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1.	 Introduction
The interplay between diet, the gut microbiome, and 

host metabolism has emerged as a critical determinant 
of health and disease. Within this meta-organismal axis, 
Trimethylamine N-oxide (TMAO) has been consistently 
identified as a key metabolite associated with adverse 
cardiometabolic outcomes. Nutritional precursors such 
as choline, phosphatidylcholine (lecithin), L-carnitine, 
and betaine are metabolized by gut microbial enzymes, 
including choline TMA-lyase (cutC) and carnitine oxi-
doreductase (cntAB), to generate trimethylamine (TMA). 
This intermediate is subsequently oxidized by hepatic fla-
vin-containing monooxygenase 3 (FMO3) to form TMAO 
[1-3]. Elevated systemic TMAO levels are strongly cor-
related with cardiovascular diseases, atherosclerosis, and 
heart failure, suggesting its role as an active mediator ra-
ther than a passive biomarker of disease progression [4-6]. 
The underlying mechanisms of these pathologies involve 
enhanced oxidative stress, chronic inflammation, and ac-
tivation of apoptotic pathways[7]. TMAO is believed to 
contribute to these processes through direct interactions 

with proteins and receptors central to cellular homeostasis. 
For example, TMAO activates protein kinase R-like endo-
plasmic reticulum kinase (PERK), initiating an unfolded 
protein response cascade characterized by eIF2α phos-
phorylation, ATF4 induction, and CHOP upregulation, 
ultimately leading to apoptosis[8,9]. In addition, TMAO 
has been shown to interact with carbonic anhydrases, the-
reby perturbing CO₂ hydration and acid–base homeos-
tasis, which exacerbates vascular oxidative stress [10]. 
TMAO also influences endothelial nitric oxide synthase 
(eNOS) activity, impairing nitric oxide production and 
promoting vascular dysfunction through increased oxida-
tive burden[11]. Further interactions with proteins such as 
lipases and bovine serum albumin (BSA) indicate that the 
pathological impact of TMAO is multifaceted and extends 
across several molecular pathways[12].

A critical downstream target of TMAO-mediated cellu-
lar stress is Cyt c, a small heme protein that resides in the 
mitochondrial intermembrane space. Under normal condi-
tions, Cyt c functions as an electron carrier between com-
plexes III and IV of the respiratory chain and is stabilized 
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in a hexacoordinate heme configuration, where the heme 
iron is ligated by His18 and Met80.  During oxidative 
or apoptotic stress, weakening of the Met80–heme bond 
drives Cyt c toward a pentacoordinate state, activating its 
peroxidase function and facilitating its release from the 
inner mitochondrial membrane to the cytosol, where it 
triggers caspase activation and intrinsic apoptosis [13–17].

Given the established link between TMAO and apop-
tosis, we hypothesized that TMAO may directly interact 
with Cyt c and alter its structure and redox state. There-
fore, this study combines spectroscopic, biochemical, and 
computational approaches to examine whether TMAO 
binding drives Cyt c toward an apoptotically competent 
conformation.

2. Materials and methods
2.1.  Materials

Trimethylamine N-oxide (TMAO), potassium chlo-
ride (KCl), potassium dihydrogen phosphate (KH₂PO₄), 
and dipotassium hydrogen phosphate (K₂HPO₄) were pro-
cured from Merck. Cytochrome c (bovine heart) and all 
other chemicals, unless otherwise specified, were obtained 
from Sigma-Aldrich. Thioflavin T (ThT) and 8-anilino-
naphthalene-1-sulfonic acid (ANS) were also purchased 
from Sigma-Aldrich. All proteins used in this study were 
of analytical grade and employed without additional puri-
fication[18].

Protein samples were extensively dialyzed against 0.1 
M KCl (pH 7.0) at 4 °C to remove low-molecular-weight 
impurities. Stock protein solutions were passed through 
0.22 μm Millipore syringe filters to ensure sample cla-
rity. Protein concentrations were determined spectropho-
tometrically using a molar extinction coefficient of 1.06 
× 10⁵ M⁻¹ cm⁻¹ at 409 nm. Cytochrome c was oxidized 
with 0.01% potassium ferrocyanide prior to dialysis to 
ensure its oxidized state. All buffers used for optical mea-
surements were prepared with degassed 0.05 M phosphate 
buffer (pH 7.4)[19].

