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Abstract
Porins are a class of outer membrane proteins which are harboured inside the outer
membrane of gram negative bacteria. They are diffusion channels that are involved in
transport of solutes across the outer membrane. However, their role in survival of the
pathogens has been well emphasized in several reviews. Among various advantages that
they confer upon the bacterium that harbours them, an important survival strategy is to
induce cell death of the target host cells. They use multiple cell death mechanisms reflecting
on the flexibility and evolution of their characteristics pertaining to spread of infection
inside the host. In this chapter, we intend to discuss the basics of programmed cell death
followed by a comprehensive account of different strategies used by porins form multiple
pathogens to induce death of the infected cells.
1. Cell death
Every living organism needs to maintain a state of homeostasis in order to cope up
with the extrinsic environmental changes. Cell death is one of the major processes in multicellular organisms that helps in achieving a balanced state inside the organism. It
participates in development, control of immune responses and even controlling cancer in
higher organisms (1,2). Broadly, cell death is classified into two forms; apoptosis and
necrosis. Where on one hand, necrosis is an abrupt process characterized by rapid swelling
and rupture of the cell undergoing it (3), on the other hand, apoptosis is a highly regulated
form of cell death which is characterized by energy driven processes working in a sequence
one after the other (4). Therefore, apoptosis is also referred to as programmed cell death
(PCD). Until upto late 1990’s, terms, apoptosis and PCD were used exchangeably.
However, many reports have appeared since then suggesting that many alternative pathways
of PCD occur in response to different stimuli (5,6). In a cell undergoing death, multiple
PCD pathways can be activated at the same time. Therefore, PCD is a much broader term
which is now used to define any form of cell death that is executed in a programmed
fashion (2). Various types of cell death processes differ from each other in terms of nuclear
morphology, organelles involved in the process, proteins and enzymes involved and so on.
Although a universal classification for PCD has not been established till now, but based on
all the above described differences, PCD can be classified into apoptosis, apoptosis-like
PCD, necrosis-like PCD, necroptosis, paraptosis, pyroptosis, mitotic catastrophe and
autophagy (1,2,7-10).
Apoptosis
Apoptosis is the most well established form of PCD, especially in mammalian cells.
The first ever report that talked about apoptosis and introduced the term was published in
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1972 by Kerr et al (4). Ever since then, clear markers of apoptosis along with well studied
pathways have been reported in multiple research articles. An array of proteins has been
reported to participate in different pathways of apoptosis, although many links are still to be
discovered. Apoptosis is accompanied by massive energy driven morphological and
biochemical changes in a cell undergoing the process (1,11). A cell undergoing apoptosis
exhibits distinct features that can be analyzed by multiple assays. During early stages, an
apoptotic cell displays cell shrinkage along with plasma membrane blebbing. Cytoplasm of
an apoptotic cell becomes dense and most importantly it undergoes pyknosis due to
chromatin condensation. At later stages, cellular DNA breaks into 180-200 base pair
fragments followed by formation of apoptotic bodies which are finally phagocytosed by
macrophages (1,11).
Apoptosis plays a crucial role in maintaining various vital processes starting from
embryonic development, regulation of immune system, eradication of diseased cells to
prevention of cancer (12). Not only the internal factors, but many extrinsic stimuli like
chemicals, radiation, heat, hypoxia etc. can also induce apoptosis (2). Many pathogens use
apoptosis as a mode of spreading infection in the host (13,14). Therefore, it is an important
area of study.
One of the major defining features of apoptosis is the involvement of a special class of
enzymes called cysteine-dependent aspartate specific proteases or ‘caspases’ (15). First
indication towards presence of these enzymes in mammals was from the existence of their
structurally similar counterpart called Caenorhabditis elegans cell death protein, CED-3. It
is involved in apoptosis of C. elegans. Therefore, it was thought that caspases could also be
involved in apoptotic cell death in mammals (16,17). Caspases are constitutively expressed
as inactive pro-enzymes called procaspases inside the cell. In activated form, all these
enzymes cleave at aspartate residues of proteins but their specificity depends on the
neighbouring residues in a particular protein. Once activated, they undergo autocatalytic
activation, followed by activation of other caspases thereby initiating a cascade (18,19).
Caspases are usually divided into three categories:
a) Initiator caspases: The initiator caspases are the enzymes that participate in the
initial stages of major apoptotic pathways. However, initiator caspases involved in
different pathways differ from each other. Each enzyme is specific to a particular
pathway of apoptosis. Caspases categorized as initiators are capase-1,-2,-8,-9
(20,21).
b) Effector caspases: Effector or executioner caspases are caspase-3,-6,-7. These
enzymes are activated by initiator caspases which once activated, lead to cell death
execution (20,21). Caspase-3 is the main executioner of apoptosis (22). Upon
activation, it cleaves its substrate called inhibitor of caspase-activated DNase
(ICAD) which is present as a complex with an endonuclease called caspaseactivated DNAse (CAD). In bound form, ICAD maintains CAD in an in-active state.
When caspase-3 cleaves ICAD, CAD is released and cleaves DNA leading to its
fragmentation. The initiator caspases lead to the activation of same executioner
caspases in all the apoptotic pathways. Therefore, the execution of apoptosis is
mediated by same set of enzymes irrespective of the initial pathway (13,23,24).
c) Inflammatory caspases and other caspases: Certain other caspases that do not
participate in classical apoptosis may be involved in other forms of cell death.
Caspases-1,-4,-5 are referred to as inflammatory caspases since they are activated at
the time of inflammatory responses (20). Caspase-1 participates in a special from of
inflammatory cell death called pyroptosis (10). Caspase-11 is another caspase that is
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reported to participate in apoptosis and is also known to be activated at the time of
septic shock. Caspase-12 is activated during endoplasmic reticulum-mediated
apoptosis (21,25,26).

