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Biology textbooks lack precise terms to describe oxygen-based inter-
organismal signaling between oxygen-producing and aerobic organisms.
To address this gap, | recently proposed the concept of gasocrine signaling,
which encompasses all signaling mediated by gaseous molecules and
gasoreceptors within and between cells, organisms, and even abiotic
factors. Given the fundamental importance of gaseous molecules for life,
| propose the gasocrine hypothesis: all cells require gasocrine signaling. This
hypothesis can be divided into three sub-hypotheses: First, all living
organisms composed of one or more cells require gasocrine signaling to
sense, communicate, grow, and propagate. Second, gasocrine signaling
mediated via gasoreceptor proteins (or yet to be identified gas-sensing
riboceptors) is the most essential cellular and inter-organismal signaling.
Third, acellular entities arising from or replicating in pre-existing cells
require gasocrine signaling. | propose several potential experiments to
falsify these hypotheses. If they withstand falsification, the gasocrine
hypothesis would supplement cell theory. It would also provide a novel
framework for understanding fundamental biological principles, cellular and
organismal communication, and the role of abiotic factors. Furthermore, it
establishes the foundation for the emerging field of gasocrinology, which is
critical in the context of a changing environment.
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If there is a term “cytokine signaling” for cytokines,
what is the term for gases?

A fundamental question in biology is how organelles, cells, and organisms sense their
environment and communicate. Communication is typically initiated by ligand-receptor
interactions, which trigger various signaling pathways. Protein-based receptors for light,
temperature, amino acids, nutritional factors, and environmental chemicals have been
experimentally identified in numerous model organisms (Roberts and Kruchten, 2016).
Several hundred protein-based ligands and receptors have been reported in humans and
zebrafish (Ramilowski et al., 2015; Chodkowski et al., 2023). However, gases are a
relatively overlooked ligand class.
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Gases are synthesized not only by organisms, but also by
abiotic elements, man-made objects, and machines (West,
2022). In vivo gas sensing has been largely ascribed to: 1)
“gas sensor” proteins that use gas as a substrate for its
enzymatic activity; 2) proteins that undergo gas-dependent
post-translational modifications; 3) metalloproteins that
exhibit structural and activity changes due to interaction
with the gases’ reactive species; and 4) tissues or specialized
that the
“chemoreceptor organs” (Aono, 2017; Bishop and Ratcliffe,
2020; Hammarlund et al., 2020; Wareham et al.,, 2018).
the of
“receptor” for essential amino acids or factors such as

cellular structures sense gas and act as

However, unlike well-accepted  terminology
temperature, the term “receptor” for gases is restricted to
nitric oxide (NO), ethylene, and some volatile chemical
compounds (Arnold et al, 1977; Horst et al., 2019;
Binder, 2020).

Ethylene and NO receptors are well known in ripening
processes in plants and vasodilation in mammals, respectively
(Bakshi et al., 2015; Ignarro and Freeman, 2017). Such receptors
bind the gaseous molecule in one domain via metal cofactors,
such as heme or a copper ion, and signal through an additional
domain (Binder, 2020; Delgado-Nixon et al., 2000; Gray et al,,
2004). Similarly, some proteins can also interact with freely
diffusing gases without the need for metal cofactors. For
example, hemoglobin binds to carbon dioxide (CO,) through
carbamate formation at specific amino groups (Faggiano et al.,
2022). Recently, I proposed the unifying term “gasoreceptor” to
refer to all such gas-binding proteins, regardless of their signaling
domain or function. If the “binding” of gaseous molecules (or
lack thereof) can trigger a cellular signal or response, then the
protein is considered as a
2025a; 2024a).

A gasoreceptor is a protein that directly detects and

gasoreceptor  (Anbalagan,

responds to gaseous molecules or gasotransmitters,

The
gasoreceptor can unite diverse researchers who work on

triggering cellular signals or responses. term
diverse classes of gas-activated or inhibited proteins. This
raises the question of how to describe gas-gasoreceptor-based
signaling? Should it be simply referred to as “gas signaling”? If
so, would it also encompass all exogenous and endogenous
gaseous molecules in a cell?

The term “cytokine” was first proposed in 1974 when
research on lymphokines produced by immune cells revealed
a general biological phenomenon (Cohen et al., 1974). Today, the
term “cytokine” refers to numerous proteins produced by

immune cells and various other cell types. Signaling by

Abbreviations: CH,4, Methane; CO, Carbon monoxide; CO,, Carbon
dioxide; H.S, Hydrogen sulfide; HCN, Hydrogen cyanide; O,, Oxygen
or dioxygen; NO, Nitric oxide; sGC, Soluble guanylate cyclase; STS,
Signal transduction system.
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cytokines via cytokine receptors is simply referred to as
“cytokine signaling.” However, unlike cytokine signaling, NO
signaling in animals and ethylene signaling in plants are referred
as gasotransmitter signaling and phytohormone signaling,
respectively (Binder, 2020; Wang, 2014). This suggests a
barrier in terminology even among researchers of gas
signaling. Furthermore, NO and ethylene are not the only
major gaseous signaling molecules.

Oxygen (O,) is another major gaseous molecule essential
for cellular metabolism and acts as a substrate for numerous
0O,-dependent enzymes (Cogliati et al., 2021; Li et al., 2023).
Despite significant research on hypoxia and O, sensing
mechanisms, O, is not yet widely accepted as a direct
gaseous signaling molecule in animal and plant gas
signaling studies (Hammarlund et al,, 2020; Ratcliffe and
Keeley, 2025; Sies et al., 2022; Weits et al,, 2021). In
prokaryotic and eukaryotic model organisms, O, is sensed
by two types of sensors: O, sensors, which require O, as a
substrate, and O,-binding proteins, which act as gasoreceptors
without metabolizing it (Hammarlund et al., 2020; Bishop and
Ratcliffe, 2020; Anbalagan, 2024b). Examples for the latter
include the Escherichia coli Direct Oxygen Sensor (DosP)-
phosphodiesterase, the Leishmania major soluble adenylate
cyclase (HemAc-Lm), and the Caenorhabditis elegans soluble
guanylate cyclase (GCY-35) (Delgado-Nixon et al., 2000; Gray
et al., 2004; Sen Santara et al., 2013). These proteins can bind
and sense O, and trigger cellular signaling events and changes
in behavior.

Proteins such as DosP or GCY-35 are often referred to as O,
sensors rather than receptors. This terminology can lead to
confusion between O, sensors that use O, as a substrate and
those that function as genuine O, gasoreceptors by detecting O,
without metabolizing it. Recently, I also proposed that proteins
traditionally known for O, transport, such as hemoglobin and
orthologs must be also considered as microenvironment-
dependent O, gasoreceptors (Anbalagan, 2025a). Collectively,
these findings and proposal suggest that gas-gasoreceptor-based
signaling occurs between O,-producing organisms and diverse
aerobic organisms. O, is not classified as a gasotransmitter in
microbes or mammals, nor is it recognized as a phytohormone in
0O,
gasotransmitter or phytohormone signaling (Anbalagan,
2024b; Salvi et al, 2021; Wang, 2014). However, this raises
the question of how to define such gas-mediated inter-

plants; therefore, signaling is not referred to as

organismal signaling-especially when teaching
environmentally conscious students (Hammarlund et al., 2020;
Bishop and Ratcliffe, 2020; Weits et al., 2021).

In light of the diverse roles of gaseous molecules in biological
signaling, a key question remains: should we adopt a broad term
such as “endogenous or exogenous/environmental gaseous
signaling of biotic origin”? Or should the definition of
“pheromones” be expanded to include O, as a pheromone for

aerobic organisms? (Agosta, 1992) Conversely, should we restrict
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FIGURE 1

Gasocrine signaling—a comprehensive framework for gas signaling. Gasocrine signaling encompasses both endogenous gases produced by

cells and exogenous gases released from environmental or abiotic sources. Gasocrine signaling unifies all signaling events mediated by gaseous

molecules and their gasoreceptors, encompassing various modes: (A) autocrine, (B) paracrine, (C) endocrine, and (D) inter-organismal signaling
(Continued)
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FIGURE 1 (Continued)
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across ecosystems and man-made machines, and potentially even at a planetary level. Gasoreceptors can be proteins with various activities,
such as enzymes, transcription factors, ion channels, anion exchangers, or small or truncated gas-binding proteins without additional allosteric sites.
Gasoreceptors can bind gases reversibly and function in different signal transduction systems (STS), some of which are shown here. (E) A
gasoreceptor in proto-component STS has mutually exclusive input and output domains for gas binding and signaling, respectively. It lacks
additional allosteric sites. Binding of gases as competitive inhibitors in proto-gasoreceptors will result in an absence of a cellular signaling response.
(F) A gasoreceptor in split-component STS consists of at least two proteins. One protein has an input domain that binds and detects gases, and the
other protein has an output domain that triggers the signaling response. Gas binding leads to changes in the interaction and activity of the signal
transducer. (G) A gasoreceptor in one-component STS is a protein that contains both a gas-binding input domain and an output domain. Gas binding
at the input domain can promote or inhibit output domain activity. (H,l) In co-component STS, a gasoreceptor can be a dimeric (or oligomeric)
protein, where either the input domain or the output domains are shared between monomeric subunits. Examples include plant ethylene
gasoreceptor kinases and mammalian nitric oxide gasoreceptor sGC. Gas binding will lead to changes in the activity of the output domain. The black
dashed line with arrows indicates potential interactions or feedback loops. The black line with an arrow and the red dashed line with an arrow indicate

the formation and separation of the complex.

the term “gas-mediated signaling” to gases such as NO or
ethylene? In a changing environment, there is an urgent need
for the scientific community to develop or embrace a unified
terminology and conceptual framework. Such a framework
should encompass the diverse gaseous signaling molecules and
pathways across different cells, organisms and contexts.