2.2. UV-visible spectrophotometry 
Absorption spectra of cytochrome c samples, with and 

without TMAO treatment, were recorded using a Jasco 
V-660 spectrophotometer equipped with a Peltier-based 
temperature control system, maintained at 37 °C. For ge-
neral spectral measurements, protein solutions were pre-
pared at a concentration of 15 µM, while a concentration 
of 50 µM was used for monitoring the 695 nm absorption 
band. All measurements were performed using quartz cu-
vettes with a 1.0 cm path length[18,19].

2.3. Peroxidase activity assay
Peroxidase activity of cytochrome c was determined 

using guaiacol as a chromogenic substrate. The reaction 
was initiated by the addition of hydrogen peroxide, and 
the formation of tetraguaiacol was monitored spectropho-
tometrically at 470 nm. Final assay concentrations were 1 
µM cytochrome c, 1 mM guaiacol, and 2 mM hydrogen 
peroxide (H₂O₂)[18].

2.4. Molecular Docking Studies
The three-dimensional crystal structure of cytochrome 

c (PDB ID: 1HRC) was retrieved from the Protein Data 
Bank and prepared using Maestro v11 (Schrödinger, 
2017). Protein preparation involved the removal of het-

eroatoms and crystallographic water molecules, followed 
by structural optimization and energy minimization with 
the OPLS-3 force field under physiological pH conditions 
(pH 7.4)[20]. Binding sites were predicted using SiteMap 
analysis[33]. Induced Fit Docking (IFD) of TMAO was 
performed using the Glide module across the 5 predicted 
sites predicted by SiteMap[21]. The ligand structure of tri-
methylamine N-oxide (TMAO) was obtained from ChEBI 
in SDF format, energy-minimized, and processed using 
LigPrep to account for chirality, tautomeric forms, and 
ionization states. Docking grids were constructed around 
the key residues of each binding site, and ligand–protein 
complexes were ranked based on docking scores and Glide 
energy. Molecular interactions and binding conformations 
were visualized using PyMOL [22]. 

2.5. Molecular Dynamics Simulations
MD simulations were conducted using GROMACS 

2022.04 with the CHARMM27 force field [23]. After re-
moving docked ligands and water, the protein-ligand com-
plex was solvated in a triclinic TIP3P water box, neutra-
lized with 10 Na⁺ and 19 Cl⁻ ions [24]. Energy minimiza-
tion was done using the steepest descent method, followed 
by equilibration using NVT and NPT ensembles for 5 ns 
each. The 200 ns production run was analyzed for RMSD, 
RMSF, radius of gyration (Rg), hydrogen bonding, and 
SASA. Electrostatics were computed using Particle Mesh 
Ewald (PME), and LINCS was used for bond constraints. 
Visualizations were generated using VMD and Chimera 

[25].

2.6. CD measurements 
Circular dichroism (CD) spectra were recorded on a 

Jasco J-810 spectropolarimeter equipped with a Peltier 
temperature control unit. Each spectrum represented the 
average of three accumulations. Protein samples at concen-
trations of 15–20 µM were used for CD measurements. 
Quartz cuvettes with 0.1 cm and 1.0 cm path lengths were 
employed for far-UV and near-UV CD spectra, respecti-
vely. Baseline corrections were performed by subtracting 
the corresponding buffer spectra[18,19].

2.7. Fluorescence measurements 
Fluorescence measurements were performed on a Per-

kinElmer LS 55 spectrofluorimeter using a 3 mm quartz 
cuvette, with both excitation and emission slit widths set 
to 10 nm. Protein concentrations were maintained at 3 µM 
for all experiments. Tryptophan fluorescence was recorded 
by exciting cytochrome c at 295 nm and collecting emis-
sion spectra from 310 to 500 nm. For ANS-binding assays, 
samples were excited at 360 nm, and emission spectra 
were acquired between 400 and 600 nm, with ANS main-
tained at a 16-fold molar excess relative to protein. Base-
line correction was performed by subtracting the spectra 
of corresponding buffer blanks[19].

2.8. Statistical analysis
Statistical analyses were conducted using GraphPad 

Prism 5.0 (GraphPad Software, San Diego, CA, USA). 
Comparisons between treated and control groups were 
performed using one-way ANOVA followed by Tukey’s 
post hoc multiple comparison test. For datasets involving 
fewer than three groups, an unpaired t-test was applied. 
Data are presented as mean ± standard error of the mean 
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implying increased separation and/or reduced electronic 
coupling between Trp and the heme (Fig. 2c). Comple-
mentarily, ANS fluorescence exhibited hyperchromicity 
with a prominent blue shift, indicating binding to newly 
exposed hydrophobic patches (Fig. 2d). Together, these 
results indicate that TMAO induces partial unfolding of 
Cyt c, resulting in secondary and tertiary structural pertur-
bations and exposure of hydrophobic clusters—consistent 
with the formation of a more flexible, peroxidase-active 
conformation. 

