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Abstract: Salmonella is the intracellular pathogen and etiological known for the cause of
asymptomatic carriage, gastroenteritis, systemic disease (typhoid fever), in severe cases death may
also occur. Altered function of mitochondria due to Salmonella infection impacts the immune
response. Mitochondria which are recognized as the “powerhouse” of the cells are also know to
play central role in the immune metabolism. Mitochondrial dynamics such as fusion, fission,
signaling, transport and mitophagy influences the immune system and also maintains the cellular
integrity. Mitochondrial DNA and Reactive oxygen species formation also elicits the inflammatory
responses. This review discusses the immune metabolism and effect of altered mitochondrial
dynamics in case of Salmonella infection.
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INTRODUCTION

Salmonella is a gram negative, anaerobic, facultative bacterium which affects many species. S.
typhi affects humans and higher primates and S. typhimurium affects rodents, cattel’'s and mammals.
S. typhi and S. typhimurium have 11% difference in their genome, which are otherwise 99% similar in
their sequences of house-keeping genes. (Grari ef al., 2021).

Milder cases are not easily diagnosed thus reported. Major changes in non-typhoidal
Salmonellosis occurred in last century due to the emergence of food borne human infections caused
by Salmonella entrica enteritis by muti-drug resistant (MDR) strains of Salmonella enterica typhimurium.
MDR drugs comprises of fluroquinolones, 3 gen cephalosporins (Hurley et al., 2014).

S. typhimurium conceals a factor which is its virulence factor that leads to the production of a free
electron during respiration process and this free electron produced helps in the anaerobic respiration.
Due to diminution of the native gut microbe increases the chances of growth of the Salmonella to form
its colony. Some nutrients such as ethanolamine that is already present in the gut of an individual S.
typhimurium takes its advantages and colonise in the gut during the infection where it outcompetes
other microbes of the gut which has the same ecological niche as that of Salmonella (Hurley et al.,
2014). It forms a structure known as salmonella containing vacuole (SCV) which helps in its survival
the self- established niche in the host environment as it arrests the endosomal pathway in its late
endosome stage. Challenges encountered by Salmonella during its life cycle includes environmental
stress, inorganic acid stress in stomach, intra cellular stress, nutritional stress, organic acid stress in
intestine, intestinal barriers, etc. (Grari et al., 2021). Salmonella has multifaceted ways in which it affects
the host as it favours to proliferate in the non-restrictive habitat of macrophages. B-cells, T-cells,
monocytes, dendritic cells, granulocytes and gut epithelial cells are affected after the entry of the
bacterium into the host body. Organic nitro stative stresses are one of the distinguished immune
approaches encountered by Salmonella. Various symptoms such as gastroenteritis, systemic disease
in typhoid fever were observed during the infection also in many cases pain is developed in joints,
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irritation in eyes, and painful urination is observed along with chronic arthritis. (Takaya et al., 2020).
Faster growth rates of bacterium salmonella and viability of the genome constructed using
recombinant DNA technology makes it an exemplary pathogen in the study of host-pathogen
reciprocity. (Garai et al., 2012)

BACKGROUND

Mitochondrial Interplay with Immune System

Figure 1. Mitochondrial dynamics.

The changes in the number of mitochondrial number and structural modifications are known as
mitochondrial dynamics. Mitochondrial signalling plays an important role in the activation of innate
immune response pathogen associated molecular patterns (PAMPs) and damage associated
molecular patterns (DAMPs) activates the pro-inflammatory cytokines by the formation of
mitochondrial ROS. (Khan et al., 2020). Mitochondrial dynamics includes fusion, fission of
mitochondria, movement or mitochondrial transport. (Xie et al., 2020)

Mitochondrial fusion includes mitochondrial inner membrane and mitochondrial outer
membrane and is assisted by mitofusinl and 2 (MFN1 & 2) and exalted by misato 1 (MSTO1).
Mitochondrial fission is regulated by dynamic-related protein 1 which are inducted by coupler
proteins.

Mitochondrial transport occurs alongside filaments of actin and microtubules present in the
cytoplasm of the cell. Direct interaction of cytoskeleton proteins and mitochondrial outer membrane
(MOM) proteins does not occur during the transportation. Hence, proteins like myosin, kinesin, and
dynein associates with MOM and emerge to form a multiplex and disintegrated structures of
mitochondria in the cytoplasm of cell are more easily transported as compared to lengthened and
coalesced structures this implies that process of fission plays an important role in the mitochondrial
transport. Further this ensures the pertinent distribution of mitochondria which is crucial for the
process of division of cell and in the attainment of energy requirements of cell. (Xie et al., 2020)

Mitochondrial signaling is shown to be important in activating innate immune response PAMPs
and DAMPs activates pro-inflammatory cytokines by generating RLRs (RIG-1) like receptor
mitochondrial ROS. ROS production contributes to mitochondrial damage in a range of pathologies
and is also important in redox signaling from the organelles to the rest of cells.

H20: liberated from the dismutation of superoxide (O%*) mitochondria contains its own
superoxide dimutase (SOD). Production of ROS can lead to oxidative damage to then mitochondrial
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proteins H202 efflux from mitochondria can be measured by a non-fluorescent substrate in
conjugation with horse radish peroxidase (HRP).