Gasocrine signaling—a
comprehensive term and framework
for gas signaling

A new term “gasocrine,” was recently proposed to encompass
diverse biological and non-biological processes that produce and
release gases (Anbalagan, 2024a). Gasocrine signaling refers
specifically to cellular signaling mediated by gaseous molecules
binding to gasoreceptors, which trigger cellular signals or
responses. These gasoreceptors detect gaseous molecules in
their molecular form, distinguishing gasocrine signaling from
effects caused by reactive species (Anbalagan, 2024a; 2024c).

Gasocrine signaling covers gases produced endogenously by
cells as well as those released from environmental or abiotic
sources. It unifies all signaling events mediated by gaseous
signaling molecules and their gasoreceptors, encompassing
various modes: autocrine, paracrine, endocrine, and inter-
organismal signaling across ecosystems, potentially even at a
planetary level (Figures 1A-D).

Well-established examples of gasocrine signaling include NO
as a gasotransmitter in mammals and ethylene as a
phytohormone in plants. Beyond these, many gases - such as
0O,, CO,, hydrogen sulfide (H,S), hydrogen cyanide (HCN),
methane (CH,), nitrogen (N,), ammonia (NH;) and xenon
(Xe) are also potential gasocrine signaling molecules, though
their gasoreceptors remain less characterized.

Due to limited knowledge of gasoreceptors, systemic
identification and characterization of their —molecular
identities, spatio-temporal localization, and activation patterns
are urgently needed. The potentially broad diversity of
gasoreceptors suggests that gasocrine signaling is likely a
widespread and fundamental biological phenomenon.

Acta Biochimica Polonica

Diversity of gasoreceptors that mediate
gasocrine signaling

Gasoreceptors seem to be highly diverse in terms of the gases
they sense, their cellular localization, their signaling domains,
and the signal transduction pathways in which they can function
(Figures 1E-I).

Diversity in gases sensed and cellular localization

Currently, proteins that act as gasoreceptors have been
reported for O,, NO, CO, and ethylene in diverse organisms.
Even mammalian N-methyl-D-aspartate (NMDA) receptors can
be considered to exhibit duality as xenon gasoreceptor
(Andrijchenko et al., 2015; Colloc’h et al., 2007; Zhou and
Tajima, 2023). The majority of the gasoreceptors are in the
cytoplasm, but some are also localized or functional in the cell
membrane, endoplasmic reticulum, mitochondria and nucleus
(Anbalagan, 2024c; Arnold et al,, 1977; Binder, 2020; Delgado-
Nixon et al., 2000; Horst et al., 2019; Kapetanaki et al., 2018;
Murgo et al., 2023).

The question of whether volatile organic compounds
(alcohols, esters, and etc..,) and receptors that sense them can
be considered as ligands and gasoreceptors, respectively, in
gasocrine signaling is one that needs to be debated. These
compounds are released by various organisms in a manner
similar to that of gaseous signaling molecules, and they can
also be detected by specialized protein-based receptors and
trigger physiological or behavioral responses (Pichersky and
Gershenzon, 2002; McBride, 2016; Vlot and Rosenkranz, 2022;
Pollock and Odom John, 2023).

Diversity of metal cofactors in gasoreceptors
To the best of my knowledge, most gasoreceptors require
metal ions or cofactors for their gas binding. Although ethylene
was one of the first gases identified as a signaling molecule, one of
the first reported gasoreceptor was the NO-sensing soluble
guanylate cyclase, which binds NO via the heme NO/oxygen
(H-NOX) domain (Arnold et al., 1977; Horst et al., 2019). Heme
NO/oxygen domain-containing proteins are found throughout
the entire tree of life, even in some viruses (Wong et al,, 2021).
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Similar hemoproteins have also been identified as CO and O,
gasoreceptors (Delgado-Nixon et al, 2000; Aono, 2017). In
contrast, ethylene gasoreceptors contain ethylene-binding
domains that bind ethylene via copper ions (Binder, 2020).
However, it is likely that copper ion-binding proteins can
sense other gases as well. For example, the O,-transporting
protein hemocyanin found in various mollusks, marine and
terrestrial arthropods can bind O, (Felsenfeld, 1954; Hirota
et al, 2008). This suggests the potential of additional gases
sensed by Cu ion-based gasoreceptors. The presence of heme-
and copper-ion-based metalloproteins that act as gasoreceptors
warrants a reevaluation of the role of other metalloproteins as
gasoreceptors (Kretsinger et al., 2013; Muok et al., 2019).
Many organisms express transporters for various metal ions,
including zinc, molybdenum, nickel, and selenium, among others
(Arguello et al, 2012; Nozoye et al, 2021). Zinc-based
H,S
gasoreceptors (Flores et al., 2005). In addition to the existence

metalloproteins can even be considered potential
of cellular metal ion import machinery, diverse organisms and
cells can synthesize various metallic clusters, such as iron-sulfur,
[Fe-Fe], [Ni-Fe] and [FeMo-co] clusters, among others (Peters
etal, 2015; Burén et al., 2020; Braymer et al., 2021). However, it is
unclear whether these clusters sense only the reactive species of
gases or if they can also bind to gases directly (Aono, 2017). Such
clusters are also present in enzymes such as nitrogenase that
reduce atmospheric N, to NH;. But whether some of the subunits
in such N,-binding metalloproteins complex can be considered
as N,-gasoreceptors remains unanswered (Sickerman et al,
2017). Overall, it is unclear how many other different
metalloproteins can interact with gases in vivo and act as

gasoreceptors.

Metal-cofactor independent gasoreceptors

The question of whether gasoreceptors can include metal-
cofactor independent interactions is still up for debate. For
example, the mammalian NMDA receptor can be considered
as xenon gasoreceptor, as its interaction with xenon occurs
directly at the aromatic amino-acid residues in a metal-
cofactor-independent manner (Andrijchenko et al, 2015;
Colloc’h et al., 2007; Zhou and Tajima, 2023).

But when considering such gas-interacting proteins, it is
crucial to distinguish between interactions with freely
diffusing gases and enzyme-mediated transfer reactions. For
instance, NO-transferring metalloproteins are now referred to
as nitrosylases and denitrosylases (Stomberski et al., 2019). Thus,
NO-based S-nitrosation is more similar to an enzymatic transfer
reaction than to the direct interaction of freely diffusing NO.
Analogous to nitrosylases for NO, CO, “fixing” carboxylases
have been reported in photosynthesis-capable organisms (Stoffel
et al., 2019; Bathellier et al., 2020). Meanwhile, proteins such as
mammalian hemoglobin and ubiquitin can reversibly interact
with freely diffusing CO, through carbamylation at neutral

N-terminal a-amino or lysine e-amino groups (DiDonato
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et al., 1983; Linthwaite et al., 2021; Storz, 2018). These direct

gas interactions support considering such proteins as
gasoreceptors. For example, vertebrate hemoglobin, a nitrite
reductase, could also be regarded as CO, gasoreceptor in one-
component signal transduction system if CO,-bound and O,-
unbound hemoglobin can synthesize NO and trigger a cellular
response (Perissinotti et al., 2008; Helms and Kim-Shapiro, 2013;
Anbalagan, 2025a). Overall, gasoreceptors may include proteins

that interact directly with gaseous molecules.

Diversity in signaling domains

In terms of signaling domains, gasoreceptors appear to be
enzymes, transcription factors and ion channels (Kapetanaki
et al, 2018; Murgo et al, 2023). To date, experimentally
validated
guanylate cyclase, soluble adenylate cyclase, histidine kinases,

enzyme-based  gasoreceptors include soluble
and phosphodiesterases in diverse organisms (Arnold et al., 1977;

Aono, 2017; Anbalagan, 2024c; Horst et al., 2019).

Diversity in signal transduction systems

Based on the classification of signal transduction systems (STSs)
in prokaryotes, gasoreceptors seem to function in both one- and
multi-component STSs (Buhrke et al., 2004; Ulrich et al., 2005). In
co-component STS, a gasoreceptor can be a dimeric (or oligomeric)
protein, where either the input domain or the output domains are
shared between monomeric subunits. Examples include plant
ethylene gasoreceptor kinases and mammalian nitric oxide
gasoreceptor sGC (Binder, 2020; Horst et al., 2019). In addition
to these STSs, gasoreceptors can also potentially function in proto-
and split-component STSs which are evolutionarily ancient forms of
signal transduction that has been proposed to predate one-
component STS (Anbalagan, 2025a).

Can any protein be considered as gasoreceptor?

In theory, any protein whose activity is affected by direct gas
interaction, regardless of its function, is a putative gasoreceptor
(Anbalagan, 2025b). This raises the question of how potential
gas-interacting proteins such as proteases or RNA-modifying
enzymes can be considered as gasoreceptors when they are not
typically considered to be enzyme-based receptor classes. Similar
questions were asked when one of the first transcription factor-
based estrogen receptors were reported. These receptors were
non-membranal and non-enzyme-based, which challenged
biochemists and receptor experts at the time (Moore, 2012).
Another reason to rule out proteases as a receptors is the need for
a molecular cascade to trigger transcriptional changes in the cell.
However, as long as a molecular signaling events occurs inside or
between cellular regions, organelles, or organelle-like
condensates and triggers a response, it is a “cascade”,
regardless of whether we consider it as such. The response
does not have to be a message to the nucleus and its counter
response. Responses could be even to other organelles or

organelle-like elements within a cell.
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Generally, a strict and restrictive criteria can be used to define
receptors as proteins whose ligand-binding status-dependent
signaling responses trigger a transcriptional changes in cells.
However, even nuclei-less cells such as mature erythrocytes and
platelets express receptors (Balabin et al., 2018; Tanneur et al.,
2006). This challenges the need for nuclear response in receptor-
mediated signaling mechanisms. Even the well known O,-
transporting hemoglobin is proposed as an O, gasoreceptor in
split-component STS (Anbalagan, 2025a).

Finally, even small enzymes that are competitively inhibited
by gases can be considered proto-gasoreceptor for those gases.
of
gasoreceptors which are competitively inhibited by gas

Proto-gasoreceptors are evolutionarily-ancient form
binding and lack additional allosteric sites. Such proteins may
function in a proto-component STS (Anbalagan, 2025a). This
rationale can similarly be extended to ion channels or
transcription factors that lack allosteric sites, where their ion
channel or transcriptional activity is competitively inhibited by
gas-binding. Therefore, gasoreceptors can include proteins with
any activity, not just kinases or other major classes of enzyme-
based receptors (Anbalagan, 2024a; 2024c). However, such
gasoreceptor must act as at least in one of the signaling

systems: one-, two-, co-, multi-, split-, or proto-component STSs.