3.3. TMAO binding reduces Heme iron and disrupts 
the redox status of Cyt c.

To determine whether the TMAO-modified Cyt c cor-
responds to an apoptotically competent form, the heme 
absorption spectra of native and TMAO-treated Cyt c were 
compared (Figure 3a). A significant increase in the heme 
absorption at 409 nm in the case of TMAO-modified Cyt 
c was observed as compared to the native unmodified pro-
tein, indicative of a conformational change in the heme 
moiety that results in its increased exposure to the solvent. 
Comparison of redox spectra revealed that the untreated 
Cyt c displayed a single broad band at 530 nm, charac-
teristic of the oxidized state, whereas TMAO-treated Cyt 
c showed a distinct splitting into 520 and 550 nm peaks 
(Figure 3b). Such splitting is a hallmark of the reduced 
heme-center, strongly indicating that TMAO binding in-
duces reduction of the heme moiety and thereby alters the 
redox state of Cyt C.

(SEM; n = 3) unless otherwise specified. A p-value < 0.05 
was considered statistically significant.

3.	 Result
3.1.	 TMAO increases the peroxidase activity of Cyt 
c

In its native state, the heme iron of Cyt c is hexacoor-
dinated and in a low-spin state, with His 18 and Met 80 
as axial ligands. This tight coordination blocks access of 
hydrogen peroxide (H2O2) to the heme iron, resulting in 
very low intrinsic peroxidase activity. However, slight 
destabilization of the native structure can weaken or break 
the Met 80 bond to the heme iron, which results in the 
opening of the heme pocket[26,27]. This allows greater 
access to the catalytic centre and leads to a significant in-
crease in the peroxidase activity.  To assess the effect of 
TMAO on peroxidase activity, Cyt c was incubated over-
night with increasing concentrations of TMAO (50–250 
μM), and enzyme activity was measured using guaiacol as 
substrate. Figure 1a shows the standard absorbance curve 
at 470 nm measured for 10 minutes and Figure 1b shows 
the corresponding calculated percent peroxidase activity 
in a bar diagram with increasing concentrations of TMAO 
at the end of 10 minutes[28].  A significant increase in 
peroxidase activity was observed at 50–250 μM TMAO 
compared with native Cyt c (one-way ANOVA followed 
by Tukey’s post hoc test; p < 0.005).

3.2.Effect of TMAO on the structural integrity of Cyt c
To explore the structural basis of the enhanced pe-

roxidase activity, biophysical and spectroscopic analyses 
were performed to examine the conformational effects of 
TMAO binding. 

Far-UV CD, which reports secondary structure 
(α-helices give characteristic negative bands at ~208 and 
222 nm), showed a clear perturbation in the 208 nm band, 
indicating altered helical content (Fig. 2a). Tertiary struc-
tural rearrangements associated with this secondar struc-
tural alteration were studied using Near-UV CD, which 
revealed a decrease in ellipticity in the 280–290 nm re-
gion, consistent with alterations in the local environment 
of the Trp residue (Fig. 2b). In line with these CD changes, 
intrinsic Trp fluorescence experiments displayed a marked 
increase in emission near ~350 nm upon overnight incuba-
tion with TMAO, an effect attributable to relief of heme-
mediated quenching of the Trp residue in the native state, 

Fig. 1. Peroxidase activity of native and modified Cyt c.  (a). Pe-
roxidase activity was assayed using guaiacol as substrate by measu-
ring the increase in absorption at 470 nm for tetraguaiacol formed 
as product. (b). Bar graph showing percent peroxidase activity in the 
presence of increasing concentrations of TMAO (50–250 µM). Data 
are presented as mean ± SEM (n = 3). Statistical analysis was perfor-
med using one-way ANOVA followed by Tukey’s post hoc test; p < 
0.005 vs. native Cyt c.

Fig. 2. Effect of TMAO on structural integrity of Cyt c. (a) Far-UV 
CD spectra, (b) Near-UV CD spectra, (c) Trp and (d) ANS fluores-
cence spectra of native and TMAO-treated cyt c. 