Pictorial representation of caspase classification.
Apoptosis mainly involves two pathways; the extrinsic pathway and the intrinsic
pathway. The extrinsic pathway involves the interaction of a cell surface receptor with a
ligand which further triggers the activation of a number of molecules followed by enzymes
leading to cell death (27). The intrinsic pathway of apoptosis stems from mitochondria. It
does not involve any receptor ligand interaction, rather the stimuli triggering intrinsic
pathway initiate intracellular signals that affect mitochondria. MMP is altered and a number
of pro-apoptotic molecules are released into the cytoplasm leading to apoptosis (27,28).
Although the origin and initial stages of both the pathways differ from each other, final
stages of execution involve the same set of enzymes.
Extrinsic pathway: Extrinsic pathway of apoptosis is mediated by activation of death
receptors present on the cell surface (1,27). These receptors belong to TNF receptor superfamily and are involved in multiple other functions like regulation of immune system and
differentiation along with their role in cell death and survival. TNF receptor super-family
involves 20 or more proteins and all of them have extracellular domains rich in cysteine
(27). The characteristic feature of all the members that confers upon them the ability to
transmit death signal from the surface to intracellular signalling molecules is the presence of
a cytoplasmic death domain. The most well studied death receptor-ligand pairs are TNF
receptor 1(TNFR1)-TNFα, TNF-related apoptosis-inducing ligand-receptor 1 (TRAIL-R1)TRAIL, CD95 (APO/FAS)-CD95L (27,29-31).
Upon binding of ligands to their corresponding death receptors, there is induction of
death receptor trimerization. As a result, the three death domains cluster together and lead to
the recruitment of adaptor molecules like TNF receptor-associated death domain (TRADD)
or Fas-associated death domain (FADD) (27,31). These adaptor molecules in turn recruit
procaspase-8 to the activated receptor. All these components together form death inducing
signalling complex (DISC). Procaspse-8 is cleaved into activated caspase due its
autocatalytic activity. Activated caspase-8 further activates down-stream caspases which
execute final stages of apoptosis (27,29).
An important regulator of extrinsic pathway is the FLIP protein which has two splice
variants that bear homology with caspase-8 or caspase-10. Therefore, at the time of DISC
formation, they might compete with procaspase-8 or procspase-10 and block their
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activation. This phenomenon is exploited by some tumor cells and therefore, they become
resistant to drugs or chemotherapy (32).
Intrinsic pathway of apoptosis: The intrinsic pathway of apoptosis could also be referred
to as mitochondrial pathway of apoptosis as it involves major mitochondrial changes (33).
Many pro-apoptotic stimuli like cytotoxic drugs and pathogen-derived molecules induce
changes in the cell activating certain pro-apoptotic factors that can either permeabilize
mitochondrial outer membrane or can alter the normal bio-energetic state of mitochondria
(2,33,34). The latter can lead to the disruption of MMP; the electrochemical gradient across
inner mitochondrial membrane (28). Loss of MMP leads to the opening of permeability
transition pore (PTP). As a result, mitochondrial inter-membrane space proteins, many of
which are implicated in apoptosis or even other forms of cell death are released into the
cytoplasm. Mitochondrial inter-membrane space molecules involved in apoptosis are
cytochrome c, Omi/HtraA2 and Smac/DIABLO (27,35).
Cytochrome c is the key mediator of intrinsic pathway of apoptosis. Once released
into the cytoplasm, it interacts with apoptotic protease activating factor 1 (Apaf 1) and
procaspase-9 in the presence of dATP to form a complex called apoptosome (36-38). Apaf
1 is comprised of an N-terminal caspase recruitment domain (CARD) and binding of
cytochrome c to it exposes this domain by promoting association of Apapf 1 with dATP
(39). The exposed domain then acts as a platform for binding of procaspase-9. Upon
binding, procaspase-9 is activated and this further activates the executioner caspases leading
to cell death (40).
Mitochondrial pathway of apoptosis is mainly regulated by an important class of
pro-apoptotic molecules that belong to BCl-2 family of proteins (12,41). Pro-apoptotic
