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Abstract

Tuberculosis, an infectious disease, causes considerable morbidity and mortality. Within the host immune system, transition 
metals play vital roles in combating Mycobacterium tuberculosis (MTB), acting as catalytic cofactors, mediating electron 
transport, and catalyzing antimicrobial radical formation. Both the host and MTB have developed mechanisms to maintain 
metal homeostasis. Flavonoids, important herbal materials with potent iron-chelating ability, have gained attention for their 
antitubercular and anti-inflammatory effects, making them a promising treatment option. This review explores how trace 
metals restrict MTB and the dynamic balance between pathogen and host, revealing innovative perspectives for therapeutic 
interventions.
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1  Introduction 

Tuberculosis (TB) is a severe and protracted 
disease caused by the pathogen Mycobacterium 
tuberculosis (MTB), and it is the second most 
significant infectious threat following COVID-19. 
The emergence of multi-drug-resistant (MDR) 
strains of MTB makes it necessary to research 
prevention and treatment strategies immediately [1]. 

Metal ions, such as zinc, iron, and copper, 
are indispensable nutrient metals in organisms that 
implement their catalytic features as enzymatic 
cofactors, immunological reactions, physiological 
mechanisms including electron transport, and the 
stabilization of protein structure [2]. These metals 
participate in maintaining cell survival, growth, and 
replication [3]. Furthermore, they are applied to 
proliferate and resist the antimicrobial radicals of 
bacterial pathogens [4].

Due to the excess or lack of trace metals in the 
intracellular microenvironment, MTB may be poisoned 
or nutritionally deficient [5]. The innate immune 
system sequesters Fe3+ and Zn2+ to deprive bacteria of 
essential nutrients, releases Cu2+ to intoxicate them, or 

* Author to whom correspondence should be addressed. Address: 
School of Life Science and Biopharmaceutics,  Shenyang 
Pharmaceutical University, Shenyang 110016, China; Tel.: +86-
18341400460; E-mail: zhaoxiaoyun@syphu.edu.
These authors have no conflict of interest to declare.

Received: 2025-04-09      Accepted: 2025-06-05



141

From natural medicines to metal weapons: therapeutic potential of flavonoid metabolites in regulating host-Mycobacterium tuberculosis 
metal interactions  / Asian Journal of Traditional Medicines, 2025, 20 (3)

elevates Zn2+ level to suppress pathogen growth [6].  
These metals are related to metalloproteins, 
metalloenzymes, and transporter proteins, and 
participate in cellular processes such as transcription 
and signal transduction [7]. The change of intracellular 
metal concentration can disrupt homeostasis. For 
instance, excessive metal can generate reactive 
oxygen species (ROS), inducing toxic effects 
through the Fenton reaction [7]. Host organisms 
have evolved mechanisms to modulate physiological 
metal concentrations through uptake, storage, 
sequestration, secretion, and scavenging processes. 
These efforts to starve pathogens from nutrient 
metals are addressed as nutritional immunity [8].  
Meanwhile, MTB regulates the transport of metals 
through the process involving regulatory proteins 
that act synergistically to modulate the expression of 
metal ion transporter proteins, maintaining metal ion 
homeostasis and resistance necessary for survival 
within host organisms [9].

Zinc oxide nanoparticles (ZnO NPs) are 
expected to be used in antibacterial applications 
because of their ability to generate ROS and release 
Zn²⁺ [10]. ZnO NPs exhibit a synergistic bactericidal 
effect when combined with other elements or 
antibiotics [11-14]. Additionally, green synthesis 
method using plant extracts is attracting attention 
as an eco-friendly approach to potentially enhance 
antimicrobial efficacy [15,16]. People are exploring 
them as effective strategies to treat TB and MDR 
TB.

Flavonoids are important active substances 
in traditional Chinese medicine and have strong 
iron chelating activity in 6,7-dihydroxy [17]. Many 
flavonoid drugs have demonstrated anti-tuberculosis 
activity [18]. Baicalin, as an active component in the 
traditional Chinese medicine Scutellaria baicalensis, 
has iron-chelating properties. Its most effective 
iron-binding site arises from the C6, C7-dihydroxyl 
groups and a C2, C3-double bond in its structure can 
inhibit the formation of MTB biofilms and reduce 

the inflammatory response of the body at the same 
time [19]. Although the relationship between the 
anti-tuberculosis effect of flavonoids and metal ion 
chelation needs to be further clarified, it provides a 
new idea for the treatment of tuberculosis.

As a result ,  elucidating the regulatory 
mechanisms of metal maintenance is helpful 
to decipher the function of trace metal ions in 
host-MTB interaction, and provide innovative 
therapeutic strategies for coping with the emergence 
of MDR strains [20]. In this review, we focus on 
comprehensively understanding the interaction 
mechanism of regulating metal ion homeostasis 
between MTB and host cells to provide insights for 
feasible immunotherapeutic strategies.

2  Zinc homeostasis

2.1  Physiological effects of zinc

Zinc is a decisive trace metal that accounts 
for approximately 10% of the mammalian genome, 
encoding zinc-binding proteins that serve as cofactors 
for enzymes [21]. Zinc is involved in enzymatic 
reactions such as transfer reactions, and also contributes 
to DNA binding protein function [20]. The change 
of zinc concentration enhances immune functions 
including macrophages’ antibacterial capacities 
and promotes dendritic cell maturation [22,23].  
Zinc has higher affinity for binding non-homologous 
proteins in MTB than other metals at high Zn2+ level. 
These actions maximize protein dysfunction, which 
constrains the survival of MTB [24].

Zinc exhibits potent antioxidant properties 
in the formation of superoxide dismutase, thereby 
catalyzing the conversion of superoxide radicals into 
hydrogen peroxide. Therefore, zinc has the potential 
to alleviate oxidative stress by precluding the Fenton 
reaction. Zinc deficiency impairs the immune 
system, resulting in physiological changes such as 
differential expression of antigens, cytokines, and 
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major histocompatibility complex class (MHC) on 
the surface of dendritic cell [25]. Consequently, 
zinc malnutrition induces the host susceptible to 
pathogens. However, excessive zinc can destroy 
immune cells. The accumulation of zinc takes part 
in the production of ROS, which causes oxidative 
stress. Moreover, excessive ROS will damage 
essential cellular components of pathogens, such 
as proteins and nucleic acids, thus interfering with 
bacterial growth [26].

2.2  Zinc regulation within the host

Hosts have evolved multitudinous mechanisms 
to regulate zinc homeostasis, including Zn2+ 
transporters, namely ZIP importers and ZnT 
exporters. These are zinc transporters that modulate 
the uptake and secretion of free zinc ions. ZIP 
family consists of 14 genes (SLC39 family from 
SLC39A1 to SLC39A14), and ZnT family consists 
of 10 genes (SLC30 family from SLC30A1 to 
SLC30A10) [27]. Zinc is transported into innate 
immune cells by members of the ZIP family 
transporters [20]. ZIP family mediates zinc import 
into the cytoplasm, while ZnT1 mediates zinc export 
into the phagolysosome during infection. Excessive 
Zn2+ is sequestered within organelles, including the 
endoplasmic reticulum, Golgi apparatus, lysosomes, 
and zincosomes – membrane bound vesicular 
structures containing high levels of zinc [28].  
Furthermore, the metal-response-element-binding 
transcription factor 1 (MTF-1) can sense free 
Zn2+ and maintain Zn2+ level by regulating the 
transcription of zinc transporters. Stimulated by 
cytokines and hormones, the dynamic regulation of 
zinc transporter transcription profiles plays a pivotal 
role in the mobilization of zinc [29]. Meanwhile, 
metallothioneins (MTs) tightly control Zn2+ 
homeostasis. MTs are small proteins, containing 
conserved cysteines, which can form complexes 
with up to seven zinc ions through their zinc-sulfur 

clusters, effectively binding and sequester zinc 
(and copper) to alleviate the oxidative stress [30], 
accounting for approximately 20% of intracellular 
zinc sequestration [31]. The regulation of the MTs 
promoter involves zinc (MTF-1) and redox reactions, 
especially nuclear factor erythroid 2-related factor 
2 (NRF2) [32]. Stimulated by Lipopolysaccharide 
(LPS), the host upregulates the MTs expression to 
achieve intracellular zinc homeostasis and modulate 
cellular zinc distribution through redox reactions.