Fig. 3. Effect of TMAO on the Heme moiety of Cyt c. (a) Heme ab-
sorption spectra of both native and TMAO-treated protein. (b) redox 
states of native and modified Cyt c along with a chemically reduced 
positive control (1 mM Na₂S₂O₄).

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/guaiacol
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3.4. TMAO binding disrupts Cyt c Heme-Met80 liga-
tion 

In its native state, cytochrome c holds the heme group 
in a stable hexa-coordinated arrangement, where the sixth 
ligand is provided by Met 80. This Met 80–heme bond 
is crucial, as even subtle changes to it can dramatically 
influence both the structure and function of the protein. 
When this coordination is disrupted, Cyt C shifts into a 
less stable penta-coordinated form that acquires peroxi-
dase activity, a function closely linked to its role in apop-
tosis[29,30]. One of the classic signatures of the Met80 
heme interaction is the weak absorption band observed at 
695 nm. Loss or weakening of this band reflects the brea-
kage of the Met80 heme bond[31,32]. It is clearly seen 
in Figure 4 that there is a gradual loss in the 695 nm band 
after treatment with 250μM TMAO. Thus, TMAO drives 
Cyt C into such a non-native, penta-coordinated confor-
mation, accompanied by disrupted tertiary interactions, 
consistent with its conversion into an apoptotically com-
petent species.

3.5. In-vitro binding study using ITC
In order to experimentally validate direct interaction 

between TMAO and Cyt c, isothermal titration calori-
metry (ITC) experiments were performed at 25°C.

TMAO was titrated into a solution of Cyt c (50 µM), 
and the resulting thermogram and integrated heat data 
were analyzed using a one-site binding model.

The ITC binding isotherm showed distinct exother-
mic peaks for each injection, followed by saturation af-
ter several titrations (Figure 5a). The integrated binding 
curve fitted well to a single-site model with a dissociation 
constant (Kd) of approximately 0.62 mM, indicating a 
moderate but specific interaction between TMAO and Cyt 
c. The negative enthalpy change (ΔH = −2.53 kcal/mol) 
and positive entropy (ΔS = +11.8 cal/mol·K) suggest that 
the binding process is both enthalpically and entropically 
favorable, dominated by hydrogen bonding and hydropho-
bic interactions (Figure 5b).

3.6. TMAO binds to Cyt c
To complement the biochemical data and identify 

potential binding sites, molecular docking and molecular 
dynamics (MD) simulations were performed.

First of all, in silico molecular docking studies were 
performed using Glide module of Schrödinger. Poten-
tial ligand binding pockets in the protein were identified 
using the SiteMap module of Schrödinger. This analysis 
revealed at least 5 putative binding sites in the protein, 
with their corresponding residues and site scores listed in 
Table 1. Systematic Glide docking of TMAO at these indi-
vidual sites yielded binding energies ranging from −9.4 
to −25.6 kcal/mol (Table 2). According to the Glide 6.7 

Fig. 4. Effect of TMAO on Cyt c Heme-Met80 ligation. Absorption 
spectra of untreated and TMAO-treated Cyt c. 

Fig. 5. In-vitro binding analysis using ITC. (a) Time-dependent 
thermogram upon injection with different concentrations of TMAO. 
(b) Resultant binding isotherm prior to the integration of peak area 
and normalization to yield a plot of molar enthalpy change against 
control Cytochrome c-TMAO ratio.

Site number                             amino acid SiteScore
Site 1                         Lys99, Ile 95, Phe36 0.90
Site 2                              Lys5, Ile9, Gln12 0.88
Site 3                              Thr 19, Val 20, His18  0.84
Site 4                         Gly 56, ILE57, Asn54 0.76
Site 5                         Pro71, Asn70, Glu69 0.61

Table 1. List of different pockets along with their amino acid and site score obtained from site map analysis.

Site number Docking Score Glide energy
Site 1 -5.2 -25.6
Site 2 -4.3 -21.6
Site 3 -3.9 -14.2
Site 4 -3.5 -13.1
Site 5 -3.3 -9.4

Table 2. Values of docking score (unitless) and glide energy (kcal/mol) of the binding interaction between the pockets of Cyt 
c and TMAO. 
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documentation, Glide Energy values are reported in kcal/
mol, while Docking Score remains a unitless composite 
docking score; therefore, the values presented in Table 2 
adhere to this convention 