members of BCl-2 family, like Bax, Bak, Bid or Bim can induce permeabilization of
mitochondrial outer membrane and lead to the release of mitochondrial inter-membrane
space proteins (42). Anti-apoptotic molecule, BCl-2, is known to prevent apoptosis. Studies
have shown that over expression of BCl-2 in cells can prevent the cell from undergoing
apoptosis by preventing pro-apoptotic mitochondrial changes (43).
Other mitochondrial inter-membrane space molecules like Smac/DIABLO and
Omi/HtrA2 participate in intrinsic pathway of apoptosis by acting as agonists for inhibitors
of apoptosis protein (IAPs) (27).
In the process of evolution, pathogenic bacteria developed new strategies to exploit
host machinery for their own survival and replication (14). Different kinds of bacterial
molecules are able to manipulate host-cellular responses, ranging from modulation of
immune system to induction of host-cell death (14,44,45). Host-cell demise enables the
pathogens to disseminate and spread inside the host (14). However, cell death is one of the
major defense mechanisms activated in the host in response to bacterial infections. Induction
of cell death can prevent the infection by eradicating the infected cells. Therefore, cell death
responses play a crucial role during host-pathogen interactions because they can be exploited
by both the opponents to their own advantage (14,45).
2. Cell death by Porins
Many gram-negative bacteria have been studied for their ability to manipulate
signaling mechanisms involved in host-cell death. Pathogens like Salmonella, Shigella,
Yersenia, Helicobacter pylori, enteropathogenic E. coli, Neisseria, Pseudomonas aeruginosa
and many more are known to induce or suppress different mechanisms of PCD in different
types of host cells (14,45-47). The molecules employed by these bacteria to execute or
prevent cell death could be their structural components, toxins, secretion factors or even outer
membrane channel proteins called porins (45,48,49). For example, Helicobacter pylori uses
its factor CagA to inhibit apoptosis by up-regulation of anti-apoptotic proteins like Mcl1(50). Similarly, factors NleH and NleD of enteropathogenic E. coli prevent apoptosis by
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inhibiting caspase-3 activation (51,52). Flagellin of Salmonella enterica Typhimurium
induces pyroptosis in host cells (53,54). Shigella flexneri induces host-cell necrosis through
mitochondrial dysfunction (55). Yersinia induces apoptosis in macrophages through
translocation of its effector protein, YopJ (56,57). Nesseria meningitides is known to inhibit
apoptosis in epithelial cells through its porin which interacts with the mitochondria and
prevents MMPT (58,59). However, porin from another species of Neisseria i.e. Neisseria
gonorrhoeae is known to induce apoptosis in target cells by being translocated to host-cell
mitochondria (60). Porin from Pseuodomonas aeruginosa is also known to induce apoptosis
through calcium influx (61).
Porins from gram-negative bacteria are well established for their contribution in
virulence and pathogenesis of the bacteria harbouring them. Pathogenic gram-negative
bacteria have developed multiple ways of using their porins to enhance virulence (62,63).
Porins are known to help in the invasion process of bacteria, attachment and colonization
inside the host, survival inside the host, inducing host-cell death and in eliciting immune
responses (44,61,64-66). Location of porins on the bacterial outer membrane makes them
easily accessible to complement molecules inside the host. Also, their presence in the outer
membrane facilitates their secretion in vesicles released by gram-negative bacteria (62).
Another major reason for the pathogenic role of porins could be their similarities with
mitochondrial porins (67,68). Due to this characteristic, porins can disrupt the ion
composition of the infected cells (62). Moreover, it has been suggested that PorB from
Nesseria gonorrhoeae specifically targets mitochondria and behaves like mitochondrial porin
VDAC (66,69). This feature has been attributed to the endosymbiotic origin of mitochondria
which enables the bacterial porins to exploit the similarities between bacterial membrane and
mitochondrial membrane (69). Owing to the array of functions that porins can perform,
functional studies regarding different roles of porins are important. Various studies have been
done in this regard along with the cancer cells and successful findings have been achieved
[70-79].