2.3  Zinc regulation within MTB

Similar ly,  the opt imal  level  of  z inc is 
crucial for the survival and replication of MTB. 
Macrophages consistently transport Zn out of the 
phagosome via Nramp1 and Nramp2, depending on 
specific pH conditions. In MTB, zinc is regulated by 
Nramp transporters (termed as MntH). Beyond that, 
MTB can secrete and import kupyaphores, which 
are synthesized by a biosynthetic cluster in the early 
phases of infections to address zinc deficiency. 
Kupyaphores serve as metal transporters, promoting 
zinc acquisition and enabling pathogens to survive 
in high zinc toxicity environments [33]. 

During infection, excessive ROS production 
in the host system leads to oxidative stress as a 
mechanism to restrict MTB. The expression of 
proteins involved in DNA replication, repair, 
recombination, and antioxidant enzymes such as KatG 
and AhpC is upregulated in Zn2+ limited MTB [34].  
Zinc limitation also leads to physiological responses, 
including the upregulation of genes involved in iron 
storage (bfrB) and regulation (furA) [35].

The presence of excessive zinc imposed by the 
host enhances the intracellular killing of bacteria 
within immune cell. Zn2+ detoxification machinery 
deficient strains are susceptible to host immune 
defenses both in vitro and in vivo, as demonstrated 
in mouse models of infection [20]. MTB harbors 
the zinc uptake repressor Zur (Rv2359) (used to be 
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termed as FurB) which controls the transcription 
of genes related to zinc acquisition [36]. The 
transcription expression level of Zur is modulated 
by smtB, which is encoded by upstream gene and 
shares a promoter with zur. SmtB functions as a 
repressor that becomes inactive when it binds to 
Zn2+ [37]. At high metal concentration, the binding 
of SmtB-zinc significantly reduces its DNA binding 
affinity, thereby promoting RNA polymerase 
loading and initiation of operon transcription, 
ultimately leading to the expression of metal efflux  
proteins [38]. Zur acts as a transcriptional repressor 
and upregulates gene expression in vitro under zinc-
limited conditions. Zur modulates the ESX-3 system, 
contributing to upregulation of mycobactin and zinc 
transporter proteins, regardless of whether there 
is deficiency or excess of zinc in MTB [39]. ESX 
system consists of five independently functioning 
subsystems (from ESX-1 to ESX-5) that modulate 
the host immune defense, and secrete extracellular 
proteins to maintain survival and virulence for 
MTB. Among them, ESX-3 system is significant in 
the growth of pathogen. Not only Zur, IdeR (iron 
regulator) and MntR (manganese regulator) can also 
regulate the expression of esx-3 operon and sustain 
the homeostasis of these metals [40]. ESX-3 secretes 
a heterodimer consisting of EsxG and EsxH, which 
is regulated by zinc and iron levels. This impairs the 
phagosome fusion with lysosomes, and contributes 
to virulence [40]. The newly identified redox sensor 
CmtR in Mycobacterium bovis interacts with Zur to 
inhibit the expression of the esx-3 operon in order 
to regulate the expression of esx-3 and accumulate 
zinc level. CmtR (Rv1994c), a metal-responsive 
regulatory protein of the ArsR-SmtB family, shows 
important inducing effect under oxidative stress.

Transcriptional regulators of pathogens sense 
the intracellular zinc concentration, and MTB 
employs P-type family ATPases such as CtpC, 
CtpG and CtpV to actively expel excess zinc, and 
utilizes zinc-binding chaperone-like proteins such 

as PacL1 to acquire zinc in a deficient environment 
to achieve zinc homeostasis [41]. MTB possesses 
two superoxide dismutases: SodA and SodC. SodA 
utilizes manganese as its preferred cofactor and 
depends on CtpC for metalation, and then exports 
it to the phagosome. Bacterial metallothioneins, 
such as MymT in MTB and SmtA or SmtB, can 
bind and sequester zinc within the cytosol. The 
intramembrane protease Rip1 (Rv2869c) plays a 
crucial role in MTB replication by detecting and 
resisting the bactericidal effector of macrophages, 
al though the underlying mechanism is st i l l  
unclear [42].

3  Iron homeostasis

3.1  Physiological effects of iron

As an essential nutritional metal ion, iron 
participates in various physiological activities, such 
as electron transport, peroxide detoxification, and 
serving as a cofactor for numerous enzymes [43].  
Excessive free iron can react with hydrogen peroxide 
to generate hydroxyl radicals, resulting in oxidative 
stress that restrains the growth of MTB [44].  
The extreme lack of iron in the host leads to the 
susceptibility to the invasion of MTB. 

3.2  Iron regulation within the host

Over 70% of iron in the human body is 
kinetically trapped in heme, rendering it unable 
to be absorbed by pathogens [20]. Erythrocyte 
lysis leads to the release of hemoglobin and 
heme, which are rapidly bound by haptoglobin 
and hemopexin. The hemopexin-heme complex 
is internalized in hepatocytes, macrophages, and 
neurons. The haptoglobin-hemoglobin complex is 
taken up via CD163 receptor-mediated endocytosis 
in macrophages [45]. The remaining iron is bound 
by the plasma transport proteins transferrin and 
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lactoferrin, and the intracellular ferritin protein 
is responsible for iron storage to regulate the 
concentration of free iron in blood [46]. To obtain 
free iron, macrophages phagocytize and degrade 
senescent erythrocytes, which are subsequently 
sequestered within ferritin [47]. Calprotectin is a 
high-affinity calcium-binding protein that also binds 
to iron, zinc, and manganese in the bloodstream [48]. 
The host secretes the siderophore binding protein 
(NGAL) by neutrophils (also secrete lactoferrin 
and calprotectin) and epithelial cells, which binds 
to bacterial siderophores in order to inhibit the iron 
acquisition by MTB [49].

More and more evidences show the role 
of hormone hepcidin in host iron homeostasis. 
Transcriptional activation of hepcidin occurs in 
response to the increase of iron concentration or 
the presence of inflammatory cytokines such as 
IL-6 and IFN-γ. This contributes to the binding and 
internalization of ferroprotein 1 (FPN-1), an iron 
exporter that limits plasma iron level and sequesters 
iron in macrophages. Conversely, when iron level 
decreases, the body will reduce the expression 
of  hepcidin [50].  FPN-1 exports  i ron from 
macrophages to the bloodstream. After that, ferrous 
iron is immediately oxidized by a specific membrane 
ferroxidase and loaded as ferric iron onto transferrin 
for tissue distribution via circulation. Transferrin 
iron is taken up by cells via transferrin-receptor 
mediated endocytosis [51]. To prevent iron overload, 
macrophages upregulate the expression of hepcidin 
and FPN-1 to facilitate excessive intracellular iron 
excretion. 

Natural resistance associated macrophage 
protein 1 (NRAMP1), a macrophage and neutrophil 
specific antiporter, is primarily located on the late 
endosomal or lysosomal membranes and related to 
innate resistance [51]. It facilitates the exchange of 
bivalent cations, including iron, zinc, magnesium, 
and manganese, between phagolysosomes and 
cytoplasm to limit MTB’s acquisition of metals [52].  