Potential diversity in gas-sensing
biomolecules

Although gasoreceptors are the best-known gas-sensing
biomolecules, it remains unclear whether they represent the
entire diversity of gas-sensing biomolecules across all cells or
organisms. Gasocrine signaling may also occur via yet to be
identified gas-sensing nucleic acids or other biomolecules. These
include riboceptors, which can be composed of gas-sensing
RNA-based riboswitches and ribozymes either individually or
in combination (Anbalagan, 2024c). In principle, even the
catalytic RNAs present within ribosomes could serve as
prospective candidates for gas-sensing riboceptors (Mestre-Fos
et al, 2020). Therefore, although the current definition of
gasocrine signaling is restricted to gasoreceptor-based
signaling events, it can be extended to non-protein-based

gasoreceptors as well.

Gasocrine hypothesis from the
perspective of aerobic
eukaryotic organisms

Gasocrine signaling encompasses signaling within organelles
and cells, as well as signaling between different organisms and
between abiotic gas-releasing materials, objects, and machines.
Furthermore, just as the force of gravity acts throughout the
entire planet, gasocrine signaling extends beyond individual cells
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and organisms to encompass entire ecosystems and the planet as
a whole (Figures 1A-D). Given the potential diversity of
gasoreceptors that mediate gasocrine signaling and the
omnipresence of gases, a question arises: can an unifying
theory in cell biology be developed?

For the sake of this discussion, I will first address the
possibility of such a hypothesis for aerobic eukaryotic
organisms that require O, for its metabolism and survival. For
0,-based inter-organismal gasocrine signaling to occur, O, must
first be synthesized and diffuse out of O,-producing organisms.
Similar to experiments involving knocking out ligand-coding
genes, knocking out all genes and genetic elements encoding O,-
synthesis in all O,-generating organisms on Earth would likely
lead to the cessation of O,-dependent aerobic life, though not
necessarily all biotic life (Tan et al., 2024; West, 2022). This
suggests that, for aerobic eukaryotic organisms, O, is an inter-
organismal signaling molecule and the message it conveys at
physiological concentrations is simply “live,” irrespective of the
biochemical means by which life is achieved.

Nevertheless, a strong counter argument is the fact that the
role of O, in aerobic eukaryotes is primarily in metabolism or as
terminal electron acceptor in the mitochondrial electron
transport chain (Cogliati et al., 2021; Storz and McClelland,
2017). In addition, O, is used as a substrate by O,-dependent
enzymes, of which more than 200 are reported in humans alone
(Li et al,, 2023). This raises the question: Which is the more
important role of O,, is it as a signaling molecule and ligand for
O, gasoreceptors or as a metabolite and substrate for O,-
dependent enzymes?

First, the number of metabolism-related enzymes that act as
gasoreceptors is unclear. For instance, in the absence of O,, some
of the mitochondrial electron transport chain subunits are
competitively inhibited by gases. NO, H,S, and HCN can
competitively inhibit cytochrome c oxidase (Complex IV),
thereby blocking its ability to reduce O, to water (Brown,
2001; Hanna et al., 2023; Poderoso et al., 2019; Zuhra et al.,
2025). Thus, even the major metabolic enzyme cytochrome ¢
oxidase can be considered as a derivative of a proto-gasoreceptor.
But for a cell or a mitochondria is the lack of water a signal? It can
be a signal, if it directly triggers a receptor-based response (or due
to its role as a substrate). I previously proposed that water can
potentially be sensed via gasoreceptors that exhibit duality as
aquareceptors (Anbalagan, 2024d; Kim and Wang, 2016; Typolt
and Filingeri, 2020). Numerous proteins in the mitochondria and
a cell can be considered potential aquareceptors. Overall, these
potential mechanisms suggest that gasocrine signaling events
that initiate from O,-producing organisms extend to organelles,
such as mitochondria, in aerobic eukaryotic organisms.

Second, experiments testing the role of O, in metabolism will
potentially affect the role of O, gasoreceptor, and vice versa.
Hemoglobin subunits have been reported to be localized in
mitochondria, raising the possibility that they can act as a
gasoreceptor in mitochondria as well (Anbalagan, 2025a;
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Brunyanszki et al., 2015; Reed et al., 2025). Therefore, based on
the current literature, it is difficult to determine whether O, is a
major metabolic substrate or a major signaling molecule.
Nevertheless, answering this question will require comparing a
cell lacking all O,-dependent enzymes with a cell lacking all O,-
gasoreceptors, whose identities are still unknown. The existence
of eukaryotic organisms that do not require O, for metabolism
calls into question the importance of O,’s signaling role
(Karnkowska et al., 2019; Al Jewari and Baldauf, 2023).

The identities of all the O, gasoreceptors in various cell types
are unknown. The presence of any O,-binding protein in a cell
suggests the possibility of O,-based gasocrine signaling events
likely occurring in that cell, based on potential gasoreceptors in
one-, two-, multi-, split-, or proto-component STS. Since O, role
is essential for aerobic eukaryotic organisms, I propose that all
the eukaryotic aerobic organisms require inter-organism
gasocrine signaling.

Gasocrine hypothesis—all cells
require gasocrine signaling

As long as gasoreceptors and other gas-sensing biomolecules
(riboceptors) can be identified, the “ligands” in gasocrine
signaling include all biotically and abiotically produced gases
including the inert gases (Dresp et al., 2019). It is unclear how
many gases can cells or organisms can produce under naive,
physiological, stressed, pathological, or diseased conditions.
Similarly, it is unclear how many environment-derived gases
can diffuse into a cell under naive or membrane-related injury
conditions. Recently, reactive oxygen species-based methane
(CH,) production has been identified in several model
organisms, and even dihydrogen (H,) has also been identified
as a signaling molecule in plants (Cheng et al., 2023; Ernst et al.,
2022). However, the identity of methane- and dihydrogen-
gasoreceptors in vertebrates or plants remains unknown
(Aono, 2017; Ernst et al., 2022).

Due to the unlikelihood of biotic life in an absolute vacuum,
the “seemingly” omnipresence of gases inside cells and in their
microenvironments, diverse gas-synthesis pathways, as well as
the role of gases as substrates for various enzymes in different
organisms in the tree of life, I propose the gasocrine hypothesis:
all cells require gasocrine signaling.

Falsifation of gasocrine hypothesis

Historically, the field of biology has advanced due to
the
persistence of researchers in the face of challenges (Koshland,
2007; Matlin, 2022; Matlin et al., 2024). However, it also
advanced when

serendipitous  observations from experiments and

incoherent observations from nature or
experimentation were connected under coherent, unifying

Acta Biochimica Polonica

07

10.3389/abp.2025.15465

postulates, dogmas, or speculative hypotheses that were later
recognized as theories (Gunawardena, 2013). Even when
Schleiden and Schwann first proposed the cell theory, their
authority did not stop the spread of “free cell theory” or the
spontaneous generation theory for several years (Danforth, 1870;
1993).
experimental evidence against the free cell theory, it required

Schwann, Even though Remak provided strong

Virchow’s dictum “Omnis cellula e cellula” and forceful
promulgation to definitively end the spontaneous generation
theory (Lagunoff, 2002). This raises the question of how long
it will take for the gasocrine hypothesis to become mainstream or
to suffer the same fate as the theory of spontaneous generation of
cells. To be validated, a hypothesis must be examined not only by
experiments that support it, but also by those that can definitively
contradict or falsify it. The lack of such robust falsification
experiments led to the continued acceptance of spontaneous
generation theory as well (Berche, 2012; “Spontaneous
Generation,” 1867; Zwier, 2018). Therefore, amid decreasing
science budgets, experiments investigating the gasocrine

hypothesis should focus on falsifying it rather than proving them.

All cells require gasocrine signaling

In my opinion, one of the various possible ways to disrupt
gasocrine signaling is to ensure that a cell and its immediate
microenvironment are devoid of any gases. Therefore, it must be
prevented from receiving or producing gases. Additionally, it
must be prevented from sensing any gases in any of the STSs
(one-, two-, multi-, split-, proto- or others) (Anbalagan, 2025a;
Capra and Laub, 2012; Ulrich et al., 2005). In this way, the cell
will resemble a gas —/— and gas-sensing —/— double mutant.
However, it is unclear how many genetic elements must be
removed to even make a prokaryotic bacterium, such as
E. coli, gas- and gas-sensing deficient.

There are three potential ways to falsify this postulate. The
first experiment focuses on the gaseous molecules as signaling
molecules. This experiment ignores the role of gaseous molecules
in metabolism or as substrates for enzymes. The experiment
involves finding a living cell that is devoid of any gaseous
molecules and can live in an “absolute vacuum” or “absolutely
degassed medium” environment. All other experimental
parameters can be varied apart from the gases. A living cell
could be a metabolically active cell or a dormant cell with
minimal or no metabolic activity. However, if it is a dormant
cell, it must exit dormancy under the experimental conditions. A
potentially strong artifact of the experiment is distinguishing the
effects of an absolute vacuum environment, such as low pressure
and mechanical cellular damage, from the signaling role of gases.
Whereas in the degassed medium, the medium must be degassed
using a vacuum and not inert gases, such as argon or nitrogen.
Moreover, degassing the medium does not necessarily mean that
a cell will lose all its gaseous molecules; it may have a reservoir of
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gases inside it or associated with it. Thus, the “gas-free status” of a
degassed medium cannot be ambiguous. Of the various
that be
experiments, temperature-induced liquid-to-gas phase changes

parameters can altered during falsification
and acoustic or vaporous cavitation may produce gaseous
molecules. Therefore, any such conditions that will generate
gases must also be excluded in experiments.