References
1.
2.
3.

4.
5.
6.
7.
8.
9.

Saraste, A., and Pulkki, K. (2000) Morphologic and biochemical hallmarks of apoptosis.
Cardiovasc Res 45, 528-537
Broker, L. E., Kruyt, F. A., and Giaccone, G. (2005) Cell death independent of caspases: a
review. Clin Cancer Res 11, 3155-3162
Hirsch, T., Marchetti, P., Susin, S. A., Dallaporta, B., Zamzami, N., Marzo, I., Geuskens, M.,
and Kroemer, G. (1997) The apoptosis-necrosis paradox. Apoptogenic proteases activated
after mitochondrial permeability transition determine the mode of cell death. Oncogene 15,
1573-1581
Kerr, J. F., Wyllie, A. H., and Currie, A. R. (1972) Apoptosis: a basic biological phenomenon
with wide-ranging implications in tissue kinetics. Br J Cancer 26, 239-257
Borner, C., and Monney, L. (1999) Apoptosis without caspases: an inefficient molecular
guillotine? Cell Death Differ 6, 497-507
Leist, M., and Jaattela, M. (2001) Four deaths and a funeral: from caspases to alternative
mechanisms. Nat Rev Mol Cell Biol 2, 589-598
Glick, D., Barth, S., and Macleod, K. F. (2010) Autophagy: cellular and molecular mechanisms.
J Pathol 221, 3-12
Pasparakis, M., and Vandenabeele, P. (2014) Necroptosis and its role in inflammation.
Nature 517, 311-320
Sperandio, S., Poksay, K., de Belle, I., Lafuente, M. J., Liu, B., Nasir, J., and Bredesen, D. E.
(2004) Paraptosis: mediation by MAP kinases and inhibition by AIP-1/Alix. Cell Death Differ
11, 1066-1075
3037

European Journal of Molecular & Clinical Medicine
ISSN 2515-8260

10.
11.
12.
13.

14.

15.
16.

17.

18.
19.
20.
21.
22.
23.
24.

25.
26.

27.
28.
29.
30.

31.