2 main modes of operation by isolated mitochondria that leads to extensive H20: efflux
1. Increased NADH/NAD+ ratio in matrix
2. Highly rescued CoQ pool in conjugation with a maximal Ap and no ATP synthesis.

(H20: efflux from mitochondria is negligible compared to 1 and 2).

Mitochondrial operation is when the mitochondria are working normally (ATP production) or
using Ap for other functions such as thermogenesis. ROS production by complex 1 was in sub-
mitochondrial particle (SMPs) where reduction of the CoQ pool and generation by a large Ap
succinate leads to uncoupler-sensitive H202 production. Mitochondrial disruption leads to oxidative
damage rises the possibility that allows the better understanding of mtROS production which will
lead to then rational design of therapies to minimize the mitochondrial oxidative damage (Wang et
al., 2018)

Mitochondrial autophagy also known as mitophagy is a form of autophagy in which damaged
mitochondria are removed and this process is regulated by enzyme PTEN-induced putative kinase 1
(PINK1) and ubiquitin ligase parkin. Mitophagy has the potential in the treatment of inflammatory
diseases with excessive reactive oxygen species (ROS) and mitochondrial dysfunction. Decline in
mitophagy in T-cells escalates the process of apoptosis and ROS formation. A protein known as
autophagy related protein 7 (Atg-7) is needed for the formation of autophagosomes structures. As
found by scientist Pua et al. T-cells with inadequacy of protein Atg-7 has elevated mitochondrial
content, boosted production of ROS and utterance of pro-apoptotic proteins such as Bak, cytochrome
c and AIF. (Angajala et al., 2018)

Molecular patterns associated mitochondrial damage

Mitochondrial DAMPs (mt DAMPs) are the molecules liberated from mitochondrial DAMPs
during the cell’s death into the extracellular area and comprise of not only proteins but also lipids or
DNA and tend to elicit an immune response. Other examples of mitochondrial DAMPs are nuclear
DNA, high-mobility group box 1 (HMGB1), or heat-shock proteins, calreticulin, mitochondrial DNA,
N-formyl peptides, cardiolipin, etc. When these mitochondrial DAMPs come in contact with immune
cells such as macrophages, neutrophils initiate innate immune response and when comes in contact
with dendritic cells initiates adaptive immune response. When these mt DAMPs are discharged into
the circulation from impaired areas promotes adherence of activated neutrophils and vascular
endothelial cells and transmigration of immune cells into the organs located at distant sites which
leads to the secretion of pro-inflammatory proteinases and cytokines causing to elicit an immune
response in the organ. (Nakahira et al., 2015). Salmonella invades both phagocytic and non-phagocytic
cells including mononuclear phagocytic cells which are present in lymphoid follicles, live and spleen.
Epithelial cells and phagocytic cells such as dendritic cells and macrophages identify specific
pathogens-associated molecular patterns and DMAPs present in bacteria. PPRs which are NOD-like
receptors, TLR comprise early components of the immune system that function to detect invading
pathogens through PAMPs and DAMPs and signal to recruit and activate phagocytic cells such as
neutrophils and macrophages (Hurley et al., 2014)

Metabolic repurposing of mitochondria to drive inflammatory macrophages

LPS plays an important role in the inset of sepsis during systemic infection of observed by its
role in macrophages. Clinical activation by bacterial LPS or IFN- v leads to the alteration in secretory
profile of the cells through production of NO. Alteration action by 1L-4, IL-10, or IL-13 leads to the
production of polyamines and proline including proliferation and collagen production respectively
(Page et al., 2022).

Salmonella typhimurium enhances glycolysis and reduces serine synthesis in infected
macrophages (Jiang et al., 2021). Mitochondrial succinate present within macrophages might show
opposing effects on the secretion of pro- and anti-inflammatory pathways by enhancing hypoxia-
inducible factor 1a (HIF-1a) activation and inhibiting protyl hydroxylase (PHD) function or as a
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result of oxidation by mitochondrial succinate dehydrogenase (SDH). Succinate robustly boosts the
lipopolysaccharide induces HIF-laa activator dimethyloxalylglycine (DMGO). Increased
mitochondrial oxidation of succinate via SDH and an elevation of potential of membrane of
mitochondria leads to the mitochondrial ROS production. Inhibitor of succinate oxidation, dimethyl
malonate (DMM) promotes anti-inflammatory response. Cell permeable molecule (CPM) dimethyl
malonate is rapidly hydrolysed within the cell to generate malonate, which is a potent inhibitor of
SDH. (Mills et al., 2016). Survival and proliferation within SCV result in the inhibition of poly-
phagosome fusion which leads to cytokine secretion (IL-12, IL-18) (Yoshimoto et al., 1997). Salmonella
typhimurium enhances glycolysis and reduces serine synthesis in infected macrophages.

Infection of epithelial cells of lower intestines and macrophages by Salmonella. IL-1, IL-16, TNEF-
a results in cytokine secretion due to which phagocytosis occurs (Gutiérrez et al., 2021).