The second falsification experiment focuses on the gas-
sensing elements in a cell. The goal is to find a living cell that
lacks all gas-sensing factors. I am deliberately not using the terms
“gasoreceptors” and “gas-sensing riboceptors” because I am
unsure if these two will be the only gas-sensing biomolecules
or factors that can function in one-, two-, multi-, split-, proto- or
other STSs in a cell. A confounding factor in this experiment is
the fact that receptors can exhibit duality and multimodality in
sensing (Anbalagan, 2025b; Assadi-Porter et al., 2018). Knocking
out a gasoreceptor will result in the loss of its gas-sensing role and
its role in sensing other molecules or factors if the gasoreceptor
exhibits duality. Another possibility is that it may have additional
microenvironment-dependent adaptor or scaffolding roles. The
same applies to gas-sensing riboceptors and other potential gas-
sensing biomolecules. Thus, this approach risks pleiotropic
effects. Nevertheless, studies using the knockout of coding or
non-coding “genes” in microorganisms, plants and animal
models are standard approaches that are widely accepted by
the scientific community, despite such pleiotropic effects.
However, it remains an open question how the systemic
secondary effects can be ascribed only to gasocrine signaling.

The third falsification experiment involves finding a living
cell that lacks both gases and gas-sensing elements. A true gas-
and gas-sensing-free cell. However, describing such a cell without
lead
interpretations of the hypothesis. Therefore, the hypothesis

explaining its potential function will to various
that “all cells require gasocrine signaling” can be subdivided
into three hypotheses: All living organisms composed of one or
more cells require gasocrine signaling to sense, communicate,
grow, and propagate. Gasocrine signaling mediated via
gasoreceptor proteins (or yet to be identified gas-sensing
riboceptors) is the most essential cellular and inter-organismal
signaling. All cells and acellular entities arising from or

replicating in pre-existing cells require gasocrine signaling.

All living organisms composed of one or
more cells require gasocrine signaling to
sense, communicate, grow,

and propagate

Although the falsification experiments will be largely similar
to those listed in the previous section, the focus of the
experiments will be on specific phenotypes rather than the
overall state of a cell. The four different phenotypes include
the cell’s ability to sense, communicate, grow and reproduce.
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Sensing can be for any biomolecule or factor, including, but not
limited to, protons, photons, water, ions, lipids, amino acids,
nucleic acids, proteins, temperature, gravity and radioactivity.
Communication can occur via physical-, chemical-, electrical-,
electromagnetic-, thermal-, light-, and acoustic means. However,
such communication must not be an SOS-like last signal. Growth
can occur via biosynthesis or volume expansion. Propagation can
occur via sexual or asexual reproduction. Therefore, if a cell
lacking gaseous molecules and/or gas-sensing biomolecules (e.g.,
gasoreceptors, gas-sensing riboceptors) can exhibit any of these
functions in absolute vacuum or in an absolutely degassed
medium, then this hypothesis will be falsified.

Gasocrine signaling mediated via
gasoreceptor proteins (or yet to be
identified gas-sensing riboceptors) is the
most essential cellular and inter-
organismal signaling

This postulate prioritizes gasoreceptor-based gasocrine
signaling over other signaling mechanisms in or between cells
or organisms. However, gasocrine signaling triggered by other
potential gas-sensing biomolecules, such as gas-sensing
riboceptors, is not excluded (Anbalagan, 2024c). Therefore,
the experiments will be focus on testing the importance or
hierarchical nature of the signaling in comparison to other
signaling mechanisms or pathways. Comparisons could be
made with proton-, photon-, ion-, water-, amino acid-,
peptide-, protein-, nucleic acid-, steroid-, lipid-, chemical
temperature-, acoustic-, electrical-, physical-, mechanical-,
visual-, and gravity-based signaling pathways, among others.
Therefore, if a cell lacking gaseous molecules and/or gas-
(e.g.
riboceptors) can survive in an absolute vacuum or an

sensing  biomolecules gasoreceptors,  gas-sensing
absolutely degassed medium due to the functioning of its
other ligands (or factors), receptors, and signaling pathways,

then this hypothesis will be falsified.

Acellular entities arising from or
replicating in pre-existing cells require
gasocrine signaling

This postulate highlights the importance of gasocrine
signaling for the replication and biogenesis of acellular
entities. The phenotype to be measured here is the potential
ability of acellular entities to arise or replicate from a cell in the
experiment. Acellular entities can include viruses, viroids, and
biomolecular condensates amongst others (Flint et al., 2020).
However, the cell itself must not become an acellular entity. Thus,
if such acellular entities can arise from a cell or replicate in a cell
lacking gaseous molecules and/or gas-sensing biomolecules (e.g.,
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gasoreceptors, gas-sensing riboceptors) in an absolute vacuum or
an absolutely degassed medium, then this hypothesis will
be falsified.

Falsification on synthetic- or proto-
cell system

Falsification experiments must not only be performed on
resilient organisms such as tardigrades or relatively less resilient
immortalized or primary cell cultures. One easily observable
experiment could involve a leaf from a plant, a fertilized chicken
egg with or without its shell, or the giant unicellular,
uninucleate organism Acetabularia acetabulum (Mandoli,
1998).
experiment is not just about placing biological samples in an

However, as I mentioned earlier, a falsification
absolute vacuum or an absolutely degassed medium. It is also
about engineering such samples that they cannot produce any
gaseous molecule or alternatively do not express any
gasoreceptors and gas-sensing riboceptors. To the best of my
knowledge, there is a significant knowledge gap regarding the
identity of all generated gases, gasoreceptors, gas-sensing
riboceptors, and gas synthesis pathways, even in major
model organisms (Aono, 2017). Without this knowledge,
producing such an engineered cell or organism with absolute
certainty of its properties will be challenging. Therefore, an
alternative approach is to use a synthetic cell or proto-
cell system.

Synthetic cell systems have been demonstrated to interact
via physical and chemical modes (Mukwaya et al., 2021).
Even nucleic acid-based membraneless

protein- or

biomolecular condensates can be considered as such
systems. It seems that such synthetic cells could be
relatively easily engineered, as bottom-up cells are
constructed based on the scientists’ designs. Thus, if a
synthetic cell lacking gaseous molecules and/or gas-sensing
biomolecules (e.g., gasoreceptors, gas-sensing riboceptors)
can sense, communicate, survive, grow, propagate, permit
replication and release of acellular entity in an absolute
vacuum or an absolutely degassed medium, then this

hypothesis will be falsified for such a synthetic cell system.

Ambiguity in falsification experiments

Despite their robustness, the above listed experiments have
their own weaknesses. It is difficult to identify and attribute
confounding factors or systemic secondary effects specifically to
gasocrine signaling or some other signaling pathways or cellular
processes. Nevertheless, the experiments are provided as a
framework for researchers interested in them or in
improving them. Another ambiguity is the role of gases as

signaling molecules versus their role in cellular metabolism,
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which I discussed earlier. As an analogy, removing a fuel sensor
in a not-so modern car will not stop the car from running.
Similarly, removing the fuel is not the most appropriate
experiment to determine whether the car will run. Moreover,
a typical car cannot operate in an ocean of fuel or produce their
own fuel. A more advanced car comes with multiple fuel
redundancy systems. Removing one type of fuel or fuel
sensor should not prevent it from running. Compared to a
car, a cell is the product of a seemingly infinite number of
generations, shaped by evolution and variable environmental
factors. Modern cars have only undergone a relatively few
iterations since first car was made, and some of it have
hybrid options. So, despite the ambiguity of the falsification
experiments, it is challenging to dismiss the gasocrine
hypothesis without such experiments.

Conclusion

The immediate implication of these postulates is that they
supplement cell theory (Hyllner et al., 2015). However, the
unintended implication is a perceivable challenge to the four
pillars of biology: evolution, metabolism, genetics, and cell
theory. My original intention was never to challenge these
pillars or the underlying mechanisms. I started with a simple
question: If there is a receptor for NO, is there a receptor for O,
(Anbalagan, 2024a)? Discussions and debates with some of the
leading experts raised more questions. Rather than perceiving
the postulates as a challenge to the four pillars of biology,
perhaps understanding these pillars from a perspective of the
pressure and challenges to it posed by gases and how
gasoreceptors (and gas-sensing riboceptors) would have
potentially mitigated those challenges is a more attractive
alternative.

Moreover, the strong integration of environmental gaseous
molecules into gasocrine signaling provides a different
perspective on the origin of diseases, inter-organismal
communication, consciousness and failure of majority of the
drugs in clinical trials (He, 2023; Heindel and Vandenberg,
2015; Sun et al., 2022). For example, protein aggregates such as
amyloid fibrils or Tau could be considered potential
gasoreceptors unless all associated enzyme activities and gas
binding are experimentally disproved. Similarly, consciousness
in animals, plants, or ecosystems could be potentially be
viewed as the sum of gasocrine signaling activities. In the
case of drug failure in clinical trials especially for non-
monogenic diseases or disorders, potential functional
redundancies or a lack of homeostasis in gasocrine signaling
may be an additional reason.

Even in the research field of host-microbe and host-pathogen
interactions, a few major questions arise. For instance, it is
becoming increasingly clear that the microbiome plays a role
in diseases such as cancer and Alzheimer’s disease. This is
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because microbes or microbe-like elements have been observed
not only associated with, but also inside, the cancer cells, as well
as in neurons of deceased patients with Alzheimer’s disease post-
mortem (Sepich-Poore et al., 2021; Che et al., 2024). In mice
models of drug toxicity, the gut microbiome has been even
linked to the effects of drug toxicity (Zimmermann et al,,
2019). Similarly, certain bacterial species in zebrafish can
colonize club cells in the skin and are responsible for the
released alarm substance (Schreckstoff) and alarm response
during physical injury (Chia et al., 2019). However, it is
unclear whether the host cells-resident microorganisms
listed in the above examples only exhibit gas-based quorum
sensing or also exhibit gasocrine signaling with the host.
For the field of microbiology, NO-based signaling is
recognized as one of the quorum sensing pathways that
integrate bacterial density with environmental information
(Heckler 2019).
interactions, some pathogenic microorganisms release NO

and Boon, During host-pathogen
to regulate host processes and increase their own survival
(Jedelska et al., 2021; Mix et al., 2021). However, while the
intra- or inter-microbial NO-based signaling that regulates
pathogen density can be considered quorum sensing,
pathogen-to-host NO-based signaling and control of host
cell density cannot. Thus, the term “gasocrine signaling”
fills this gap.