Notably, the values of docking score and Glide energies 
were the highest for Site 1 (Glide energy−25.6 kcal/mol; 
docking score −5.2), indicative of the binding of TMAO in 
this site. Figures 6a and 6b display the 2D and 3D binding 
poses of TMAO at this site, along with interactions with 
the key residues Lys99, Ile95, Glu61and Phe36 of the site. 
To assess the stability of this interaction, 200 ns molecular 
dynamics (MD) simulations were performed. RMSD plots 
obtained indicated that both free and TMAO-bound Cyt c 
reached equilibrium early and remained stable throughout, 
with a minor increase of 0.1 Å in average RMSD upon 
TMAO binding (Figure 6C). RMSF analysis showed en-
hanced flexibility near residue numbers 25-28, 35-45, 78-

82 and 95-102 in the TMAO-bound complex, which clearly 
indicates the perturbation around key residues of binding 
site (Figure 6d). Radius of gyration (Rg) values suggested 
slight expansion of the TMAO-bound protein (Figure 6e), 
with a concomitant minor variation in the solvent-acces-
sible surface area (SASA), indicating that expansion also 
affects solvation properties (Figure 6f). Hydrogen bond 
analysis showed the presence of 1 consistent hydrogen 
bond throughout the simulation, with bond lengths fluc-
tuating between 1.80 and 1.92 Å (Figure 6g and 6h). Col-
lectively, these results confirm that TMAO binds to Cyt C 
and also induces modest structural flexibility. 

4.	 Discussion
Our study reveals, for the first time, that the gut mi-

crobiota–derived metabolite trimethylamine N-oxide 
(TMAO) directly alters the structural and functional inte-
grity of cytochrome c (Cyt c), converting it into an apop-
totically competent species. In its native conformation, 
Cyt c exists as a hexa-coordinated, low-spin heme protein 
with Met80 and His18 serving as axial ligands[34]. This 
coordination effectively shields the heme iron from reac-
tive oxygen species and maintains low basal peroxidase 
activity. Our results show that TMAO treatment disrupts 
this protective arrangement, as evidenced by the loss of 
the diagnostic 695 nm absorption and a parallel gain in 
peroxidase activity. These findings align with previous 
reports on other metabolite-induced Cyt c modifications, 
such as N-homocysteinylation [19] and glyoxal-induced 
glycation [18], which similarly convert Cyt c into a penta-
coordinated peroxidase-active species. The concentrations 
used here (50–250 µM) fall within the range observed in 
pathological states such as atherosclerosis, chronic kidney 
disease, and metabolic syndrome. This ensures that the 
structural and functional effects we observed reflect cli-
nically relevant exposures rather than supraphysiological 
artifacts[35]. However, unlike covalent modifications that 
require chemical adduct formation, the effect of TMAO 
arises from non-covalent binding, underscoring a novel 
mechanism of structural perturbation. Molecular docking 
and MD simulations further revealed that TMAO binds 
stably near Lys99 through hydrogen bonding, inducing lo-
cal flexibility and subtle expansion of the protein structure. 
This binding event correlates with spectroscopic evidence 
of altered tertiary packing (near-UV CD, Trp fluorescence) 
and increased solvent exposure of hydrophobic residues 
(ANS binding). Importantly, heme absorbance measure-
ments indicated that TMAO-modified Cyt c undergoes 
reduction of its iron center, shifting its redox state and 
enabling enhanced catalytic activity toward guaiacol in the 
presence of H₂O₂. Together, these structural and functional 
alterations define a non-native Cyt c species that is both 
redox-active and apoptotically competent. Similar non-na-
tive Cyt c conformers with exposed heme and enhanced 
peroxidase activity have been described during cardiolipin 
interaction[36] and upon chemical modification [18,19]. 
The transition of Cyt c to a peroxidase-active state is a de-
cisive event in apoptosis, as peroxidase activity catalyzes 
oxidation of mitochondrial cardiolipin—a prerequisite for 
Cyt c detachment from the inner mitochondrial membrane 
and its release into the cytosol[37]. By promoting heme 
exposure and redox disruption, TMAO effectively primes 
Cyt c for this release. Thus, our findings extend the pro-
apoptotic repertoire of TMAO from ER stress and inflam-