NRAMP1 gene is considered a crucial factor in 
conferring resistance against MTB. Patients with 
polymorphism in the NRAMP1’s regulatory region 
are at higher risk of infection, which leads to 
decrease of expression level [53]. The expression 
of NRAMP1 also affects other iron-related immune 
pathways, including the formation of NGAL.

3.3  Iron regulation within MTB

The survival and proliferation of MTB under 
iron limitation require various strategies to absorb 
and store iron. The enzyme ferrochelatase (Rv1485) 
catalyzes the last step of heme biosynthesis, making 
heme a valuable resource of MTB [54]. Additionally, 
IsdG family enzymes MhuD and MhuP facilitate heme 
degradation through an unconventional mechanism 
to enhance iron uptake and utilization [55].  
The inner membrane protein DppABCD is a 
transporter that introduces exogenous heme from the 
periplasm to the cytoplasm, rendering this complex 
indispensable for MTB growth, particularly within 
macrophages [56]. Recent research indicates that 
heme synthesized from de novo is more bioavailable 
to  MTB compared with  heme exogenously 
scavenged. Furthermore, heme synthesized from de 
novo plays a critical role in protecting MTB from 
macrophage attacks, and bioavailable heme levels 
decrease during macrophage assault [57].

MTB secretes two types of siderophores, 
lipophilic mycobactin (MBT) and hydrophilic 
carboxymycobactin (cMBT), to bind and acquire 
non-heme iron [58]. During iron limitation, MTB 
actively synthesizes deoxy-mycobactin [59]. MBT 
is located in the membrane, while cMBT, as an iron 
carrier, can be released externally to obtain insoluble 
iron from host Fe-binding proteins like transferrin 
and ferritin [60]. These siderophores demonstrate 
a superior affinity for ferric binding, exceeding the 
affinity of transferrin [61], and are sequestered by the 
IrtAB ATP-binding cassette (ABC) transport system. 
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Mycobactin is capable of traversing the phagosome 
membrane in order to scavenge iron from the 
extracellular transferrin [62]. IrtAB interacts with 
iron carriers to reduce Fe3+ to the more soluble Fe2+ 
form and promote the release of iron. IrtAB transport 
system enhances the efficient iron uptake from ferric 
cMBT. Extracellular ferric sources are transported 
by carboxymycobactin-mycobactin siderophore 
machinery receptor HupB to MTB envelope [63].

H u p B  a n d  I d e R  a r e  i r o n - d e p e n d e n t 
transcription factors, which regulate genes related to 
iron homeostasis. HupB (Rv2986c) was identified in 
the cell wall of MTB. HpuB induces the production 
of siderophores in response to iron starvation and 
promotes the activation of its own operon in the 
absence of IdeR-Fe2+. A hupB knockout strain 
exhibits a decrease in siderophores level and mbt 
transcription level, highlighting the ability of HupB 
to make MTB counteract macrophage defenses [64].  
IdeR protein represses the expression of iron uptake 
genes and biosynthesis siderophores in iron sufficient 
environments, causing the corresponding activation 
of iron storage genes. It becomes inactive and 
expresses the iron uptake genes under iron starvation. 
IdeR-Fe2+ complex binds to the IdeR box in the mbt 
locus and the upstream bfrA gene, thus activating 
the synthesis of iron storage molecules [3,65,66].  
The complex can not be formed under the condition 
of iron restriction, which preventing it from binding 
to target genes. This allows HupB to bind to the 
hupB box located upstream of the IdeR box, which 
is helpful to induce mbt genes transcription and 
promote iron uptake [42,65]. The IdeR-deficient 
strains are vulnerable in macrophages, highlighting 
the significance of IdeR in the virulence of MTB [67].  
IdeR protein regulates the synthesis of iron storage 
proteins. Bacterioferritin (BfrA) binds to heme, while 
ferritin (BfrB) does not bind to heme. The priority 
of BfrA in iron storage at low iron concentration and 
the demand for BfrB at high iron concentration are 
attributed to its higher storage capacity [68], which 

is three times that of BfrA [69]. The transcription 
of iron storage genes bfrA and bfrB is repressed 
in the absence of the IdeR-Fe2+ complex [66].  
In addition, IdeR regulates the ESX-3 system, which 
highly expresses MBT and zinc transporter proteins [39].  
Under oxidative stress, Fe2+ is oxidized to Fe3+, 
which leads to the inability of ferrous (Fe2+) iron to 
bind to IdeR, causing the up-expression of IdeR-
suppressed genes such as those in the ESX-3  
system [70]. 

4  Copper homeostasis

4.1  Physiological effects and host regulation of copper

As an antimicrobial agent, high levels of copper 
accumulate in the phagolysosomes of macrophages 
to combat infections. Copper can be converted 
between two oxidation states, Cu+ and Cu2+, and 
has a high redox potential, which enables copper 
to catalyze the production of hydroxyl radicals 
under aerobic conditions, causing oxidative stress 
through Fenton and Haber-Weiss reactions [71].  
After stimulated by proinflammatory factors such 
as LPS and IFN-γ, phagocytic cells upregulate the 
expression of copper transporter CTR1 and the 
copper transport ATPase ATP7A. CTR1 promotes 
free copper to enter cytoplasm. Subsequently, copper 
chaperone Atox1 captures and transports copper to 
ATP7A located in the Golgi apparatus. Then ATP7A 
transports the copper to phagolysosomes. These 
copper transport mechanisms accumulate copper to 
toxic levels, produce ROS and lead to respiratory 
burst, which is an essential immune response during 
infection [72].

4.2  Copper regulation within MTB

To counteract oxidative stress caused by 
excess copper in macrophages, MTB has developed 
mechanisms to regulate copper levels and enhance 
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resistance to oxidative stress through the action of 
copper-responsive transcriptional repressors CsoR 
(Rv0967) and RicR (Rv0190), P-type ATPase CtpV 

(Rv0969), copper transport protein MctB (Rv1698), 
metallothionein MymT, and multicopper oxidases 
MmcO (Rv0846c).

CsoR is a transcriptional repressor that 
regulates the copper-sensitive operon (cso) in a 
copper-dependent manner, and this operon contains 
genes for CsoR and CtpV [73]. CsoR binds to DNA 
without copper, and at elevated Cu+ level, it reduces 
the binding affinity to the promoter of the cso 
operon. This leads to the gradual expression of cso, 
resulting in copper export [74]. Genes involved in 
the CsoR regulon directly participate in alleviating 
the detrimental effects of copper stress, rather than 
CsoR itself [74]. For instance, CsoR regulates the 
putative copper exporter CtpV. CtpV synthesizes 
a copper-specific endosomal pump that cooperates 
with MctB to enhance the copper export across the 
membrane. CtpV moderates copper homeostasis 
and alleviates copper oxidative stress. Mice infected 
with CtpV mutants exhibited slight lung damage and 
immune response, as well as significantly prolonged 
survival time compared with those infected with 
wild-type strains, suggesting the importance of the 
copper response in MTB. Furthermore, no difference 
was found between ctpV- deficient and wild-type 
strains in lung bacterial load, suggesting alternative 
mechanisms may substitute for CtpV’s function [75].  

The transport of copper involves not only CtpV 
but also CtpA and CtpB. Although CtpB imports 
copper to meet nutritional requirements, it can also 
export excess copper during toxic copper stress  
periods [76,77]. 

The Mycobacterial copper transport protein 
B (MctB) is proposed to function as an outer 
membrane channel, responsible for exporting copper 
from the periplasmic space to the environment. 
Mutant MTB strains lacking MctB exhibit copper 
accumulation and increased sensitivity to raised Cu+ 
levels, indicating MctB’s crucial role in regulating 
copper export and maintaining optimal copper  
levels [72].