The reason that O,-based microbial density regulation
across distant ecosystems is not considered quorum sensing,
despite the involvement of O, gasoreceptors in microbial growth,
is unclear. This leads to the challenging question: What
percentage of quorum sensing is gasocrine signaling, and vice
versa? If gaseous molecules such as O, are not considered to act
as quorum sensing molecules, then perhaps a new field of study,
microbial gasocrinology, will emerge. This field would have
implications not only for gas-mediated microbial signaling,
but also for host-pathogen interactions and gas homeostasis
across ecosystems or an entire planet. Additionally, due to the
role of abiotic components in the potential gasocrine signaling-
related feedback loops across ecosystems and the entire planet,
ignoring the relevance to the Gaia hypothesis is difficult. Thus, it
will be challenging to falsify the Gaia hypothesis without
considering the potential role of gasocrine signaling in it
(Boyle, 2025; Stolz, 2017).

Scientific theories have played a major role in advancing
both biology and physics (Gunawardena, 2013). Unlike physics,
where equations often provide deterministic explanations,
major biological theories typically began with provocative
The
hypothesis remains highly speculative in its current state.

and speculative hypotheses. gasocrine  signaling
Nevertheless, it offers a robust theoretical framework for
researchers to explore open questions experimentally and to
establish foundational studies in the emerging field of
gasocrinology, especially in the context of a changing

environment.

Acta Biochimica Polonica

10

10.3389/abp.2025.15465

Author contributions

SA: conceptualization, writing of the original draft, and
review and editing.

Funding

The authors declare that financial support was received
for the research and/or publication of this article. SA is
supported by  National Science Centre  grants
(SONATA-BIS 2020/38/E/NZ3/00090 and SONATA 2021/
43/D/NZ3/01798). The funding agency was not involved in
this research.

Acknowledgements

The author contributes this work to the late Robert
Remak from Poznan, Poland. The author thank Zofia
Szweykowska-Kulinska (Institute of Molecular Biology and
Biotechnology, Faculty of Biology, Adam Mickiewicz
University, Poznan, Poland) for allowing him to attend
her inspiring lectures on molecular evolution. The author
also thank Agnieszka Chacinska (Past affiliation: Centre of
New Technologies, University of Warsaw, Regenerative
Mechanisms for Health - International Research Agendas
Programme and current affiliation: International Institute of
Molecular Machines and Mechanisms, Polish Academy of
Science, Warsaw, Poland) for suggesting him to attend the
44th FEBS Congress meeting. The author thank Gil
Rehovot,
Israel) for encouraging the author to pursue research on

Levkowitz (Weizmann Institute of Science,

cell signaling. The author apologizes to authors whose work
has not been cited and lack of citation of such works is not
due to personal biases. This article was submitted as a
preprint to Zenodo https://doi.org/10.5281/

2en0do0.13690909.

server

Conflict of interest

The author declares that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Generative Al statement

The authors declare that Generative AI was used in the
creation of this manuscript. The author used DeepL Write for
English language correction. The author take full responsibility
for the content of the manuscript.

Published by Frontiers
Polskie Towarzystwo Biochemiczne (Polish Biochemical Society)


https://doi.org/10.5281/zenodo.13690909
https://doi.org/10.5281/zenodo.13690909
https://doi.org/10.3389/abp.2025.15465

Anbalagan

Any alternative text (alt text) provided alongside figures
in this article has been generated by Frontiers with the
support of artificial intelligence and reasonable efforts

References

Agosta, W. C. (1992). Chemical communication: the language of pheromones.
Henry Holt and Company.

Al Jewari, C., and Baldauf, S. L. (2023). An excavate root for the eukaryote tree of
life. Sci. Adv. 9, eade4973. doi:10.1126/sciadv.ade4973

Anbalagan, S. (2024a). Heme-based oxygen gasoreceptors. Am.
J.  Physiology-Endocrinology Metabolism 326, E178-E181. doi:10.1152/
ajpendo.00004.2024

Anbalagan, S. (2024b). Oxygen is an essential gasotransmitter directly sensed via
protein gasoreceptors. Animal Models Exp. Med. 7, 189-193. doi:10.1002/ame2.
12400

Anbalagan, S. (2024c). Gas-sensing riboceptors. RNA Biol. 21, 758-763. doi:10.
1080/15476286.2024.2379607

Anbalagan, S. (2024d). Akwareceptory na bazie hemu. Postepy Biochem. 70,
420-423. doi:10.18388/pb.2021_551

Anbalagan, S. (2025a). Hemoglobin as an oxygen gasoreceptor. Acta Biochim. Pol.
doi:10.3389/abp.2025.15546

Anbalagan, S.  (2025b).  Sugar-sensing  swodkoreceptors  and
swodkocrine signaling. Animal Models Exp. Med. 8, 944-961. do0i:10.1002/
ame2.70007

Andrijchenko, N. N., Ermilov, A. Y., Khriachtchev, L., Rdsinen, M., and
Nemukhin, A. V. (2015). Toward molecular mechanism of xenon anesthesia: a
link to studies of xenon complexes with small aromatic molecules. J. Phys. Chem. A
119, 2517-2521. doi:10.1021/jp508800k

Aono, S. (2017). Gas sensing in cells. Royal Society of Chemistry. Croydon, United
Kingdom: CPI Group (UK) Ltd.

Arguello, J. M., Lutsenko, S., and Argiiello, J. M. (2012). Metal transporters.
Academic Press.

Arnold, W. P, Mittal, C. K., Katsuki, S., and Murad, F. (1977). Nitric oxide
activates guanylate cyclase and increases guanosine 3':5'-cyclic monophosphate
levels in various tissue preparations. Proc. Natl. Acad. Sci. U. S. A. 74, 3203-3207.
doi:10.1073/pnas.74.8.3203

Assadi-Porter, F. M., Radek, J., Rao, H., and Tonelli, M. (2018). Multimodal
ligand binding studies of human and mouse G-Coupled taste receptors to correlate
their species-specific sweetness tasting properties. Molecules 23, 2531. doi:10.3390/
molecules23102531

Bakshi, A., Shemansky, J. M., Chang, C., and Binder, B. M. (2015). History of
research on the plant hormone ethylene. J. Plant Growth Regul. 34, 809-827. doi:10.
1007/500344-015-9522-9

Balabin, F. A., Morozova, D. S., Mayorov, A. S., Martyanov, A. A,
Panteleev, M. A., and Sveshnikova, A. N. (2018). Clusterization of inositol
trisphosphate receptors determines the shape of the calcium oscillation peak
in platelet cytosol. Mosc. Univ. Phys. 73, 526-533. doi:10.3103/
$0027134918050041

Bathellier, C., Yu, L.-J,, Farquhar, G. D., Coote, M. L., Lorimer, G. H., and
Tcherkez, G. (2020). Ribulose 1,5-bisphosphate carboxylase/oxygenase activates
02 by electron transfer. Proc. Natl. Acad. Sci. U. S. A. 117, 24234-24242. doi:10.
1073/pnas.2008824117

Berche, P. (2012). Louis pasteur, from crystals of life to vaccination. Clin.
Microbiol. Infect. 18 (Suppl. 5), 1-6. doi:10.1111/§.1469-0691.2012.03945.x

Binder, B. M. (2020). Ethylene signaling in plants. J. Biol. Chem. 295, 7710-7725.
doi:10.1074/jbc. REV120.010854

Bishop, T., and Ratcliffe, P. J. (2020). Genetic basis of oxygen sensing in the
carotid body: HIF2a and an isoform switch in cytochrome ¢ oxidase subunit 4. Sci.
Signal 13, eaba1302. doi:10.1126/scisignal.abal302

Boyle, R. (2025). Overlapping attempts to falsify and darwinize the gaia
hypothesis. Philosophical Trans. R. Soc. B Biol. Sci. 380, 20240087. doi:10.1098/
rstb.2024.0087

Braymer, J. J., Freibert, S. A., Rakwalska-Bange, M., and Lill, R. (2021).
Mechanistic concepts of iron-sulfur protein biogenesis in biology. Biochimica
Biophysica Acta (BBA) - Mol. Cell Res. 1868, 118863. doi:10.1016/j.bbamcr.2020.
118863

Acta Biochimica Polonica

10.3389/abp.2025.15465

have been made to ensure accuracy, including review by
the authors wherever possible. If you identify any issues,
please contact us.