Volume 07, Issue 07, 2020

Bergsbaken, T., Fink, S. L., and Cookson, B. T. (2009) Pyroptosis: host cell death and
inflammation. Nat Rev Microbiol 7, 99-109
Boujrad, H., Gubkina, O., Robert, N., Krantic, S., and Susin, S. A. (2007) AIF-mediated
programmed necrosis: a highly regulated way to die. Cell Cycle 6, 2612-2619
Danial, N. N., and Korsmeyer, S. J. (2004) Cell death: critical control points. Cell 116, 205-219
Wolf, B. B., Schuler, M., Echeverri, F., and Green, D. R. (1999) Caspase-3 is the primary
activator of apoptotic DNA fragmentation via DNA fragmentation factor-45/inhibitor of
caspase-activated DNase inactivation. J Biol Chem 274, 30651-30656
Ashida, H., Mimuro, H., Ogawa, M., Kobayashi, T., Sanada, T., Kim, M., and Sasakawa, C.
(2012) Cell death and infection: a double-edged sword for host and pathogen survival. J Cell
Biol 195, 931-942
Degterev, A., Boyce, M., and Yuan, J. (2003) A decade of caspases. Oncogene 22, 8543-8567
Yuan, J., Shaham, S., Ledoux, S., Ellis, H. M., and Horvitz, H. R. (1993) The C. elegans cell
death gene ced-3 encodes a protein similar to mammalian interleukin-1 beta-converting
enzyme. Cell 75, 641-652
Thornberry, N. A., Bull, H. G., Calaycay, J. R., Chapman, K. T., Howard, A. D., Kostura, M. J.,
Miller, D. K., Molineaux, S. M., Weidner, J. R., Aunins, J., and et al. (1992) A novel
heterodimeric cysteine protease is required for interleukin-1 beta processing in monocytes.
Nature 356, 768-774
Martin, S. J., and Green, D. R. (1995) Protease activation during apoptosis: death by a
thousand cuts? Cell 82, 349-352
Thornberry, N. A., and Lazebnik, Y. (1998) Caspases: enemies within. Science 281, 1312-1316
Cohen, G. M. (1997) Caspases: the executioners of apoptosis. Biochem J 326 ( Pt 1), 1-16
Elmore, S. (2007) Apoptosis: a review of programmed cell death. Toxicol Pathol 35, 495-516
Porter, A. G., and Janicke, R. U. (1999) Emerging roles of caspase-3 in apoptosis. Cell Death
Differ 6, 99-104
Sakahira, H., Enari, M., and Nagata, S. (2015) Corrigendum: Cleavage of CAD inhibitor in CAD
activation and DNA degradation during apoptosis. Nature 526, 728
Woo, M., Hakem, R., Soengas, M. S., Duncan, G. S., Shahinian, A., Kagi, D., Hakem, A.,
McCurrach, M., Khoo, W., Kaufman, S. A., Senaldi, G., Howard, T., Lowe, S. W., and Mak, T.
W. (1998) Essential contribution of caspase 3/CPP32 to apoptosis and its associated nuclear
changes. Genes Dev 12, 806-819
Shalini, S., Dorstyn, L., Dawar, S., and Kumar, S. (2015) Old, new and emerging functions of
caspases. Cell Death Differ 22, 526-539
Huang, Y., Li, X., Wang, Y., Wang, H., Huang, C., and Li, J. (2014) Endoplasmic reticulum
stress-induced hepatic stellate cell apoptosis through calcium-mediated JNK/P38 MAPK and
Calpain/Caspase-12 pathways. Mol Cell Biochem 394, 1-12
Fulda, S., and Debatin, K. M. (2006) Extrinsic versus intrinsic apoptosis pathways in
anticancer chemotherapy. Oncogene 25, 4798-4811
Estaquier, J., Vallette, F., Vayssiere, J. L., and Mignotte, B. (2012) The mitochondrial
pathways of apoptosis. Adv Exp Med Biol 942, 157-183
Ashkenazi, A., and Dixit, V. M. (1998) Death receptors: signaling and modulation. Science
281, 1305-1308
Srinivasula, S. M., Ahmad, M., Fernandes-Alnemri, T., Litwack, G., and Alnemri, E. S. (1996)
Molecular ordering of the Fas-apoptotic pathway: the Fas/APO-1 protease Mch5 is a CrmAinhibitable protease that activates multiple Ced-3/ICE-like cysteine proteases. Proc Natl Acad
Sci U S A 93, 14486-14491
Sprick, M. R., Weigand, M. A., Rieser, E., Rauch, C. T., Juo, P., Blenis, J., Krammer, P. H., and
Walczak, H. (2000) FADD/MORT1 and caspase-8 are recruited to TRAIL receptors 1 and 2 and
are essential for apoptosis mediated by TRAIL receptor 2. Immunity 12, 599-609

3038

European Journal of Molecular & Clinical Medicine
ISSN 2515-8260

32.
33.
34.

35.
36.
37.

38.
39.

40.

41.
42.
43.

44.

45.
46.
47.
48.
49.

50.

51.