RicR, a copper-responsive transcriptional 
repressor, shares homology with CsoR. At low 
copper concentration, RicR binds to target promoters 
and suppresses gene transcription. However, 
when copper levels are elevated, RicR dissociates 
from DNA, inducing the expression of various 
genes including mymT, lpqs (encoding a putative 
lipoprotein), rv2963 (encoding a putative permease), 
socAB, mmcO, as well as ricR [78]. Compared 
with CsoR, disrupting RicR has a more significant 

Fig. 1 Copper regulation within MTB
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regulatory effect on copper-stressed bacteria [79]. 
This suggests that MTB employs similar copper-
specific sensors, CsoR and RicR, due to their 
different set points or sensitivities to copper in the 
cellular environment [80]. 

MymT is a cysteine-rich metallothionein 
capable of binding and sequestering up to six Cu+

ions within a thiolate core [81]. MymT detoxifies 
by redistributing intracellular metals and resisting 
oxidative stress. However, MymT mutant strains 

did not reduce virulence in mice, supporting the 
existence of different Cu resistance mechanisms in 
MTB [81]. 

Membrane-associated multicopper oxidase, 
MmcO, functions by catalyzing the conversion of 
the highly toxic form Cu+ to less toxic form Cu2+, 
thereby providing resistance to copper toxicity. 
Additionally, it can scavenge ROS to mitigate 
oxidative stress induced by macrophages [82].

5  Discussion

 Mycobacterium tuberculosis, the pathogen of 
tuberculosis, continues to pose a threat worldwide.  
Scientists have developed four key antituberculosis 
drugs—isoniazid, rifampicin, ethambutol, and 
pyrazinamide, which are still the standard treatment 
for drug-sensitive TB. Due to the emergence of 
drug-resistant strains, it is imperative to develop 
new eff ective therapies. Multi-drug-resistant strains 
are resistant to both isoniazid and rifampicin, 

rendering many conventional treatments ineff ective. 
Recently, three antituberculosis components have 
been incorporated into treatment regimens, which 
can eff ectively fi ght drug-resistant tuberculosis when 
used together [83]. However, the specific adverse 
effects and evolving resistance mechanisms have 
diminished their efficacy [83], highlighting the 
importance of developing a new therapeutic strategy. 

Trace metal ions are essential for MTB because 
they participate in enzymatic reactions, reduce 
oxidative stress, and form proteins that facilitate 

Zinc ions are depicted as green spheres, iron ions as red spheres, and copper ions as yellow spheres

Fig. 2 Various strategies employed by macrophages and MTB to maintain their metal ion homeostasis 
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metabolism or constitute virulence during infections. 
Meanwhile, host cells, including macrophages, 
have developed numerous strategies to defend 
against pathogens by regulating the concentration 
of these metals. They employ nutritional immunity 
by limiting MTB’s uptake of metals, while also 
accumulating excess metals in phagosomes as 
antimicrobial agents. To increase their survival rate 
under such strict restrictions, MTB has developed 
a sophisticated regulatory system to maintain metal 
balance. This includes the production of high-affinity 
metal ion chelators or importers to effectively 
acquire metals [6], and the utilization of high-affinity 
efflux pumps or proteins to secrete excess metals 
and inhibit metal uptake. Additionally, they can alter 
the form of metals, thereby alleviating the impact of 
oxidative stress [33]. 

Understanding the interaction of nutrition and 
immunity and elaborating the mechanisms of metal 
transportation are important for discovering novel 
therapies. Thus, we have summarized emerging 
treatments against MTB with the help of trace 
metals, offering insights for the discovery of new 
antituberculosis drugs.  

5.1  Zinc therapy--zinc oxide nanoparticles

Metal combination therapies require new 
metal-delivering methods. The development of 
nanoparticle technology provides a way to create 
antimicrobial metal particles. Zinc oxide is an 
inorganic antimicrobial agent, which rarely leads 
to bacterial resistance [84]. The United States 
Food and Drug Administration (FDA) classifies it 
as a substance that is generally recognized as safe 
(GRAS). Therefore, ZnO is widely used in chemical, 
pharmaceutical and medical fields [15]. Zinc oxide 
nanoparticles (ZnO NPs) have a large surface area 
relative to their size and exhibit high catalytic 
activity. They are widely reported as agents with 
anticancer and antimicrobial properties [85].

ZnO NPs inhibit bacteria by directly destroying 
cell membrane, inducing ROS, and releasing zinc 
ions [16,86]. Although many studies confirm 
ZnO NPs’ anti-TB properties against MTB and 
MTB-MDR, their full anti-TB capabilities and 
mechanisms require further research. ZnO NPs may 
attach to bacterial cell membranes, and then enter 
mycobacterium through endocytosis [84]. Their 
antimicrobial efficacy is affected by concentration 
and particle size, and smaller particles usually show 
higher activity due to their large surface area, which 
enhances the release of zinc ion and the production 
of ROS [15,87]. Additionally, smaller NPs can 
penetrate bacterial membranes more easily [15].

These properties suggest that ZnO NPs could 
be a promising strategy for treating drug-resistant 
tuberculosis. Krishna et al. produced 33 nm spherical 
particles and demonstrated that ZnO NPs have anti-
tubercular effects, with MICs of 12.5 μg/mL against 
H37Ra and a selectivity index of over 10 (IC50/
MIC) [84]. Heidary et al. fabricated spherical Ag 
NPs (5.4 ± 2.6 nm) and ZnO NPs (9.3 ± 3.9 nm), and 
found that Ag and ZnO NPs at 1 µg/mL could inhibit 
XDR strains, while Ag/ZnO NPs at 1-64 µg/mL  
could inhibit MDR and H37Rv strains [88].  
Ag NPs enhance bacterial cell permeability by 
forming nanosized pores in bacterial membranes. 
Ellis et al. developed biodegradable multimetallic 
microparticles (< 4 μm diameter) containing Ag/
ZnO NPs for direct pulmonary delivery, which 
increased rifampicin’s potency against MTB by 
disrupting the cellular envelope [11]. Using an in 
vitro macrophage infection model, efficient uptake 
of these microparticles by MTB-infected THP1 cells 
was demonstrated. The intracellular release of Ag/
ZnO NPs within the macrophage endosomal system 
enhanced rifampicin’s potency by up to 76% by 
increasing membrane disorder in intracellular MTB. 
Mistry et al. observed a synergistic bactericidal effect 
when combining ZnO NPs with rifampicin, which 
showed significantly higher bacterial membrane 
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permeability and increased rifampicin uptake with 
the combination treatment [12]. Similarly, iron oxide 
nanoparticles enhanced the activity of antibiotics 
like rifampicin, isoniazid, and norfloxacin [89,90]. 
Lin et al. prepared ZnO/SeNPs, combining the 
antibacterial properties of ZnO and selenium, 
which showed strong efficacy against MTB [13]. 
Other combinations, such as Mg/ZnO NPs, also 
demonstrated synergistic anti-tubercular effects 
against multi-drug-resistant strains [14].

Traditional synthesis of ZnO NPs employs 
physical and chemical methods like co-precipitation, 
hydrothermal/solvothermal synthesis, sol-gel 
processes, microemulsion process and high-energy 
ball milling [91]. However, these methods often 
consume significant energy and produce toxic 
byproducts. Green synthesis using bacteria, fungi, 
or plant extracts to reduce zinc ions and form 
nanoparticles, offers an eco-friendly alternative [92].  
Plant  ext rac ts  wi th  inherent  ant imicrobia l 
properties can serve as stabilizers for ZnO NPs, 
which potentially enhance antimicrobial effects, 
biocompatibility, and anti-inflammatory properties 
while reducing toxicity [16].