Brown, G. C. (2001). Regulation of mitochondrial respiration by nitric oxide
inhibition of cytochrome c¢ oxidase. Biochimica Biophysica Acta (BBA) -
Bioenergetics 1504, 46-57. doi:10.1016/s0005-2728(00)00238-3

Brunyanszki, A., Erdelyi, K., Szczesny, B., Olah, G., Salomao, R., Herndon, D. N.,
etal. (2015). Upregulation and mitochondrial sequestration of hemoglobin occur in
circulating leukocytes during critical illness, conferring a cytoprotective phenotype.
Mol. Med. 21, 666-675. doi:10.2119/molmed.2015.00187

Buhrke, T., Lenz, O., Porthun, A., and Friedrich, B. (2004). The H2-sensing
complex of ralstonia eutropha: Interaction between a regulatory [NiFe]
hydrogenase and a histidine protein kinase. Mol. Microbiol. 51, 1677-1689.
doi:10.1111/j.1365-2958.2003.03933.x

Burén, S., Jiménez-Vicente, E., Echavarri-Erasun, C., and Rubio, L. M. (2020).
Biosynthesis of nitrogenase cofactors. Cherm. Rev. 120, 4921-4968. doi:10.1021/acs.
chemrev.9b00489

Capra, E. J,, and Laub, M. T. (2012). Evolution of two-component signal
transduction systems. Annu. Rev. Microbiol. 66, 325-347. doi:10.1146/annurev-
micro-092611-150039

Che, S., Yan, Z, Feng, Y., and Zhao, H. (2024). Unveiling the intratumoral
microbiota within cancer landscapes. iScience 27, 109893. doi:10.1016/j.isci.2024.
109893

Cheng, P., Wang, Y., Cai, C, Li, L., Zeng, Y., Cheng, X,, et al. (2023). Molecular
hydrogen positively regulates nitrate uptake and seed size by targeting nitrate
reductase. Plant Physiol. 193, 2734-2749. doi:10.1093/plphys/kiad474

Chia, J. S. M., Wall, E. S., Wee, C. L., Rowland, T. A. J., Cheng, R.-K,, Cheow, K.,
et al. (2019). Bacteria evoke alarm behaviour in zebrafish. Nat. Commun. 10, 3831.
doi:10.1038/s41467-019-11608-9

Chodkowski, M., Zielezinski, A., and Anbalagan, S. (2023). A ligand-receptor
interactome atlas of the zebrafish. iScience 26, 107309. doi:10.1016/j.isci.2023.
107309

Cogliati, S., Cabrera-Alarcén, J. L., and Enriquez, J. A. (2021). Regulation and
functional role of the electron transport chain supercomplexes. Biochem. Soc. Trans.
49, 2655-2668. doi:10.1042/BST20210460

Cohen, S., Bigazzi, P. E., and Yoshida, T. (1974). Similarities of T cell function in
cell-mediated immunity and antibody production. Cell. Immunol. 12, 150-159.
doi:10.1016/0008-8749(74)90066-5

Colloc’h, N., Sopkova-de Oliveira Santos, J., Retailleau, P., Vivares, D., Bonneté,
F., Langlois d’Estainto, B., et al. (2007). Protein crystallography under xenon and
nitrous oxide pressure: comparison with in vivo pharmacology studies and
implications for the mechanism of inhaled anesthetic action. Biophysical J. 92,
217-224. doi:10.1529/biophysj.106.093807

Danforth, I. N. (1870). A glance at the rise and progress of cell theories. Chic Med.
J. 27, 449-454. Available online at: https://pubmed.ncbi.nlm.nih.gov/37413087/.

Delgado-Nixon, V. M., Gonzalez, G., and Gilles-Gonzalez, M. A. (2000). Dos, a
heme-binding PAS protein from Escherichia coli, is a direct oxygen sensor.
Biochemistry 39, 2685-2691. doi:10.1021/bi991911s

DiDonato, A., Fantl, W. ], Acharya, A. S., and Manning, J. M. (1983). Selective
carboxymethylation of the alpha-amino groups of hemoglobin. Effect on functional
properties. J. Biol. Chem. 258, 11890-11895. doi:10.1016/s0021-9258(17)44316-x

Dresp, S., Dionigi, F., Klingenhof, M., and Strasser, P. (2019). Direct electrolytic
splitting of seawater: opportunities and challenges. ACS Energy Lett. 4, 933-942.
doi:10.1021/acsenergylett.9600220

Ernst, L., Steinfeld, B., Barayeu, U, Klintzsch, T., Kurth, M., Grimm, D., et al.
(2022). Methane formation driven by reactive oxygen species across all living
organisms. Nature 603, 482-487. doi:10.1038/541586-022-04511-9

Faggiano, S., Ronda, L., Bruno, S., Abbruzzetti, S., Viappiani, C., Bettati, S., et al.
(2022). From hemoglobin allostery to hemoglobin-based oxygen carriers. Mol.
Aspects Med. 84, 101050. doi:10.1016/j.mam.2021.101050

Felsenfeld, G. (1954). The binding of copper by hemocyanin. J. Cell
Comp. Physiol. 43, 23-38. doi:10.1002/jcp.1030430103

Flint, J., Racaniello, V. R,, Rall, G. F., Hatziioannou, T., and Skalka, A. M. (2020).
“Principles of virology,” in Molecular biology, Vol. 1. United States of America: John
Wiley and Sons.

Published by Frontiers
Polskie Towarzystwo Biochemiczne (Polish Biochemical Society)


https://doi.org/10.1126/sciadv.ade4973
https://doi.org/10.1152/ajpendo.00004.2024
https://doi.org/10.1152/ajpendo.00004.2024
https://doi.org/10.1002/ame2.12400
https://doi.org/10.1002/ame2.12400
https://doi.org/10.1080/15476286.2024.2379607
https://doi.org/10.1080/15476286.2024.2379607
https://doi.org/10.18388/pb.2021_551
https://doi.org/10.3389/abp.2025.15546
https://doi.org/10.1002/ame2.70007
https://doi.org/10.1002/ame2.70007
https://doi.org/10.1021/jp508800k
https://doi.org/10.1073/pnas.74.8.3203
https://doi.org/10.3390/molecules23102531
https://doi.org/10.3390/molecules23102531
https://doi.org/10.1007/s00344-015-9522-9
https://doi.org/10.1007/s00344-015-9522-9
https://doi.org/10.3103/S0027134918050041
https://doi.org/10.3103/S0027134918050041
https://doi.org/10.1073/pnas.2008824117
https://doi.org/10.1073/pnas.2008824117
https://doi.org/10.1111/j.1469-0691.2012.03945.x
https://doi.org/10.1074/jbc.REV120.010854
https://doi.org/10.1126/scisignal.aba1302
https://doi.org/10.1098/rstb.2024.0087
https://doi.org/10.1098/rstb.2024.0087
https://doi.org/10.1016/j.bbamcr.2020.118863
https://doi.org/10.1016/j.bbamcr.2020.118863
https://doi.org/10.1016/s0005-2728(00)00238-3
https://doi.org/10.2119/molmed.2015.00187
https://doi.org/10.1111/j.1365-2958.2003.03933.x
https://doi.org/10.1021/acs.chemrev.9b00489
https://doi.org/10.1021/acs.chemrev.9b00489
https://doi.org/10.1146/annurev-micro-092611-150039
https://doi.org/10.1146/annurev-micro-092611-150039
https://doi.org/10.1016/j.isci.2024.109893
https://doi.org/10.1016/j.isci.2024.109893
https://doi.org/10.1093/plphys/kiad474
https://doi.org/10.1038/s41467-019-11608-9
https://doi.org/10.1016/j.isci.2023.107309
https://doi.org/10.1016/j.isci.2023.107309
https://doi.org/10.1042/BST20210460
https://doi.org/10.1016/0008-8749(74)90066-5
https://doi.org/10.1529/biophysj.106.093807
https://pubmed.ncbi.nlm.nih.gov/37413087/
https://doi.org/10.1021/bi991911s
https://doi.org/10.1016/s0021-9258(17)44316-x
https://doi.org/10.1021/acsenergylett.9b00220
https://doi.org/10.1038/s41586-022-04511-9
https://doi.org/10.1016/j.mam.2021.101050
https://doi.org/10.1002/jcp.1030430103
https://doi.org/10.3389/abp.2025.15465

Anbalagan

Flores, J. F., Fisher, C. R, Carney, S. L., Green, B. N,, Freytag, J. K., Schaeffer, S. W,
et al. (2005). Sulfide binding is mediated by zinc ions discovered in the crystal
structure of a hydrothermal vent tubeworm hemoglobin. Proc. Natl. Acad. Sci. 102,
2713-2718. doi:10.1073/pnas.0407455102

Gray, J. M., Karow, D. S,, Lu, H.,, Chang, A.J., Chang, J. S, Ellis, R. E., et al. (2004).
Oxygen sensation and social feeding mediated by a C. elegans guanylate cyclase
homologue. Nature 430, 317-322. doi:10.1038/nature02714

Gunawardena, J. (2013). Biology is more theoretical than physics. Mol. Biol. Cell
24, 1827-1829. doi:10.1091/mbc.E12-03-0227

Hammarlund, E. U., Flashman, E., Mohlin, S., and Licausi, F. (2020). Oxygen-
sensing mechanisms across eukaryotic kingdoms and their roles in complex
multicellularity. Science 370, eaba3512. doi:10.1126/science.aba3512

Hanna, D., Kumar, R., and Banerjee, R. (2023). A metabolic paradigm for
hydrogen sulfide signaling via electron transport chain plasticity. Antioxidants
and Redox Signal. 38, 57-67. doi:10.1089/ars.2022.0067

He, B. J. (2023). Towards A pluralistic neurobiological understanding of
consciousness. Trends Cognitive Sci. 27, 420-432. doi:10.1016/j.tics.2023.02.001

Heckler, I, and Boon, E. M. (2019). Insights into nitric oxide modulated
quorum sensing pathways. Front. Microbiol. 10, 2174. doi:10.3389/fmicb.2019.
02174

Heindel, J. J., and Vandenberg, L. N. (2015). Developmental origins of health and
disease: a paradigm for understanding disease etiology and prevention. Curr. Opin.
Pediatr. 27, 248-253. do0i:10.1097/MOP.0000000000000191

Helms, C., and Kim-Shapiro, D. B. (2013). Hemoglobin-mediated nitric oxide
signaling. Free Radic. Biol. Med. 61, 464-472. doi:10.1016/j.freeradbiomed.2013.
04.028

Hirota, S., Kawahara, T., Beltramini, M., Di Muro, P., Magliozzo, R. S., Peisach, J.,
et al. (2008). Molecular basis of the bohr effect in arthropod hemocyanin. J. Biol.
Chem. 283, 31941-31948. doi:10.1074/jbc.M803433200

Horst, B. G., Yokom, A. L., Rosenberg, D. J., Morris, K. L., Hammel, M., Hurley,
J. H,, et al. (2019). Allosteric activation of the nitric oxide receptor soluble guanylate
cyclase mapped by cryo-electron microscopy. eLife 8, €50634. doi:10.7554/eLife.
50634

Hyllner, J., Mason, C., and Wilmut, I. (2015). Cells: From robert hooke to cell
therapy—a 350 year journey. Philosophical Trans. R. Soc. B Biol. Sci. 370, 20150320.
doi:10.1098/rstb.2015.0320

Ignarro, L. J., and Freeman, B. (2017). Nitric oxide: biology and pathobiology.
Academic Press.

