other T cell subsets, such as CD8+ T cells, 
gamma delta T cells and CD1-restricted T cells, also 
contribute to the immune response against tuberculosis. 
The combined effects of these T cells broaden the range 
of mycobacterial antigens accessible to the host through 
antigen-presenting cells (APCs) (Boom et al., 2003), 
significantly contributing to the control of persistent bacilli 
(Kawamura, 2006; Kulchavenya, 2013). During the early 
stages of TB infection, some bacilli employ versatile 
strategies to escape phagosomes and multiply. The 
proliferation of escaped bacilli leads to disruption in 
macrophages and the recruitment of blood-derived 
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macrophages to the lung (Van Crevel et al., 2002; 
Campillo-Navarro et al., 2015) without causing severe 
tissue damage. However, blood-derived macrophages 
can ingest the bacilli but cannot eliminate them, resulting 
in a continuous influx of blood monocytes into the lung 
and increased inflammatory signals (Campillo-Navarro et 
al., 2015). The accumulation of immune cells triggers 
synergistic mechanisms between macrophages and 
dendritic cells in engulfing the bacilli. This inflammatory 
environment promotes the migration of dendritic cells 
from the lungs to the lymph nodes, where they activate 
the proliferation of CD4+ T cells and CD8+ T cells at the 
site of infection (Tian et al., 2005). Consequently, MTB 
antigen-specific T cells activate infected macrophages to 
destroy intracellular mycobacteria and prevent their 
growth. 

The activation of infected macrophages by antigen-
specific T cells occurs through the release of a large 
number of cytokines, such as IFN-γ, which are 
characteristic of Th1 cell function. Following antigen 
presentation by APCs, the release of IFN-γ by activated 
CD4+ T cells contributes to the protective effect. These 
cytokines enhance the microbicidal capacity of infected 
macrophages, enabling them to kill the mycobacteria and 
halt the logarithmic growth of bacilli. In a murine study, 
Th2 clones, another subset of T cell, were induced by 
interleukin 4 (IL-4) and were also found in high 
concentrations in tuberculosis patients (Van Crevel et al., 
2002). Th2-inducing cytokines are known to limit the 
activation of macrophages (Campillo-Navarro et al., 2015) 
and inhibit the in vitro production of IFN-γ (Van Crevel et 
al., 2002). Unlike Th2 cells, Th1-inducing IL-12 helps to 
protect the host against tuberculosis, as evidenced by the 
high susceptibility to MTB in IFN-γ gene knockout mice 
(Cooper et al., 1993) and the occurrence of recurrent 
mycobacterial infections in individuals with IFN-γ receptor 
deficiency (Iho et al., 1999). 

In addition to its role in promoting the destruction of 
bacilli through macrophage activation, IFN-γ also helps 
induce the CD8+ T cell-mediated response, which is 
responsible for the apoptosis of infected cells (Serbina et 
al., 2001; Hernandez-Pando et al., 2009). This suggests 
the relative importance of CD8+ T cell-mediated apoptosis 
in controlling intracellular replication by containing the 
pathogen within apoptotic bodies (Kulchavenya, 2013). 
Mice with CD8+ T cell deficiency are more susceptible to 
MTB compared to animals with intact CD8+ T cell function 
(Hernandez-Pando et al., 2009). The mechanisms 
underlying CD8+ T cell responses involving cytolytic 
functions appear to reduce the number of intracellular 
bacteria, possibly related to the presence of granular 
exocytosis in CD8+ T granules (Hernandez-Pando et al., 
2009).  
 
Evasion of host immune responses and granuloma 
formation 
 
One way MTB evades immune responses is through 
evolutionary mechanisms that inhibit phagosome 
maturation, preventing the destruction of ingested bacilli 

by phagosome-lysosome fusion. This promotes the 
survival and proliferation of MTB (Campillo-Navarro et al., 
2015). The release of the ESX system by MTB can block 
phagosome maturation through nucleoside diphosphate 
kinase (Npk) following primary infection (Mihret, 2012). 
SecA2, another virulence factor of MTB, subverts 
phagosome maturation to facilitate intracellular growth 
(Sullivan et al., 2012). However, the synergistic effect of 
IFN-γ and TNF-α helps control the intracellular growth of 
bacilli by increasing the expression of inducible nitric 
oxide synthase (iNOS) and promote bacilli killing in 
macrophages (Scanga et al., 2001; Kanabalan et al., 
2021). 