ZnO NPs deposit within alveolar epithelial 
ce l l s ,  t r igger ing  pu lmonary  in f lammatory 
responses. Cho et al. intratracheally administered 
ZnO NPs (10.7 nm) at doses of 50 or 150 cm²/rat  
to female Wistar rats and observed diverse 
pathological  changes in the lungs,  such as 
eosinophilia, regenerative goblet cell hyperplasia, 
and bronchocentric pulmonary fibrosis [94]. These 
adverse effects were attributed to zinc ions released 
from the nanoparticles. To date, ZnO NPs have not 
been successfully developed for clinical use against 
TB. Most studies remain in preliminary in vitro or in 
vivo stages.

While the exact mechanisms of ZnO NPs’ anti-
tubercular effects are still under investigation, their 
potential in combating multi-drug-resistant MTB 
strains is evident.

5.2  Traditional medicine: flavonoids on metal 
nutritional immunity

A large number of studies have shown that 
traditional Chinese medicine can alleviate the clinical 
symptoms of patients with pulmonary tuberculosis, 
but the relationship between the antibacterial 
mechanism and metal ions is still unclear. 

Flavonoids, the largest group of plant-
derived natural products, have been widely used 
as bactericides since ancient times because of their 
preventive and therapeutic effects on bacteria. They 
can suppress nucleic acid synthesis, cytoplasmic 
membrane function, and energy metabolism. 
Additionally, flavonoids have been found to reduce 
bacterial adhesion and biofilm formation, affect 
porin on the cell membrane, change membrane 
permeability, and decrease pathogenicity, all of 
which are crucial for bacterial growth.	

Flavonoids with the 6,7-dihydroxy iron 
chelation site (e.g., baicalein) are as potent as 
the clinically used deferoxamine in terms of iron 
chelation. Flavonols, which contain the 3-hydroxyl 
group, the 4-ketone group, and the 2,3-double bond, 
as well as the catecholic B ring, can exhibit iron 
chelation activity similar to deferoxamine. However, 
flavonoids with a 5-hydroxyl-4-keto chelation site 
have weaker iron chelation abilities [17].	

Yadav et al. conducted experiments on 15 selected 
flavonoids and evaluated their antitubercular effects. 
The results showed that luteolin (MIC = 25 μg/mL)  
demonstrated the strongest antibacterial activity 
among all flavonoids tested. Quercetin, baicalein 
and myricetin showed comparable activity (MIC =  
50 μg/mL), while hispidulin had the weakest effect 
(MIC = 100 μg/mL). The study revealed that 
hydroxyl groups at specific positions were crucial 
to inhibit MTB growth. These positions included 
5,6,7 in ring A (as in baicalein), 3', 4' in ring B 
(as in luteolin, quercetin and myricetin), and 4' in 
the 5,7-dihydroxy-6-methoxy arrangement (as in 
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hispidulin). Furthermore, the research indicated 
that antitubercular activity requires two adjacent 
hydroxyl groups. However, when the hydroxyl group 
is methylated or glycosylated, as in casticin and 
hesperidin, the compounds lose their activity [93].	

MTB can utilize the quorum-sensing (QS) 
system to form biofilms within the host as a 
defense against the host’s immune system [94,95]. 
Baicalin, a flavonoid abundant in the traditional anti-
inflammatory herb Scutellaria baicalensis Georgi, 
has iron-chelating properties. Its most effective 
iron-binding site arises from the C6, C7-dihydroxyl 
groups and a C2, C3-double bond in its structure [19].  
Iron is crucial for microcolony formation and 
biofilm maturation in many pathogens. To prevent 
iron deficiency, bacteria produce siderophores, iron 
chelators that scavenge iron from the environment. 
Baicalin inhibits biofilm formation by suppressing 
the QS system, enhances the antibacterial activity of 
various antibiotics through a synergistic effect [96], 
affects bacterial cell growth and inhibits the bacterial 
beta-lactamase enzyme [97].

I n  M TB,  i n f ec t ed  mac rophages  fo rm 
autolysosomes via the fusion of autophagosomes 
and lysosome [98]. MTB ingested by macrophages 
is destroyed there due to antimicrobial agents in 
autophagosomes like cathelicidin and ubiquitin [99]. 
To induce autophagy and suppress inflammation 
in the host, pathways such as MAPK activation 
and inhibitory activation of the PI3K/Akt/mTOR 
pathway are involved [100]. Baicalin induces 
autophagy and prevents inflammation by inhibiting 
the  PI3K/Akt /mTOR pa thway through the 
phosphorylation of Akt and mTOR.

Quercetin is a common dietary flavonoid. 
It combats Mycobacterium spp. through multiple 
mechanisms, including inhibiting key enzymes 
and blocking mycobacterial cell wall biosynthesis. 
In M. smegmatis and M. tuberculosis, quercetin 
speci f ica l ly  targets  the  subuni t  B of  DNA 
gyrase [101]. Additionally, quercetin shows 

strong inhibitory effects and high affinity for the 
flavoenzyme uridine 5'-diphosphategalactopyranos
emutase (UGM), an essential enzyme in MTB cell 
wall biosynthesis [102]. 

6  Conclusion

There are two primary mechanisms of drug 
resistance of MTB. One is that MTB possesses 
a lipid-rich cell wall due to mycolic acid, which 
interferes with the penetration of drugs into cells. 
The other is that MTB utilizes ATP-binding cassette 
(ABC) transporters and major facilitator superfamily 
(MFS) proteins to export antibiotics from the cytosol. 
The mechanism of metal nutritional immunity in the 
interaction between the host and Mycobacterium 
tuberculosis is complex and noteworthy. In this 
review, we aim to clarify the interaction mechanism 
of metal homeostasis regulation between MTB and 
the host. We also try to provide insights into the 
therapeutic strategies of tuberculosis. These methods 
include the use of zinc oxide nanoparticles as a 
potential anti-multi-drug-resistant-tubercular agent 
and the application of flavonoids such as baicalin, 
which have antitubercular and anti-inflammatory 
effects. The comprehensive investigation of the 
metal ion regulatory network in the future will help 
to develop new drugs against drug-resistant bacteria.

Declaration of competing interest

The authors  declare that  they have no 
known competing financial interests or personal 
relationships that could have appeared to influence 
the work reported in this paper.

Fundings

This study did not receive any specific grant 
from funding agencies in the public, commercial, or 
not-for-profit sectors.



151

From natural medicines to metal weapons: therapeutic potential of flavonoid metabolites in regulating host-Mycobacterium tuberculosis 
metal interactions  / Asian Journal of Traditional Medicines, 2025, 20 (3)

Credit authorship contribution statement

Tianyi Zhao: Writing – original draft, Writing 
– review & editing, Visualization, Investigation, 
Conceptualization. Qingxuan Wu: Writing – review 
& editing. Yihao Fan: Writing – review & editing. Ru 
Li: Writing – review & editing. Zifei Yang: Writing 
– review & editing. Wenxin Li: Writing – review & 
editing. Xiaoyun Zhao: Writing – review & editing, 
Investigation, Supervision, Conceptualization. 

References

[1]	 Maure A, Lawarée E, Fiorentino F, et al. A host-directed 

oxadiazole compound potentiates antituberculosis 

treatment via zinc poisoning in human macrophages and 

in a mouse model of infection. PLOS Biol, 2024, 22: 

e3002259.

[2]	 Van Gossum A, Neve J. Trace element deficiency and 

toxicity. Curr Opin Clin Nutr Metab Care, 1998, 1: 499.

[3]	 Bradley JM, Svistunenko DA, Wilson MT, et al. 

Bacterial iron detoxification at the molecular level. J 

Biol Chem, 2020, 295: 17602-17623. 

[4]	 Weiss G, Schaible UE. Macrophage defense mechanisms 

against intracellular bacteria. Immunol Rev, 2015, 264: 

182-203. 

[5]	 Liu Y, Kong D, Wu HL, et al. Iron in plant-pathogen 

interactions. J Exp Bot, 2021, 72: 2114-2124.