Volume 07, Issue 07, 2020

Lavrik, I. N. (2014) Systems biology of death receptor networks: live and let die. Cell Death
Dis 5, e1259
Green, D. R., and Kroemer, G. (2004) The pathophysiology of mitochondrial cell death.
Science 305, 626-629
Axe, E. L., Walker, S. A., Manifava, M., Chandra, P., Roderick, H. L., Habermann, A., Griffiths,
G., and Ktistakis, N. T. (2008) Autophagosome formation from membrane compartments
enriched in phosphatidylinositol 3-phosphate and dynamically connected to the
endoplasmic reticulum. J Cell Biol 182, 685-701
Saelens, X., Festjens, N., Vande Walle, L., van Gurp, M., van Loo, G., and Vandenabeele, P.
(2004) Toxic proteins released from mitochondria in cell death. Oncogene 23, 2861-2874
Ow, Y. P., Green, D. R., Hao, Z., and Mak, T. W. (2008) Cytochrome c: functions beyond
respiration. Nat Rev Mol Cell Biol 9, 532-542
Zhou, M., Li, Y., Hu, Q., Bai, X. C., Huang, W., Yan, C., Scheres, S. H., and Shi, Y. (2015) Atomic
structure of the apoptosome: mechanism of cytochrome c- and dATP-mediated activation of
Apaf-1. Genes Dev 29, 2349-2361
Jemmerson, R., LaPlante, B., and Treeful, A. (2002) Release of intact, monomeric cytochrome
c from apoptotic and necrotic cells. Cell Death Differ 9, 538-548
Zou, H., Henzel, W. J., Liu, X., Lutschg, A., and Wang, X. (1997) Apaf-1, a human protein
homologous to C. elegans CED-4, participates in cytochrome c-dependent activation of
caspase-3. Cell 90, 405-413
Adrain, C., Slee, E. A., Harte, M. T., and Martin, S. J. (1999) Regulation of apoptotic protease
activating factor-1 oligomerization and apoptosis by the WD-40 repeat region. J Biol Chem
274, 20855-20860
Danial, N. N. (2007) BCL-2 family proteins: critical checkpoints of apoptotic cell death. Clin
Cancer Res 13, 7254-7263
Dewson, G., and Kluck, R. M. (2009) Mechanisms by which Bak and Bax permeabilise
mitochondria during apoptosis. J Cell Sci 122, 2801-2808
Qi, L., Ren, K., Fang, F., Zhao, D. H., Yang, N. J., and Li, Y. (2015) Over Expression of BCL2 and
Low Expression of Caspase 8 Related to TRAIL Resistance in Brain Cancer Stem Cells. Asian
Pac J Cancer Prev 16, 4849-4852
Sakharwade, S. C., Prasad, G. V., and Mukhopadhaya, A. (2015) Immuno-modulatory role of
porins: host immune responses, signaling mechanisms and vaccine potential. Adv Exp Med
Biol 842, 79-108
Rudel, T., Kepp, O., and Kozjak-Pavlovic, V. (2010) Interactions between bacterial pathogens
and mitochondrial cell death pathways. Nat Rev Microbiol 8, 693-705
Kim, M., Ashida, H., Ogawa, M., Yoshikawa, Y., Mimuro, H., and Sasakawa, C. (2010) Bacterial
interactions with the host epithelium. Cell Host Microbe 8, 20-35
Ray, K., Marteyn, B., Sansonetti, P. J., and Tang, C. M. (2009) Life on the inside: the
intracellular lifestyle of cytosolic bacteria. Nat Rev Microbiol 7, 333-340
Lin, C. F., Chen, C. L., Huang, W. C., Cheng, Y. L., Hsieh, C. Y., Wang, C. Y., and Hong, M. Y.
(2010) Different types of cell death induced by enterotoxins. Toxins (Basel) 2, 2158-2176
Kennedy, C. L., Smith, D. J., Lyras, D., Chakravorty, A., and Rood, J. I. (2009) Programmed
cellular necrosis mediated by the pore-forming alpha-toxin from Clostridium septicum. PLoS
Pathog 5, e1000516
Mimuro, H., Suzuki, T., Nagai, S., Rieder, G., Suzuki, M., Nagai, T., Fujita, Y., Nagamatsu, K.,
Ishijima, N., Koyasu, S., Haas, R., and Sasakawa, C. (2007) Helicobacter pylori dampens gut
epithelial self-renewal by inhibiting apoptosis, a bacterial strategy to enhance colonization of
the stomach. Cell Host Microbe 2, 250-263
Hemrajani, C., Berger, C. N., Robinson, K. S., Marches, O., Mousnier, A., and Frankel, G.
(2010) NleH effectors interact with Bax inhibitor-1 to block apoptosis during
enteropathogenic Escherichia coli infection. Proc Natl Acad Sci U S A 107, 3129-3134
3039