Fig. 6. In silico molecular docking and molecular dynamics simu-
lation studies showing binding of TMAO to the Cytochrome c. 
(a) 2D ligand interaction diagram of TMAO bound near the Lys 99 of 
Cytochrome c. (b) 3D graphical representation of TMAO bound near 
the Lys 99 of Cytochrome c. (c) The RMSD plot showing the changes 
between the stabilities in the observed systems. (d) The graphical re-
presentation of the changes observed in the fluctuation of the consti-
tuent residues between the TMAO-bound and unbound Cytochrome 
c. (e) The Rg plots showing the difference in the compactness between 
the TMAO bound and unbound Cyt c. (f) The graphical representation 
of the changes observed in the Solvent accessible surface area (SASA) 
between the TMAO-bound and unbound Cyt c. (g) Hydrogen-bond 
fluctuations plot highlighting the changes in the observed number. (h) 
Fluctuations in the hydrogen-bond length throughout the run.
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masome pathways to direct modulation of mitochondrial 
death machinery. This provides a missing mechanistic 
link between elevated circulating TMAO, mitochondrial 
dysfunction, and apoptotic cell loss in cardiovascular and 
metabolic disorders.

A particularly striking feature of our results is the para-
doxical behavior of TMAO. While TMAO is classically 
described as an osmolyte that stabilizes proteins under 
stress [38], our data indicate that in the case of Cyt c, 
TMAO destabilizes tertiary contacts and weakens axial 
heme ligation. This duality suggests that TMAO’s effects 
are protein-context dependent, stabilizing some proteins 
while rendering others apoptotically competent. Such 
specificity may help explain why systemic TMAO eleva-
tion is associated with broad tissue injury, from vascular 
apoptosis to renal and metabolic dysfunction[39]. Taken 
together, we propose that TMAO binding converts native 
Cyt c into a structurally destabilized, redox-active, peroxi-
dase-competent form. This remodeled Cyt c can accelerate 
mitochondrial lipid oxidation, facilitate release from the 
mitochondrial membrane, and engage the intrinsic apop-
totic pathway. By directly targeting Cyt c at the critical 
heme–Met80 coordination switch, TMAO emerges as a 
potent modulator of mitochondrial cell death, providing 
a unifying mechanistic insight into its pathological asso-
ciations. This mechanistic cascade is illustrated in Figure 
7, which summarizes the sequence of events from TMAO 
binding at the Lys99 region to structural perturbation, 
Met80–heme disruption, enhanced peroxidase activity, 
cardiolipin oxidation, and eventual cytochrome c release 
leading to apoptosis. While the loss of the 695 nm band 
and splitting of the 530 nm band into 520 and 550 nm 
strongly suggest disruption of the Met80–heme ligation 
and heme reduction, respectively, these results are cor-
relative and based on spectroscopic evidence. Advanced 
confirmation through resonance Raman, EPR, or redox 
titration should be carried out in future work. It should 
also be noted that the study employed bovine Cyt c, which 
shares over 90% sequence identity with the human pro-
tein. Both the proposed TMAO-binding residues (Lys99, 
Ile95, Glu61, Phe36) and active-site residues (His18, 
Met80, Tyr67, Thr78, Lys72) are fully conserved, suppor-
ting the general relevance of our findings to human Cyt 
c[34]. Future in vivo studies are warranted to establish 
whether this mechanism operates under physiological 
concentrations of TMAO and contributes directly to di-

sease pathogenesis. Targeting the TMAO–Cyt c axis may 
thus represent a promising therapeutic strategy to mitigate 
TMAO-driven cardiovascular and metabolic disorders. 
While TMAO has been widely associated with endoplas-
mic reticulum (ER) stress, inflammasome activation, and 
metabolic dysfunction [36], its ability to act directly on the 
mitochondrial apoptotic machinery has remained largely 
unexplored. Here, we demonstrate that TMAO binding 
destabilizes the heme–Met80 ligation of Cyt c, disrupts its 
tertiary structure, exposes the heme pocket, and enhances 
peroxidase activity—molecular hallmarks of Cyt c’s shift 
from an electron carrier to a pro-apoptotic catalyst. The 
underlying mechanisms of many TMAO-related patholo-
gies converge on oxidative stress, inflammatory signalling, 
and mitochondrial damage. Our findings extend this view 
by showing that TMAO can also drive apoptosis through 
its direct impact on cytochrome c. Notably, TMAO dis-
tribution in the body is organ-dependent, with its concen-
trations being higher in tissues where O₂ transporters are 
upregulated[40]. This tissue-specific enrichment may help 
explain why organs such as the kidney and liver sites of 
chronic kidney disease (CKD) and non-alcoholic fatty 
liver disease (NAFLD), respectively, exhibit pronounced 
TMAO-associated toxicity. In these contexts, elevated 
TMAO may sensitize cells to apoptosis by destabilizing 
cytochrome c, thereby amplifying tissue injury and disease 
progression.
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