Jedelska, T., Luhovd, L., and Petfivalsky, M. (2021). Nitric oxide signalling in
plant interactions with pathogenic fungi and oomycetes. J. Exp. Bot. 72, 848-863.
doi:10.1093/jxb/eraa596

Kapetanaki, S. M., Burton, M. ], Basran, J., Uragami, C., Moody, P. C. E,,
Mitcheson, J. S., et al. (2018). A mechanism for CO regulation of ion channels. Nat.
Commun. 9, 907. doi:10.1038/541467-018-03291-z

Karnkowska, A., Treitli, S. C., Brzon, O., Novék, L., Vacek, V., Soukal, P., et al.
(2019). The oxymonad genome displays canonical eukaryotic complexity in the
absence of a mitochondrion. Mol. Biol. Evol. 36, 2292-2312. do0i:10.1093/molbev/
msz147

Kim, S. M., and Wang, J. W. (2016). Hygrosensation: feeling wet and cold. Curr.
Biol. 26, R408-R410. doi:10.1016/j.cub.2016.04.040

Koshland, D. E. (2007). The cha-cha-cha theory of scientific discovery. Science
317, 761-762. doi:10.1126/science.1147166

Kretsinger, R. H., Uversky, V. N., and Permyakov, E. A. (2013). Encyclopedia of
metalloproteins. New York: Springer.

Lagunoff, D. (2002). A Polish, Jewish scientist in 19th-Century Prussia. Science
298, 2331. doi:10.1126/science.1080726

Li, L., Shen, S., Bickler, P., Jacobson, M. P., Wu, L. F., and Altschuler, S. J. (2023).
Searching for molecular hypoxia sensors among oxygen-dependent enzymes. Elife
12, 87705. doi:10.7554/eLife.87705

Linthwaite, V. L., Pawloski, W., Pegg, H. B., Townsend, P. D., Thomas, M. J., So,
V. K. H,, et al. (2021). Ubiquitin is a carbon dioxide-binding protein. Sci. Adv. 7,
eabi5507. doi:10.1126/sciadv.abi5507

Mandoli, D. F. (1998). Elaboration of body plan and phase change during
development of Acetabularia: how is the complex architecture of a giant unicell
built? Annu. Rev. Plant Physiol. Plant Mol. Biol. 49, 173-198. doi:10.1146/annurev.
arplant.49.1.173

Matlin, K. S. (2022). Crossing the boundaries of life: Giinter blobel and the origins
of molecular cell biology. University of Chicago Press.

Matlin, K. S., Maienschein, J., and Laubichler, M. D. (2024). Visions of cell biology:
reflections inspired by cowdry’s “General Cytology.”. University of Chicago Press.

Acta Biochimica Polonica

12

10.3389/abp.2025.15465

McBride, C. S. (2016). Genes and odors underlying the recent evolution of
mosquito preference for humans. Curr. Biol. 26, R41-R46. doi:10.1016/j.cub.2015.
11.032

Mestre-Fos, S., Ito, C., Moore, C. M., Reddi, A. R., and Williams, L. D. (2020).
Human ribosomal G-quadruplexes regulate heme bioavailability. J. Biol. Chem. 295,
14855-14865. doi:10.1074/jbc.RA120.014332

Mix, A.-K., Goob, G., Sontowski, E., and Hauck, C. R. (2021). Microscale
communication between bacterial pathogens and the host epithelium. Genes
Immun. 22, 247-254. doi:10.1038/s41435-021-00149-1

Moore, D. D. (2012). A conversation with Elwood Jensen. Annu. Rev. Physiology
74, 1-11. doi:10.1 146/annurev—physiol—02091 1-153327

Mukwaya, V., Mann, S., and Dou, H. (2021). Chemical communication at the
synthetic cell/living cell interface. Commun. Chem. 4, 161. doi:10.1038/s42004-021-
00597-w

Muok, A. R,, Deng, Y., Gumerov, V. M., Chong, J. E., DeRosa, J. R., Kurniyati, K.,
etal. (2019). A di-iron protein recruited as an Fe[II] and oxygen sensor for bacterial
chemotaxis functions by stabilizing an iron-peroxy species. Proc. Natl. Acad. Sci. U.
S. A. 116, 14955-14960. doi:10.1073/pnas.1904234116

Murgo, E., Colangelo, T., Bellet, M. M., Malatesta, F., and Mazzoccoli, G. (2023).
Role of the circadian gas-responsive hemeprotein NPAS2 in physiology and
pathology. Biology 12, 1354. doi:10.3390/biology12101354

Nozoye, T., Clemens, S., Eroglu, S., and Grillet, L. (2021). Metal transport in
plants. Frontiers Media SA. doi:10.3389/987-2-88966-952-3

Perissinotti, L. L., Marti, M. A., Doctorovich, F., Luque, F.J., and Estrin, D. A.
(2008). A microscopic study of the deoxyhemoglobin-catalyzed generation of
nitric oxide from nitrite anion. Biochemistry 47, 9793-9802. doi:10.1021/
bi801104c

Peters, J. W., Schut, G. J., Boyd, E. S., Mulder, D. W., Shepard, E. M., Broderick,
J. B., et al. (2015). [FeFe]- and [NiFe]-hydrogenase diversity, mechanism, and
maturation. Biochimica Biophysica Acta (BBA) - Mol. Cell Res. 1853, 1350-1369.
doi:10.1016/j.bbamcr.2014.11.021

Pichersky, E., and Gershenzon, J. (2002). The formation and function of plant
volatiles: perfumes for pollinator attraction and defense. Curr. Opin. Plant Biol. 5,
237-243. doi:10.1016/s1369-5266(02)00251-0

Poderoso, J. J., Helfenberger, K., and Poderoso, C. (2019). The effect of nitric
oxide on mitochondrial respiration. Nitric Oxide 88, 61-72. d0i:10.1016/j.niox.2019.
04.005

Pollock, T. Y., and Odom John, A. R. (2023). Thinking small, stinking big: the
world of microbial odors. J. Infect. Dis. 229, 1254-1255. doi:10.1093/infdis/jiad405

Ramilowski, J. A., Goldberg, T., Harshbarger, J., Kloppmann, E., Lizio, M.,
Satagopam, V. P., et al. (2015). A draft network of ligand-receptor-mediated
multicellular signalling in human. Nat. Commun. 6, 7866. doi:10.1038/
ncomms8866

Ratcliffe, P. J., and Keeley, T. P. (2025). Making sense of oxygen sensing. EMBO J.
44, 4661-4665. doi:10.1038/s44318-025-00513-1

Reed, E. C,, Silva, V. A, Giebel, K. R,, Natour, T., Lauten, T. H., Jojo, C. N., et al.
(2025). Hemoglobin alpha is a redox-sensitive mitochondrial-related protein in
T-lymphocytes. Free Radic. Biol. Med. 227, 1-11. doi:10.1016/j.freeradbiomed.2024.
11.044

Roberts, M. S., and Kruchten, A. E. (2016). Receptor biology. Weinheim,
Germany: John Wiley and Sons.

Salvi, P., Manna, M., Kaur, H., Thakur, T., Gandass, N., Bhatt, D., et al. (2021).
Phytohormone signaling and crosstalk in regulating drought stress response in
plants. Plant Cell Rep. 40, 1305-1329. doi:10.1007/s00299-021-02683-8

Schwann, T. H. (1993). Microscopial researches into the accordance in the
structure and growth of animals and plants. Obes. Res. 1, 408-418. doi:10.1002/
j.1550-8528.1993.tb00021.x

Sen Santara, S., Roy, J., Mukherjee, S., Bose, M., Saha, R., and Adak, S. (2013).
Globin-coupled heme containing oxygen sensor soluble adenylate cyclase in
Leishmania prevents cell death during hypoxia. Proc. Natl. Acad. Sci. U. S. A.
110, 16790-16795. doi:10.1073/pnas.1304145110

Sepich-Poore, G. D., Zitvogel, L., Straussman, R., Hasty, J., Wargo, J. A., and
Knight, R. (2021). The microbiome and human cancer. Science 371, eabc4552.
doi:10.1126/science.abc4552

Sickerman, N. S., Rettberg, L. A, Lee, C. C., Hu, Y., and Ribbe, M. W. (2017).
Cluster assembly in nitrogenase. Essays Biochem. 61, 271-279. doi:10.1042/
EBC20160071

Sies, H., Belousov, V. V., Chandel, N. S., Davies, M. ], Jones, D. P., Mann, G. E.,
et al. (2022). Defining roles of specific reactive oxygen species (ROS) in cell biology
and physiology. Nat. Rev. Mol. Cell Biol. 23, 499-515. doi:10.1038/s41580-022-
00456-z