Basolateral receding into epithelial cells. Apoptosis of macrophage and secretion of cytokine IL-
1 B (Lopez-Castejon et al., 2011).

Immune cells and their mitochondrial metabolism

Infection by salmonella

!

Activation of
immune response

!

Activation of
neutrophils and

macrophages
Reprogramming Return to
of metabolism homeostasis
ROS I

n = Inflammation — Metabolic response = Infection resolution
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Figure 2. Flow chart of immune metabolism during Salmonella infection.

Glycolysis is then important for the T-cell survival and function. It is critical for the gain of
function in activated T-cell and particularly for the secretion of IFN- y. Alteration in glycolysis
reported inn disease associated with T-cell disfunction. Highly glycolytic T-cells are described in
human inflammatory and infectious diseases (Dimeloe et al., 2017). pkfAB-encoded
phosphofructokinase limits the steps in glycolysis (Zuo et al., 2021).

Mitochondria fuse and divide, forming interconnected networks of filamentous organelles or
isolated fragmented units. Cells with highly effective oxidative phosphorylation (OXPHOS) have
mitochondria with tight cristae (Hoitzing et al., 2015).

Inflammation and phagocytosis of bacteria by neutrophils and macrophages and recruitment of
T and B-cells. In systemic Salmonellosis typhoid fever salmonella may target specific types of host
cells, such as DC and/or macrophages that favors dissemination through lymphatics and blood
stream to MLNs and to deeper tissues. This then leads to transport to spleen, bone marrow, liver and
gall bladder. Nramp1 gene encodes for an ion transport and is expressed primarily in macrophages
and DC. SPI-1 dependent translocation of bacterial invasion factors into host epithelial cells enables
S. typhimurium to penetrate small intestine and peyer’s patches. Initial step of S. typhimurium
dissemination from the gastrointestinal tract to host systemic sites like MLNs, spleen, liver and bone
marrow (Kaur et al., 2012).
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CONCLUSION

Salmonella typhi virulence factors lead to a broad clinical spectrum which fluctuates sever
systemic disease to asymptomatic carriage which sometimes often remain undiagnosed. Non-
typhoidal Salmonellsis have emerged from infections which are foodborne and are currently treated
with antibiotics due to which it is currently developing MDR. Salmonella has the ability to invade
both non-phagocytic cells and phagocytic cells and recognition via PAMPs and DAMPs, dendritic
cells, macrophages, PPRs, TLRs elicits the immune response for example by secretion of various
cytokines such as IL-12, IL-8, IL-16, etc.

Shift of mitochondrial function from normal ATP production to maintaining the immune
metabolism by increasing the glycolysis, making OXPHOS highly efficient, and production of ROS.

Genes like Nramp1, which are primarily expressed in macrophages and DCs plays a crucial role
in the transport of ions and susceptibility of the infection from Salmonella.

Conclusively, infection of Salmonella typhi is a multiplex interplay of bacteria and immune
responses of the host. Understanding the convolutions of interactions such as mitochondrial
interplay, glycolysis, and various signaling pathways involved in immune response deliver various
insights that can be used for future research and development so as to develop various therapeutic

approaches.

Table 1. Salmonella and immune metabolism.
Characteristic Immune metabolism associated with Salmonella Reference
Growth of Salmonella ~ Competes with the host nutrients such as Fe (iron) which is Khan etal., 2014

necessary for the growth of Salmonella within host.

Inflammation

Inflammation leads to the formation of inflammasome and which
releases various pro-inflammatory cytokines.

Eckmann et al.,
2001

Infection response

Host cells seizes Fe availability.

Parrow et al,
2013

Reprogramming of Switch from glucose metabolism to fatty acid oxidation occurs Ganeshan &
metabolism during the course of infection. Chawla (2014)
Recruitment of Immune response generated leads to the recruitment of various Guak &
immune cells immune cells such as macrophages, dendritic cells, etc. in which Krawczyk
chemotaxis play a major role. (2020)
Infection resolution After the resolution of infection homeostasis is established again ~Ganeshan &
and a switch to OXPHOS occurs so as to repair metabolic damage. = Chawla (2014)
Table 2. Salmonella infection and mitochondrial dynamics.
Characteristic Mitochondrial dynamics associated with Salmonella infection Reference
Targeting Salmonella targets various effector protein to translocate into the Layton et al,
mitochondria mitochondria. 2005
Fragmentation of = Salmonella can lead to the fusion and fission of mitochondria which Tiku et al,
mitochondria leads to altered mitochondrial dynamics. 2020
Energy production Energy is produced through OXPHOS which affects the function of Ramond et
mitochondria thus exerts influence on the host cells. al., 2019
Production of ROS Salmonella infection leads to the production of ROS which is one of Rhen M. 2019
the crucial productions during infection.
Inflammatory Mitochondrial damage during the infection of Salmonella leads to Missiroli et
response the secretion of mt DNA and various proteins which elicits the al., 2020

immune response.

Host defense

Mitochondrial dynamics plays the defense such the induction of

mitophagy which leads to the elimination of damaged

mitochondria.

Kubli et al,
2012
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