European Journal of Molecular & Clinical Medicine
ISSN 2515-8260

52.

53.

54.

55.

56.

57.

58.
59.

60.

61.

62.
63.
64.
65.

66.

67.
68.
69.

Volume 07, Issue 07, 2020

Baruch, K., Gur-Arie, L., Nadler, C., Koby, S., Yerushalmi, G., Ben-Neriah, Y., Yogev, O.,
Shaulian, E., Guttman, C., Zarivach, R., and Rosenshine, I. (2011) Metalloprotease type III
effectors that specifically cleave JNK and NF-kappaB. EMBO J 30, 221-231
Miao, E. A., Alpuche-Aranda, C. M., Dors, M., Clark, A. E., Bader, M. W., Miller, S. I., and
Aderem, A. (2006) Cytoplasmic flagellin activates caspase-1 and secretion of interleukin
1beta via Ipaf. Nat Immunol 7, 569-575
Franchi, L., Amer, A., Body-Malapel, M., Kanneganti, T. D., Ozoren, N., Jagirdar, R., Inohara,
N., Vandenabeele, P., Bertin, J., Coyle, A., Grant, E. P., and Nunez, G. (2006) Cytosolic
flagellin requires Ipaf for activation of caspase-1 and interleukin 1beta in salmonella-infected
macrophages. Nat Immunol 7, 576-582
Carneiro, L. A., Travassos, L. H., Soares, F., Tattoli, I., Magalhaes, J. G., Bozza, M. T.,
Plotkowski, M. C., Sansonetti, P. J., Molkentin, J. D., Philpott, D. J., and Girardin, S. E. (2009)
Shigella induces mitochondrial dysfunction and cell death in nonmyleoid cells. Cell Host
Microbe 5, 123-136
Mukherjee, S., Keitany, G., Li, Y., Wang, Y., Ball, H. L., Goldsmith, E. J., and Orth, K. (2006)
Yersinia YopJ acetylates and inhibits kinase activation by blocking phosphorylation. Science
312, 1211-1214
Monack, D. M., Mecsas, J., Ghori, N., and Falkow, S. (1997) Yersinia signals macrophages to
undergo apoptosis and YopJ is necessary for this cell death. Proc Natl Acad Sci U S A 94,
10385-10390
Massari, P., Ho, Y., and Wetzler, L. M. (2000) Neisseria meningitidis porin PorB interacts with
mitochondria and protects cells from apoptosis. Proc Natl Acad Sci U S A 97, 9070-9075
Massari, P., King, C. A., Ho, A. Y., and Wetzler, L. M. (2003) Neisserial PorB is translocated to
the mitochondria of HeLa cells infected with Neisseria meningitidis and protects cells from
apoptosis. Cell Microbiol 5, 99-109
Muller, A., Gunther, D., Brinkmann, V., Hurwitz, R., Meyer, T. F., and Rudel, T. (2000)
Targeting of the pro-apoptotic VDAC-like porin (PorB) of Neisseria gonorrhoeae to
mitochondria of infected cells. EMBO J 19, 5332-5343
Buommino, E., Morelli, F., Metafora, S., Rossano, F., Perfetto, B., Baroni, A., and Tufano, M.
A. (1999) Porin from Pseudomonas aeruginosa induces apoptosis in an epithelial cell line
derived from rat seminal vesicles. Infect Immun 67, 4794-4800
Achouak, W., Heulin, T., and Pages, J. M. (2001) Multiple facets of bacterial porins. FEMS
Microbiol Lett 199, 1-7
Koebnik, R., Locher, K. P., and Van Gelder, P. (2000) Structure and function of bacterial outer
membrane proteins: barrels in a nutshell. Mol Microbiol 37, 239-253
Galdiero, M., Vitiello, M., and Galdiero, S. (2003) Eukaryotic cell signaling and transcriptional
activation induced by bacterial porins. FEMS Microbiol Lett 226, 57-64
Galdiero, M., Finamore, E., Rossano, F., Gambuzza, M., Catania, M. R., Teti, G., Midiri, A., and
Mancuso, G. (2004) Haemophilus influenzae porin induces Toll-like receptor 2-mediated
cytokine production in human monocytes and mouse macrophages. Infect Immun 72, 12041209
Muller, A., Gunther, D., Dux, F., Naumann, M., Meyer, T. F., and Rudel, T. (1999) Neisserial
porin (PorB) causes rapid calcium influx in target cells and induces apoptosis by the
activation of cysteine proteases. EMBO J 18, 339-352
Zeth, K., and Thein, M. (2010) Porins in prokaryotes and eukaryotes: common themes and
variations. Biochem J 431, 13-22
Zeth, K. (2010) Structure and evolution of mitochondrial outer membrane proteins of betabarrel topology. Biochim Biophys Acta 1797, 1292-1299
Muller, A., Rassow, J., Grimm, J., Machuy, N., Meyer, T. F., and Rudel, T. (2002) VDAC and
the bacterial porin PorB of Neisseria gonorrhoeae share mitochondrial import pathways.
EMBO J 21, 1916-1929
3040