The progressive accumulation of cells, including 
mature macrophages, scattered neutrophils, dendritic 
cells, natural killer cells and surrounded by lymphocytes 
(CD4+ T, CD8+ T cells, B cells) and fibroblasts, could be 
exploited by the bacterium to evade the immune 
response, replicate, and spread (Bozzano et al., 2014). 
This organised aggregation of cells is known as a 
granuloma. Mycobacteria have the ability to survive within 
granulomas (Ulrichs et al., 2004). Initially, granulomas 
were seen as evidence of concentrated efforts to destroy 
MTB (Longo et al., 2012). However, the roles of 
granulomas in either protecting the host or promoting 
infection remain unresolved. 

In the early granuloma, adaptive responses are 
delayed and the immune defence relies solely on innate 
responses mediated by neutrophils, macrophages and 
dendritic cells (Vivier et al., 2011). This delay in adaptive 
responses may be attributed to the inefficient presentation 
of MTB antigens by dendritic cells to CD4+ T cells in the 
early granuloma (Egen et al., 2011). Consequently, it 
favours increased macrophage accumulation, disease 
replication and systemic spread of MTB. At this stage, 
mycobacteria are well-established and protected within 
the granuloma, and the activation of Ag-specific CD4+ T 
cells may have minimal antimycobacterial effects 
(Gallegos et al., 2008). Following the initiation of the 
adaptive response, bacterial concentrations increase by 
100-fold causing further local delay in the adaptive 
response within the lung. This delay is attributed to the 
influx of Ag-specific CD4+ regulatory T cells and the 
inhibition of neutrophil apoptosis by MTB (Gallegos et al., 
2008). Further studies should focus on targeting the 
innate immune mechanisms that predominate in the early 
phase of MTB infection to effectively launch the 
subsequent adaptive phase. 

Generally, the development of cell-mediated immunity 
occurs within 2 to 6 weeks after infection, characterised 
by the influx of lymphocytes and activated macrophages 
into the lesions, leading to the formation of granulomas 
(Alamelu, 2004). The dead macrophages within the 
granulomas form caseum, where the bacilli are restrained 
and may remain indefinitely Reactivation of the bacilli can 
also occur, leading to post-primary tuberculosis. As 
discussed earlier, the pathogenesis of tuberculosis 
involved not only the ability of MTB to exploit interactions 
between pattern recognition receptors (PRRs) in host 
macrophages and MTB virulence factors but also the  
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Figure 5: The classification of mangroves in the world. Adapted from Bibi et al. (2019) and Othman (2018).  
 
manipulation of the granuloma response to maintain 
dynamic equilibrium following primary infection (Miggiano 
et al., 2020; Kanabalan et al., 2021). The mobility of 
macrophages may correspond to the control of bacterial 
growth (Bold and Ernst, 2009). Macrophages are highly 
mobile in the early granuloma (Davis et al., 2002) but less 
mobile in the mature granuloma (Egen et al., 2008), 
suggesting differences in the stage of TB infection. Figure 
4 illustrates the general mechanism of the innate and 
adaptive immune responses to tuberculosis in humans. 
 
Antimycobacterial activity of mangrove plants as 
potential immunomodulator 
 
Mangroves are assemblages of halophytic woody plants 
that thrive in estuarine or brackish habitats in tropical and 
subtropical regions. It is noteworthy that around 75% of 
the world’s tropical coastline is covered by mangroves 
(Kathiresan, 2000; Bandaranayake, 2002). The term 
‘mangrove’ refers to an intertidal wetland ecosystem that 
forms through a unique association of animals and plants, 
flourishing abundantly in coastal areas and river estuaries 
across low-lying tropical and subtropical latitudes 
(Bandaranayake, 2002). Mangrove forests rank among 
the most productive tropical ecosystems globally, offering 
significant potential for beneficial use of plant species. 
These ecosystems face constant stress, which prompts 
the production of certain compounds crucial for their 
survival (Richards and Friess, 2016). Figure 5 illustrates 