[6]	 Serafini A. Interplay between central carbon metabolism 

and metal homeostasis in mycobacteria and other human 

pathogens. Microbiology (Reading), 2021, 167.

[7]	 Williams MT, Yee E, Larson GW, et al. Metalloprotein 

enabled redox signal transduction in microbes. Curr 

Opin Chem Biol, 2023, 76: 102331. 

[8]	 Antelo GT, Vila AJ, Giedroc DP, et al. Molecular 

Evolution of Transition Metal Bioavailability at the 

Host-Pathogen Interface. Trends Microbiol, 2021, 29: 

441-457. 

[9]	 Wang S ,  Fang R,  Wang H,  e t  a l .  The  ro le  of 

transcriptional regulators in metal ion homeostasis 

of Mycobacterium tuberculosis. Front Cell Infect 

Microbiol, 2024, 14: 1360880. 

[10]	Behzad F, Sefidgar E, Samadi A, et al. An Overview of 

Zinc Oxide Nanoparticles Produced by Plant Extracts 

for Anti-tuberculosis Treatments. Curr Med Chem, 2022, 

29: 86-98. 

[11]	Ellis T, Chiappi M, García-Trenco A, et al. Multimetallic 

Microparticles Increase the Potency of Rifampicin 

against Intracellular Mycobacterium tuberculosis. ACS 

Nano, 2018, 12: 5228-5240. 

[12]	Mist ry  N,  Bandyopadhyaya R,  Mehra S.  ZnO 

Nanoparticles and Rifampicin Synergistically Damage 

the Membrane of Mycobacteria. ACS Appl Nano Mater, 

2020, 3: 3174-3184. 

[13]	Lin W, Fan S, Liao K, et al. Engineering zinc oxide 

hybrid selenium nanoparticles for synergetic anti-

tuberculosis treatment by combining Mycobacterium 

tuberculosis killings and host cell immunological 

inhibition. Front Cell Infect Microbiol, 2023, 12: 

1074533. 

[14]	Yaghubi kalurazi T, Jafari A. Evaluation of magnesium 

oxide and zinc oxide nanoparticles against multi-drug-

resistance Mycobacterium tuberculosis. Indian J Tuberc, 

2021, 68: 195-200. 

[15]	Li Y, Liao C, Tjong SC. Recent Advances in Zinc Oxide 

Nanostructures with Antimicrobial Activities. Int J Mol 

Sci, 2020, 21: 8836. 

[16]	Behzad F, Sefidgar E, Samadi A, et al. An Overview of 

Zinc Oxide Nanoparticles Produced by Plant Extractsfor 

Anti-tuberculosis Treatments. Curr Med Chem, 2022, 

29: 86-98. 

[17]	Mladěnka P, Macáková K, Filipský T, et al. In vitro 

analysis of iron chelating activity of flavonoids. J Inorg 

Biochem, 2011, 105: 693-701. 

[18]	Shamsudin NF, Ahmed QU, Mahmood S, et al. 

Antibacterial  Effects  of  Flavonoids and Their 

Structure-Activity Relationship Study: A Comparative 

Interpretation. Molecules, 2022, 27: 1149. 

[19]	Chanaj-Kaczmarek J, Rosiak N, Szymanowska D, 

et al. The Chitosan-Based System with Scutellariae 

baicalensis radix Extract for the Local Treatment of 

Vaginal Infections. Pharmaceutics, 2022, 14: 740.



152

From natural medicines to metal weapons: therapeutic potential of flavonoid metabolites in regulating host-Mycobacterium tuberculosis 
metal interactions  / Asian Journal of Traditional Medicines, 2025, 20 (3)

[20]	Murdoch CC, Skaar EP. Nutritional immunity: the battle 

for nutrient metals at the host–pathogen interface. Nat 

Rev Microbiol, 2022, 20: 657-670. 

[21]	Andreini C, Banci L, Bertini I, et al. Counting the zinc-

proteins encoded in the human genome. J Proteome Res, 

2006, 5: 196-201.

[22]	Subramanian Vignesh K, Landero Figueroa JA, Porollo 

A, et al. Granulocyte Macrophage-Colony Stimulating 

Factor Induced Zn Sequestration Enhances Macrophage 

Superoxide and Limits Intracellular Pathogen Survival. 

Immunity, 2013, 39: 697-710. 

[23]	Guo  X ,  Tu  P,  Wang  X ,  e t  a l .  Decomposab le 

Nanoagonists Enable NIR-Elicited cGAS-STING 

Activation for Tandem-Amplified Photodynamic-

Metalloimmunotherapy. Adv Mater Deerfield Beach Fla, 

2024, 36: e2313029. 

[24]	Lucarelli D, Russo S, Garman E, et al. Crystal structure 

and function of the zinc uptake regulator FurB from 

Mycobacterium tuberculosis. J Biol Chem, 2007, 282: 

9914-9922. 

[25]	George MM, Subramanian Vignesh K, Landero Figueroa 

JA, et al. Zinc Induces Dendritic Cell Tolerogenic 

Phenotype and Skews Regulatory T Cell–Th17 Balance. 

J Immunol, 2016, 197: 1864-1876. 

[26]	Imlay JA. Pathways of Oxidative Damage. Annu Rev 

Microbiol, 2003, 57: 395-418. 

[27]	Chen BN, Yu PY, Chan WN, et al. Cellular zinc 

metabolism and zinc signaling: from biological functions 

to diseases and therapeutic targets. Signal Transduct 

Target Ther, 2024, 9: 6.

[28]	Taylor KM, Vichova P, Jordan N, et al. ZIP7-mediated 

intracellular zinc transport contributes to aberrant 

growth factor signaling in antihormone-resistant breast 

cancer Cells. Endocrinology, 2008, 149: 4912-4920. 

[29]	Laity JH, Andrews GK. Understanding the mechanisms 

of zinc-sensing by metal-response element binding 

transcription factor-1 (MTF-1). Arch Biochem Biophys, 

2007, 463: 201-210. 

[30]	Coyle P, Philcox JC, Carey LC, et al. Metallothionein: 

the multipurpose protein. Cell Mol Life Sci CMLS, 

2002, 59: 627-647. 

[31]	Tapiero H, Tew KD. Trace elements in human 

physiology and pathology: zinc and metallothioneins. 

Biomed Pharmacother Biomedecine Pharmacother, 

2003, 57: 399-411. 

[32]	Hübner C, Haase H. Interactions of zinc- and redox-

signaling pathways. Redox Biol, 2021, 41: 101916. 

[33]	Mehdiratta K, Singh S, Sharma S, et al. Kupyaphores are 

zinc homeostatic metallophores required for colonization 

of Mycobacterium tuberculosis. Proc Natl Acad Sci U S 

A, 2022, 119: e2110293119. 

[34]	Dow A, Sule P, O’Donnell TJ, et al. Zinc limitation 

triggers anticipatory adaptations in Mycobacterium 

tuberculosis. PLoS Pathog, 2021, 17: e1009570. 

[35]	Ty a g i  P,  D h a r m a r a j a  AT,  B h a s k a r  A ,  e t  a l . 

Mycobacterium tuberculosis has diminished capacity 

to counteract redox stress induced by elevated levels of 

endogenous superoxide. Free Radic Biol Med, 2015, 84: 

344-354. 

[36]	Goethe E, Laarmann K, Lührs J, et al. Critical Role of 

Zur and SmtB in Zinc Homeostasis of Mycobacterium 

smegmatis. mSystems, 2020, 5: e00880-19. 

[37]	Maciag A, Dainese E, Rodriguez GM, et al. Global 

analysis of the Mycobacterium tuberculosis Zur (FurB) 

regulon. J Bacteriol, 2007, 189: 730-740. 

[38]	Canneva F, Branzoni M, Riccardi G, et al. Rv2358 

and FurB: Two Transcriptional Regulators from 

Mycobacterium tuberculosis Which Respond to Zinc. J 

Bacteriol, 2005, 187: 5837-5840. 