Published by Frontiers
Polskie Towarzystwo Biochemiczne (Polish Biochemical Society)


https://doi.org/10.1073/pnas.0407455102
https://doi.org/10.1038/nature02714
https://doi.org/10.1091/mbc.E12-03-0227
https://doi.org/10.1126/science.aba3512
https://doi.org/10.1089/ars.2022.0067
https://doi.org/10.1016/j.tics.2023.02.001
https://doi.org/10.3389/fmicb.2019.02174
https://doi.org/10.3389/fmicb.2019.02174
https://doi.org/10.1097/MOP.0000000000000191
https://doi.org/10.1016/j.freeradbiomed.2013.04.028
https://doi.org/10.1016/j.freeradbiomed.2013.04.028
https://doi.org/10.1074/jbc.M803433200
https://doi.org/10.7554/eLife.50634
https://doi.org/10.7554/eLife.50634
https://doi.org/10.1098/rstb.2015.0320
https://doi.org/10.1093/jxb/eraa596
https://doi.org/10.1038/s41467-018-03291-z
https://doi.org/10.1093/molbev/msz147
https://doi.org/10.1093/molbev/msz147
https://doi.org/10.1016/j.cub.2016.04.040
https://doi.org/10.1126/science.1147166
https://doi.org/10.1126/science.1080726
https://doi.org/10.7554/eLife.87705
https://doi.org/10.1126/sciadv.abi5507
https://doi.org/10.1146/annurev.arplant.49.1.173
https://doi.org/10.1146/annurev.arplant.49.1.173
https://doi.org/10.1016/j.cub.2015.11.032
https://doi.org/10.1016/j.cub.2015.11.032
https://doi.org/10.1074/jbc.RA120.014332
https://doi.org/10.1038/s41435-021-00149-1
https://doi.org/10.1146/annurev-physiol-020911-153327
https://doi.org/10.1038/s42004-021-00597-w
https://doi.org/10.1038/s42004-021-00597-w
https://doi.org/10.1073/pnas.1904234116
https://doi.org/10.3390/biology12101354
https://doi.org/10.3389/987-2-88966-952-3
https://doi.org/10.1021/bi801104c
https://doi.org/10.1021/bi801104c
https://doi.org/10.1016/j.bbamcr.2014.11.021
https://doi.org/10.1016/s1369-5266(02)00251-0
https://doi.org/10.1016/j.niox.2019.04.005
https://doi.org/10.1016/j.niox.2019.04.005
https://doi.org/10.1093/infdis/jiad405
https://doi.org/10.1038/ncomms8866
https://doi.org/10.1038/ncomms8866
https://doi.org/10.1038/s44318-025-00513-1
https://doi.org/10.1016/j.freeradbiomed.2024.11.044
https://doi.org/10.1016/j.freeradbiomed.2024.11.044
https://doi.org/10.1007/s00299-021-02683-8
https://doi.org/10.1002/j.1550-8528.1993.tb00021.x
https://doi.org/10.1002/j.1550-8528.1993.tb00021.x
https://doi.org/10.1073/pnas.1304145110
https://doi.org/10.1126/science.abc4552
https://doi.org/10.1042/EBC20160071
https://doi.org/10.1042/EBC20160071
https://doi.org/10.1038/s41580-022-00456-z
https://doi.org/10.1038/s41580-022-00456-z
https://doi.org/10.3389/abp.2025.15465

Anbalagan

Spontaneous Generation (1867). Spontaneous generation. Am. J. Dent. Sci. 1,
192-196.

Stoffel, G. M. M., Saez, D. A., DeMirci, H., Vogeli, B., Rao, Y., Zarzycki, J., et al.
(2019). Four amino acids define the CO2 binding pocket of enoyl-CoA
carboxylases/reductases. Proc. Natl. Acad. Sci. U. S. A. 116, 13964-13969. doi:10.
1073/pnas.1901471116

Stolz, J. F. (2017). Gaia and her microbiome. FEMS Microbiol. Ecol. 93, fiw247.
doi:10.1093/femsec/fiw247

Stomberski, C. T., Hess, D. T., and Stamler, J. S. (2019). Protein S-Nitrosylation:
determinants of specificity and enzymatic regulation of S-Nitrosothiol-Based
signaling. Antioxidants and Redox Signal. 30,1331-1351. doi:10.1089/ars.2017.7403

Storz, J. F. (2018). Hemoglobin: insights into protein structure, function, and
evolution. Oxford, United Kingdom: Oxford University Press. doi:10.1093/0so/
9780198810681.001.0001

Storz, J. F., and McClelland, G. B. (2017). Rewiring metabolism under oxygen
deprivation. Science 356, 248-249. doi:10.1126/science.aan1505

Sun, D., Gao, W., Hu, H,, and Zhou, S. (2022). Why 90% of clinical drug
development fails and how to improve it? Acta Pharm. Sin. B 12, 3049-3062. doi:10.
1016/j.apsb.2022.02.002

Tan, S, Liu, L, Jiao, J.-Y., Li, M.-M.,, Hu, C.-],, Lv, A.-P,, et al. (2024). Exploring
the origins and evolution of oxygenic and anoxygenic photosynthesis in deeply
branched cyanobacteriota. Mol. Biol. Evol. 41, msael51. doi:10.1093/molbev/
msael51

Tanneur, V., Duranton, C., Brand, V. B., Sandu, C. D., Akkaya, C., Kasinathan, R.
S., et al. (2006). Purinoceptors are involved in the induction of an osmolyte
permeability in malaria-infected and oxidized human erythrocytes. FASEB J. 20,
133-135. doi:10.1096/1j.04-3371fje

Typolt, O., and Filingeri, D. (2020). Evidence for the involvement of peripheral
cold-sensitive TRPM8 channels in human cutaneous hygrosensation. Am.
J. Physiology-Regulatory, Integr. Comp. Physiology 318, R579-R589. doi:10.1152/
ajpregu.00332.2019

Acta Biochimica Polonica

13

10.3389/abp.2025.15465

Ulrich, L. E., Koonin, E. V., and Zhulin, I. B. (2005). One-component systems
dominate signal transduction in prokaryotes. Trends Microbiol. 13, 52-56. doi:10.
1016/j.tim.2004.12.006

Vlot, A. C,, and Rosenkranz, M. (2022). Volatile compounds—the language of all
kingdoms? J. Exp. Bot. 73, 445-448. doi:10.1093/jxb/erab528

Wang, R. (2014). Gasotransmitters: growing pains and joys. Trends Biochem. Sci.
39, 227-232. doi:10.1016/j.tibs.2014.03.003

Wareham, L. K., Southam, H. M., and Poole, R. K. (2018). Do nitric oxide, carbon
monoxide and hydrogen sulfide really qualify as “gasotransmitters” in bacteria?
Biochem. Soc. Trans. 46, 1107-1118. doi:10.1042/BST20170311

Weits, D. A., van Dongen, J. T., and Licausi, F. (2021). Molecular oxygen as a
signaling component in plant development. New Phytol. 229, 24-35. doi:10.1111/
nph.16424

West, J. B. (2022). The strange history of atmospheric oxygen. Physiol. Rep. 10,
el5214. doi:10.14814/phy2.15214

Wong, A., Tian, X, Yang, Y., and Gehring, C. (2021). Identification of potential
nitric oxide-sensing proteins using the H-NOX motif. Mol. Plant 14, 195-197.
doi:10.1016/j.molp.2020.11.015

Zhou, C., and Tajima, N. (2023). Structural insights into NMDA receptor
pharmacology. Biochem. Soc. Trans. 51, 1713-1731. doi:10.1042/BST20230122

Zimmermann, M., Zimmermann-Kogadeeva, M., Wegmann, R, and
Goodman, A. L. (2019). Separating host and microbiome contributions to
drug pharmacokinetics and toxicity. Science 363, eaat9931. doi:10.1126/
science.aat9931

Zuhra, K., Petrosino, M., Janickova, L., Petric, J., Asceng¢do, K., Vignane, T,
et al. (2025). Regulation of mammalian cellular metabolism by endogenous
cyanide production. Nat. Metab. 7, 531-555. doi:10.1038/s42255-025-
01225-w

Zwier, K. R. (2018). Methodology in aristotle’s theory of spontaneous generation.
J. Hist. Biol. 51, 355-386. d0i:10.1007/s10739-017-9494-7

Published by Frontiers
Polskie Towarzystwo Biochemiczne (Polish Biochemical Society)


https://doi.org/10.1073/pnas.1901471116
https://doi.org/10.1073/pnas.1901471116
https://doi.org/10.1093/femsec/fiw247
https://doi.org/10.1089/ars.2017.7403
https://doi.org/10.1093/oso/9780198810681.001.0001
https://doi.org/10.1093/oso/9780198810681.001.0001
https://doi.org/10.1126/science.aan1505
https://doi.org/10.1016/j.apsb.2022.02.002
https://doi.org/10.1016/j.apsb.2022.02.002
https://doi.org/10.1093/molbev/msae151
https://doi.org/10.1093/molbev/msae151
https://doi.org/10.1096/fj.04-3371fje
https://doi.org/10.1152/ajpregu.00332.2019
https://doi.org/10.1152/ajpregu.00332.2019
https://doi.org/10.1016/j.tim.2004.12.006
https://doi.org/10.1016/j.tim.2004.12.006
https://doi.org/10.1093/jxb/erab528
https://doi.org/10.1016/j.tibs.2014.03.003
https://doi.org/10.1042/BST20170311
https://doi.org/10.1111/nph.16424
https://doi.org/10.1111/nph.16424
https://doi.org/10.14814/phy2.15214
https://doi.org/10.1016/j.molp.2020.11.015
https://doi.org/10.1042/BST20230122
https://doi.org/10.1126/science.aat9931
https://doi.org/10.1126/science.aat9931
https://doi.org/10.1038/s42255-025-01225-w
https://doi.org/10.1038/s42255-025-01225-w
https://doi.org/10.1007/s10739-017-9494-7
https://doi.org/10.3389/abp.2025.15465

	Gasocrine hypothesis – a potential supplement to cell theory
	If there is a term “cytokine signaling” for cytokines, what is the term for gases?
	Gasocrine signaling–a comprehensive term and framework for gas signaling
	Diversity of gasoreceptors that mediate gasocrine signaling
	Diversity in gases sensed and cellular localization
	Diversity of metal cofactors in gasoreceptors
	Metal-cofactor independent gasoreceptors
	Diversity in signaling domains
	Diversity in signal transduction systems
	Can any protein be considered as gasoreceptor?

	Potential diversity in gas-sensing biomolecules

	Gasocrine hypothesis from the perspective of aerobic eukaryotic organisms
	Gasocrine hypothesis–all cells require gasocrine signaling
	Falsifation of gasocrine hypothesis
	All cells require gasocrine signaling
	All living organisms composed of one or more cells require gasocrine signaling to sense, communicate, grow, and propagate
	Gasocrine signaling mediated via gasoreceptor proteins (or yet to be identified gas-sensing riboceptors) is the most essent ...
	Acellular entities arising from or replicating in pre-existing cells require gasocrine signaling
	Falsification on synthetic- or proto-cell system
	Ambiguity in falsification experiments

	Conclusion
	Author contributions
	Author contributionsSA: conceptualization, writing of the original draft, and review and editing.
	Acknowledgements
	Conflict of interest
	Generative AI statement
	References