the classification of mangroves. Mangrove ecosystems 
are characterised by a unique group of salt-tolerant trees 
and shrubs that thrive in intertidal zones along coastlines. 
Mangrove species can be classified into two main 
categories, including true mangroves and mangrove 
associates. True mangroves are plant species that are 
specially adapted to thrive in the harsh conditions of 
coastal mangrove ecosystems. They are obligate 
inhabitants of mangrove environments and are typically 
found within the intertidal zone, where they are regularly 
inundated by saltwater. Some common true mangroves 
include Rhizophora spp., Avicennia spp. and Bruguiera 
spp. While mangrove associates are plant species that 
are found in proximity to mangrove ecosystems but are 
not obligate inhabitants of these environments. They can 
tolerate the presence of saltwater but are not as 
specialised for intertidal life as true mangroves. Examples 
of mangrove associates include certain types of palms, 
ferns or terrestrial shrubs and can be considered as 
mangrove associates because they can grow in 
mangrove-adjacent habitats but are not fully adapted to 
the intertidal environment. Besides, some mangrove 
associates can also include Rhizophora spp., Avicennia 
spp. and Bruguiera spp. As they are found in proximity to 
mangrove ecosystems. 

For centuries, extracts from mangrove plants have 
been widely utilised as a popular method for treating 
various health disorders. With a rich history in folklore 
medicine, these extracts have demonstrated inhibitory 
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activity against human, animal and plant pathogens. 
Mangroves and their associated species contain 
biologically active compounds with antiviral, antibacterial 
and antifungal properties (Bandaranayake, 2002; Das et 
al., 2015). Numerous studies have described the effects 
of mangrove extracts on microorganisms such as Shigella 
sp., Staphylococcus sp., Escherichia coli, Proteus sp. and 
Pseudomonas sp., particularly in the field of 
pharmacology (Arivuselvan et al., 2011; Abdel-Aziz et al., 
2016). Additionally, mangrove extracts have shown 
potential as sources of mosquito larvicides, antifungal 
agents, and compounds with anti-diabetic properties (Das 
et al., 2015). 

These findings align with other studies highlighting the 
advantages of natural products as templates for the 
development of safe, highly therapeutic and cost-effective 
drugs (Newman and Cragg, 2007). Mangrove plants have 
shown antimicrobial activity against MTB (Amudha et al., 
2014), but research on the antimycobacterial properties of 
mangroves is still in the early stages and yet to be fully 
explored. Further studies are needed to investigate the 
bioactive compounds within mangroves that contribute to 
their ability to combat microbial infections, including 
pathogenic tuberculosis. Given the extensive distribution 
of mangroves worldwide and their therapeutic potential, it 
is crucial to unravel their therapeutic value. Mangroves 
are renowned for their ability to thrive in saline and 
brackish water environments, due to their intertwining 
roots system. It is likely that their efficient nutrient 
retention mechanism plays a significant role in their 
survival. The adaptations of mangrove plants to stressful 
conditions stimulates the production of secondary 
metabolites that contribute to their viability, often 
exhibiting antimicrobial properties. Carrière et al. (1997) 
have long suggested the potential of mangroves as 
inhibitors against tuberculosis. Various metabolites, such 
as flavonoids, carotenoids and alkaloids, have 
demonstrated the potential of mangroves as sources of 
novel agrochemicals, medicinal compounds and 
biologically active compounds (Carrière et al., 1997; 
Bandaranayake, 2002). 

The study conducted by Amudha et al. (2014) 
demonstrated that methanolic extracts of mangrove 
species such as Excoecaria agallocha, Aegiceras 
corniculatum and Asparagus officinalis exhibited the 
significant inhibitory effects against MTB strains. These 
extracts showed high inhibitory percentages, with 88.95% 
inhibition against the MTB strain H37Rv, 70.02% against 
clinical isolates of multi-drug resistant TB strains and 
85.54% against drug-susceptible TB strains at 
concentration of 500 µg/mL. This study is one of the 
pioneering investigations into the antimycobacterial 
activity of mangrove plants, highlighting the urgent need 
to explore the potential of mangroves as a source of new 
drugs to combat the rising prevalence of drug-resistant 
TB strains. Earlier studies on the antimycobacterial 
properties of mangroves were limited due to the scarcity 
of information available on the benefits of mangrove 
species and the challenges associated with screening 
methods, particularly the safety concerns related to 

handling airborne-transmitted infectious pathogens. 
However, there is a gradual increase in research focusing 
on the antimycobacterial properties of various plant 
species and the potential of mangroves as valuable 
sources of drugs should not be overlooked. This review 
emphasises the medicinal properties of certain mangrove 
species and highlights their potential antimycobacterial 
activity, which could enhance the host immune response 
against tuberculosis.  