[39]	Serafini A, Pisu D, Palù G, et al. The ESX-3 secretion 

system is necessary for iron and zinc homeostasis 

in Mycobacterium tuberculosis. PloS One, 2013, 8: 

e78351. 

[40]	Ilghari D, Lightbody KL, Veverka V, et al. Solution 

Structure of the Mycobacterium tuberculosis EsxG·EsxH 

Complex. J Biol Chem, 2011, 286: 29993-30002. 

[41]	Boudehen YM, Faucher M, Maréchal X, et  al . 

Mycobacterial resistance to zinc poisoning requires 

assembly of P-ATPase-containing membrane metal 

efflux platforms. Nat Commun, 2022, 13: 4731. 

[42]	Nelson SJ, Williams JT, Buglino JA, et al. The Rip1 

intramembrane protease contributes to iron and zinc 



153

From natural medicines to metal weapons: therapeutic potential of flavonoid metabolites in regulating host-Mycobacterium tuberculosis 
metal interactions  / Asian Journal of Traditional Medicines, 2025, 20 (3)

homeostasis in Mycobacterium tuberculosis. mSphere, 

2023, 8: e0038922. 

[43]	Hood MI, Skaar EP. Nutritional immunity: transition 

metals at the pathogen-host interface. Nat Rev 

Microbiol, 2012, 10: 525-537. 

[44]	Guth-Metzler R, Bray MS, Frenkel-Pinter M, et al. 

Cutting in-line with iron: ribosomal function and non-

oxidative RNA cleavage. Nucleic Acids Res, 2020, 48: 

8663-8674. 

[45]	Dutt S, Hamza I, Bartnikas TB. Molecular Mechanisms 

of Iron and Heme Metabolism. Annu Rev Nutr, 2022, 

42: 311-335. 

[46]	Kurthkoti K, Amin H, Marakalala MJ, et al. The 

Capacity of Mycobacterium tuberculosis To Survive Iron 

Starvation Might Enable It To Persist in Iron-Deprived 

Microenvironments of Human Granulomas. mBio, 2017, 

8: e01092-17. 

[47]	Hentze MW, Muckenthaler MU, Galy B, et al. Two to 

Tango: Regulation of Mammalian Iron Metabolism. 

Cell, 2010, 142: 24-38. 

[48]	Lin H, Andersen GR, Yatime L. Crystal structure of 

human S100A8 in complex with zinc and calcium. BMC 

Struct Biol, 2016, 16: 1-10. 

[49]	Monteith AJ, Skaar EP. The impact of metal availability 

on immune function during infection. Trends Endocrinol 

Metab, 2021, 32: 916-928. 

[50]	Ganz T, Nemeth E. Iron homeostasis in host defence and 

inflammation. Nat Rev Immunol, 2015, 15: 500-510. 

[51]	Haschka D, Hoffmann A, Weiss G. Iron in immune cell 

function and host defense. Semin Cell Dev Biol, 2021, 

115: 27-36. 

[52]	Brenz Y, Ohnezeit D, Winther-Larsen HC, et al. Nramp1 

and NrampB Contribute to Resistance against Francisella 

in Dictyostelium. Front Cell Infect Microbiol, 2017, 7: 

282. 

[53]	Bel lamy R.  The natural  res is tance-associated 

macrophage protein and susceptibility to intracellular 

pathogens. Microbes Infect, 1999, 1: 23-27.

[54]	Rutherford T, Thompson GG, Moore MR. Heme 

biosynthesis in Friend erythroleukemia cells: control by 

ferrochelatase. Proc Natl Acad Sci U S A, 1979, 76: 833-

836. 

[55]	Mandal SK, Kanaujia SP. Role of an orphan substrate-

binding protein MhuP in transient heme transfer in 

Mycobacterium tuberculosis. Int J Biol Macromol, 2022, 

211: 342-356. 

[56]	Hu T, Yang X, Zhu Y, et al. Molecular basis for substrate 

transport of Mycobacterium tuberculosis ABC importer 

DppABCD. Sci Adv, 2024, 10: eadk8521. 

[57]	Donegan RK, Fu Y, Copeland J, et al. Exogenously 

Scavenged and Endogenously Synthesized Heme Are 

Differentially Utilized by Mycobacterium tuberculosis. 

Microbiol Spectr, 2022, 10: e0360422. 

[58]	Jones CM, Wells RM, Madduri AVR, et al. Self-

poisoning of Mycobacterium tuberculosis by interrupting 

siderophore recycling. Proc Natl Acad Sci U S A, 2014, 

111: 1945-1950. 

[59]	Madigan CA, Cheng TY, Layre E, et al. Lipidomic 

discovery of deoxysiderophores reveals a revised 

mycobactin biosynthesis pathway in Mycobacterium 

tuberculosis. Proc Natl Acad Sci, 2012, 109: 1257-1262.

[60]	Ratledge C. Iron, mycobacteria and tuberculosis. 

Tuberculosis, 2004, 84: 110-130. 

[61]	Sheldon JR, Laakso HA, Heinrichs DE. Iron Acquisition 

Strategies of Bacterial Pathogens. Microbiol Spectr, 

2016, 4: 1-32. 

[62]	Luo M, Fadeev EA, Groves JT. Mycobactin-mediated 

iron acquisition within macrophages. Nat Chem Biol, 

2005, 1: 149-153. 

[63]	Choudhury M, Koduru TN, Kumar N, et al. Iron uptake 

and transport by the carboxymycobactin-mycobactin 

siderophore machinery of Mycobacterium tuberculosis 

is dependent on the iron-regulated protein HupB. 

BioMetals, 2021, 34: 511-528. 

[64]	Kalra P, Mishra SK, Kaur S, et al. G-Quadruplex-

Forming DNA Aptamers Inhibit the DNA-Binding 

Function of HupB and Mycobacterium tuberculosis 

Entry into Host Cells. Mol Ther Nucleic Acids, 2018, 

13: 99-109. 

[65]	Marcos-Torres FJ, Juniar L, Griese JJ. The molecular 

mechanisms of the bacterial iron sensor IdeR. Biochem 

Soc Trans, 2023, 51: 1319-1329. 



154

From natural medicines to metal weapons: therapeutic potential of flavonoid metabolites in regulating host-Mycobacterium tuberculosis 
metal interactions  / Asian Journal of Traditional Medicines, 2025, 20 (3)

[66]	Baatjies L, Loxton AG, Williams MJ. Host and 

Bacterial Iron Homeostasis, an Underexplored Area 

in Tuberculosis Biomarker Research. Front Immunol, 

2021, 12: 742059. 

[67]	Pandey SD, Choudhury M, Yousuf S, et al. Iron-

Regulated Protein HupB of Mycobacterium tuberculosis 

Positively Regulates Siderophore Biosynthesis and Is 

Essential for Growth in Macrophages. J Bacteriol, 2014, 

196: 1853-1865. 

[68]	Rivera M. Bacterioferritin: Structure, Dynamics, and 

Protein-Protein Interactions at Play in Iron Storage and 

Mobilization. Acc Chem Res, 2017, 50: 331-340. 

[69]	Khare G, Nangpal P, Tyagi AK. Differential Roles 

of Iron Storage Proteins in Maintaining the Iron 

Homeostasis in Mycobacterium tuberculosis. PloS One, 

2017, 12: e0169545. 

[70]	Zondervan  NA,  van  Dam JCJ ,  Schaap  PJ ,  e t 

al. Regulation of Three Virulence Strategies of 

Mycobacterium tuberculosis: A Success Story. Int J Mol 

Sci, 2018, 19: 347. 