European Journal of Molecular & Clinical Medicine
ISSN 2515-8260

Volume 07, Issue 07, 2020

70. Wheeler, K.C., Jena, M.K., Pradhan, B.S., Nayak, N., Das, S., Hsu, C.-D., Wheeler, D.S., Chen, K. &
Nayak, N.R. (2018). VEGF may contribute to macrophage recruitment and M2 polarization in
the decidua. PLoS One, 13(1), e0191040.
71. Sharma, P., Mehta, M., Dhanjal, D.S., Kaur, S., Gupta, G., Singh, H., Thangavelu, L., Rajeshkumar,
S., Tambuwala, M., Bakshi, H.A., Chellappan, D.K., Dua, K. & Satija, S. (2019). Emerging
trends in the novel drug delivery approaches for the treatment of lung cancer. ChemicoBiological Interactions, 309, 108720.
72. Chaudhary A., Singh S.S. (2012). Lung cancer detection on CT images by using image processing.
Proceedings: Turing 100 - International Conference on Computing Sciences, ICCS 2012.
73. Raza K., Thotakura N., Kumar P., Joshi M., Bhushan S., Bhatia A., Kumar V., Malik R., Sharma G.,
Guru S.K., Katare O.P. (2015). C60-fullerenes for delivery of docetaxel to breast cancer cells:
A promising approach for enhanced efficacy and better pharmacokinetic profile
International Journal of Pharmaceutics, 495(1):551-559.
74. Mishra V., Bansal K.K., Verma A., Yadav N., Thakur S., Sudhakar K., Rosenholm J.M. Solid lipid
nanoparticles: Emerging colloidal nano drug delivery systems. Pharmaceutics, 10(4), 191,
2018.
75. Grewal R.K., Pathania A.S., Chawla M. Human sialyltransferases and its interaction with
anticancer phytochemicals. International Journal of Pharma and Bio Sciences,5(3),2014.
76. Duggal S.K., Saroya A.S., Chauhan J.S. Complementary and alternative medicine approaches in
the treatment of cancer. Alternative Medicine: Practices, Health Benefits and Controversies,
2013.
77. Chaudhary A., Singh S.S. Lung cancer detection on CT images by using image processing.
Proceedings: Turing 100 - International Conference on Computing Sciences, ICCS 2012.
78. Patel S. Cereal bran: The next super food with significant antioxidant and anticancer potential.
Mediterranean Journal of Nutrition and Metabolism, 5(2), 2012.
79. Bhatia A., Singh B., Raza K., Shukla A., Amarji B., Katare O.P. Tamoxifen-loaded novel liposomal
formulations: Evaluation of anticancer activity on DMBA-TPA induced mouse skin
carcinogenesis. Journal of Drug Targeting, 20(6),2012.

3041