The observed activities against tuberculosis displayed 
by potent mangrove species are likely attributed to the 
presence of bioactive compounds in the extracts, such as 
tannins and flavonoids (Amudha et al., 2014; Janmanchi 
et al., 2017). In the case of Aegiceras corniculatom, the 
bioactive compounds responsible for the 
antimycobacterial activity against tuberculosis strains 
could include saponins, glycosides and phenolics 
(Janmanchi et al., 2017). It is not surprising that 
mangrove species like E. agollacha, which exhibit 
antimycobacterial activity, have been traditionally used in 
medicinal practices for treating conditions such as 
flatulence, leprosy, inflammation, sores and stings. These 
species have also been tested for their antiviral and 
antibacterial properties (Premanathan et al., 1999; 
Kathiresan, 2000; Bandaranayake, 2002; Amudha et al., 
2014). The presence of high concentrations of 
intracellular active compounds in mangrove species may 
contribute to their various medicinal properties, including 
their anti-TB activity.  

Besides, Aegiceras corniculatom has shown slightly 
higher antibacterial activity against Gram-negative 
bacteria (E. coli) compared to the Gram-positive 
bacterium B. subtilis, with percentage deaths of 79.86% 
and 47.19%, respectively (Janmanchi et al., 2017). 
However, the extracts exhibited significant 
antimycobacterial activity at a minimum inhibitory 
concentration (MIC) of 19.53 µg/mL, whereas the MIC for 
E. coli and B. subtilis was 5 mg/mL. This suggests 
selective inhibition against MTB, providing a platform for 
identifying active fractions for the development of novel 
drugs (Janmanchi et al., 2017). Recent studies have 
suggested that the presence of large quantities of 
phenolic content in mangroves could contribute to their 
activity against MTB, specifically by targeting the 
dihydrofolate reductase (DHFR) enzyme and bacterial 
type II fatty acid synthase (Kim et al., 2014; Raju et al., 
2015; Janmanchi et al., 2017). These enzymes play 
crucial roles in DNA synthesis and lipid metabolism of 
MTB, respectively. This indicates the potential of 
polyphenols to disrupt cell survival and replication 
mechanisms of MTB by targeting multiple pathways and 
virulence factors associated with its pathogenesis.  

Exploring the combination of potential phytochemicals 
present in mangroves as antitubercular agents, along with 
targeting different virulence factors, can enhance host 
immune responses. Additionally, future in vivo studies will 
help uncover the mechanisms of interaction between 
MTB and host cells, leading to therapeutic interventions 
that can shorten the current lengthy treatment duration. 
Although natural products lack the high-purity compound 
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libraries of synthetic drugs, a few natural products with 
antitubercular activities have been identified and recent 
research has focused on screening mangrove plants for 
their potential against tuberculosis. 
 
CONCLUSION 
 
This review provides a comprehensive overview of the 
current research on mangroves as a potential treatment 
for tuberculosis. The inclusion of both in vitro and in vivo 
studies adds depth to the analysis. The evidence-based 
analysis, including the mangroves species that showed 
anti-tuberculosis activity, was emphasised in this review. 
This is important for evaluating the efficacy of mangrove-
derived compounds as potential tuberculosis treatments, 
providing insights into the specific compounds and their 
mechanisms of action. This review acknowledges the 
limitations of the existing research, including the limited 
number of clinical trials available, potential toxicity 
concerns and the challenges of extracting the active 
compounds from mangroves. Ecological and sustainable 
considerations of using mangroves in drug discovery 
should also be considered. Additionally, it is crucial to 
investigate and understand related studies involved in the 
interactions between host immune responses and MTB 
virulence factors, which maintain a dynamic equilibrium 
between the host and pathogen. Understanding the 
immune evasion strategies employed by MTB is also 
essential for the development of treatment for 
tuberculosis. 
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