[71]	Teschke R, Eickhoff A. Wilson Disease: Copper-

Mediated Cuproptosis, Iron-Related Ferroptosis, and 

Clinical Highlights, with Comprehensive and Critical 

Analysis Update. Int J Mol Sci, 2024, 25: 4753. 

[72]	Wolschendorf F, Ackart D, Shrestha TB, et al. Copper 

resistance is essential for virulence of Mycobacterium 

tuberculosis. Proc Natl Acad Sci U S A, 2011, 108: 

1621-1626. 

[73]	Ward SK, Hoye EA, Talaat AM. The Global Responses 

of Mycobacterium tuberculosis to Physiological Levels 

of Copper. J Bacteriol, 2008, 190: 2939-2946. 

[74]	Marcus SA, Sidiropoulos SW, Steinberg H, et al. CsoR 

Is Essential for Maintaining Copper Homeostasis in 

Mycobacterium tuberculosis. PloS One, 2016, 11: 

e0151816. 

[75]	Ward SK, Abomoelak B, Hoye EA, et al. CtpV: a 

putative copper exporter required for full virulence of 

Mycobacterium tuberculosis. Mol Microbiol, 2010, 77: 

1096-1110. 

[76]	León-Torres A, Arango E, Castillo E, et al. CtpB is a 

plasma membrane copper (I) transporting P-type ATPase 

of Mycobacterium tuberculosis. Biol Res, 2020, 53: 6.

[77]	Shey-Njila O, Hikal AF, Gupta T, et al. CtpB Facilitates 

Mycobacterium tuberculosis Growth in Copper-Limited 

Niches. Int J Mol Sci, 2022, 23: 5713. 

[78]	Shi X, Festa RA, Ioerger TR, et al. The copper-

responsive RicR regulon contributes to Mycobacterium 

tuberculosis virulence. mBio, 2014, 5: e00876-13. 

[79]	Festa RA, Jones MB, Butler-Wu S, et al. A novel copper-

responsive regulon in Mycobacterium tuberculosis. Mol 

Microbiol, 2011, 79: 133-148. 

[80]	Higgins KA, Giedroc D. Insights into Protein Allostery 

in the CsoR/RcnR Family of Transcriptional Repressors. 

Chem Lett, 2014, 43: 20-25. 

[81]	Gold B, Deng H, Bryk R, et al. Identification of 

a copper-binding metallothionein in pathogenic 

mycobacteria. Nat Chem Biol, 2008, 4: 609-616. 

[82]	Kinkar E, Kinkar A, Saleh M. The multicopper oxidase 

of Mycobacterium tuberculosis (MmcO) exhibits 

ferroxidase activity and scavenges reactive oxygen 

species in activated THP-1 cells. Int J Med Microbiol, 

2019, 309: 151324. 

[83]	Negi A, Perveen S, Gupta R, et al. Unraveling Dilemmas 

and Lacunae in the Escalating Drug Resistance of 

Mycobacterium tuberculosis to Bedaquiline, Delamanid, 

and Pretomanid. J Med Chem, 2024, 67: 2264-2286. 

[84]	Gopala Krishna P, Paduvarahalli Ananthaswamy 

P, Trivedi P, et al. Antitubercular activity of ZnO 

nanoparticles prepared by solution combustion synthesis 

using lemon juice as bio-fuel. Mater Sci Eng C, 2017, 

75: 1026-1033. 

[85]	G.k. P, P.a. P, Bora U, et al. In vitro antibacterial and 

cytotoxicity studies of ZnO nanopowders prepared by 

combustion assisted facile green synthesis. Karbala Int J 

Mod Sci, 2015, 1: 67-77. 

[86]	Joe A, Park SH, Shim KD, et al.  Antibacterial 

mechanism of ZnO nanoparticles under dark conditions. 

J Ind Eng Chem, 2017, 45: 430-439. 

[87]	Ahmed B, Solanki B, Zaidi A, et al. Bacterial toxicity 

of biomimetic green zinc oxide nanoantibiotic: insights 

into ZnONP uptake and nanocolloid–bacteria interface 

Toxicol Res, 2018, 8: 246-261. 



155

From natural medicines to metal weapons: therapeutic potential of flavonoid metabolites in regulating host-Mycobacterium tuberculosis 
metal interactions  / Asian Journal of Traditional Medicines, 2025, 20 (3)

[88]	Heidary M, Zaker Bostanabad S, Amini SM, et al. The 

Anti-Mycobacterial Activity Of Ag, ZnO, And Ag- ZnO 

Nanoparticles Against MDR- And XDR-Mycobacterium 

tuberculosis. Infect Drug Resist, 2019, 12: 3425-3435.

[89]	Padwal P, Bandyopadhyaya R, Mehra S. Polyacrylic 

acid-coated iron oxide nanoparticles for targeting drug 

resistance in mycobacteria. Langmuir ACS J Surf 

Colloids, 2014, 30: 15266-15276. 

[90]	Cotta KB, Padwal P, Agarwal S, et al. Targeting wild-

type and drug-resistant mycobacteria in infected 

macrophages using drug-coated nanoparticles. J Chem 

Technol Biotechnol, 2019, 94: 768-776.

[91]	Dey S, Mohanty D lochan, Divya N, et al. A critical 

review on zinc oxide nanoparticles: Synthesis, properties 

and biomedical applications. Intell Pharm, 2025, 3: 53-

70. 

[92]	El-Moslamy SH, Elnouby MS, Rezk AH, et al. Scaling-

up strategies for controllable biosynthetic ZnO NPs 

using cell free-extract of endophytic Streptomyces albus: 

characterization, statistical optimization, and biomedical 

activities evaluation. Sci Rep, 2023, 13: 3200. 

[93]	Yadav AK, Thakur J, Prakash O, et al. Screening of 

flavonoids for antitubercular activity and their structure–

activity relationships. Med Chem Res, 2013, 22: 2706-

2716. 

[94]	Memariani H, Memariani M, Ghasemian A. An 

overview on anti-biofilm properties of quercetin against 

bacterial pathogens. World J Microbiol Biotechnol, 

2019, 35: 143. 

[95]	Lazar V. Quorum sensing in biofilms--how to destroy 

the bacterial citadels or their cohesion/power? Anaerobe, 

2011, 17: 280-285. 

[96]	Brackman G, Cos P, Maes L, et al. Quorum sensing 

inhibitors increase the susceptibility of bacterial biofilms 

to antibiotics in vitro and in vivo. Antimicrob Agents 

Chemother, 2011, 55: 2655-2661.

[97]	Ozma MA, Khodadadi E, Pakdel F, et al. Baicalin, a 

natural antimicrobial and anti-biofilm agent. J Herb 

Med, 2021, 27: 100432. 

[98]	Chandra P, Ghanwat S, Matta SK, et al. Mycobacterium 

tuberculosis Inhibits RAB7 Recruitment to Selectively 

Modulate Autophagy Flux in Macrophages. Sci Rep, 

2015, 5: 16320.

[99]	Bradfute SB, Castillo EF, Arko-Mensah J, et al. 

Autophagy as an immune effector against tuberculosis. 

Curr Opin Microbiol, 2013, 16: 355-365. 

[100]	Zhang Y, Qi Z, Liu Y, et al. Baicalin Protects Mice from 

Lethal Infection by Enterohemorrhagic Escherichia 

coli. Front Microbiol, 2017, 8: 395. 

[101]	S a s i k u m a r  K ,  G h o s h  A R ,  D u s t h a c k e e r  A . 

Antimycobacterial potentials of quercetin and rutin 

against Mycobacterium tuberculosis H37Rv. 3 Biotech, 

2018, 8: 427.

[102]	Villaume SA, Fu J, N’Go I, et al. Natural and Synthetic 

Flavonoids as Potent Mycobacterium tuberculosis 

UGM Inhibitors. Chem Weinh Bergstr Ger, 2017, 23: 

10423-10429. 


