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A B S T R A C T

The energized structured water (ESW) concept supposes water can be imbued with energetic frequencies or 
vibrations, improving its quality and providing various health benefits. While some studies claim benefits, the 
mechanisms and effects of ESW are not well understood. This study investigates the impact of ESW on cellular 
bioenergetic function and oxidative stress in H9c2 cells. H9c2 cells were pretreated with ESW or control water 
(CW) at equivalent dilutions. Mitochondrial function was assessed using the Agilent Seahorse XF Pro Analyzer. 
Cell viability and reactive oxygen species (ROS) production were evaluated under H2O2-induced oxidative stress 
conditions. Differential gene expression analysis and Gene Ontology (GO) enrichment were conducted to identify 
significantly affected genes and biological processes in ESW-treated H9c2 cells. Results demonstrated that ESW 
pretreatment significantly increased maximal and spare respiratory capacity in H9c2 cells. In addition, ESW 
treatment increased the glycolytic ATP production without affecting mitochondrial and total ATP production. 
ESW treatment enhanced cell viability and reduced ROS production in cells exposed to H2O2-induced oxidative 
stress. Based on differential gene expression analysis, 717 genes including Myh1, Akr1b8, Hmox1, Kcng1, Ugt1a6, 
Clu, Gaa, Ftl1, Hspb7, and Gba1 were up-regulated and 422 genes including Hist1h2an, Slfn4, Rpl22l1, Polr2k, 
Il1rl1, Ndufb1, Atp5mkl1 were down-regulated by ESW compared to the controls. GO analysis indicated that ESW 
treatment significantly affects biological processes related to cellular stress response pathways. These findings 
suggest that ESW treatment may enhance cellular bioenergetics and stress resistance in H9c2 cells, potentially 
through modulation of gene expression related to stress responses and energy metabolism.

Introduction

Energized structured water (ESW) refers to liquid water that exhibits 
enhanced molecular organization compared to unstructured bulk water, 
characterized by the formation of coherent hydrogen-bonded networks 
and water clusters.1–3 These clusters can range from small assemblies of 
a few molecules to larger, organized domains containing hundreds of 
water molecules, forming what are termed "coherent domains" or 
"exclusion zones (EZ) as shown in Fig. 1.4 The molecular organization in 
ESW involves modified hydrogen bonding patterns, altered dipole ori
entations, and increased molecular ordering that extends beyond the 
typical random arrangement found in bulk water.1,4–6 The structural 
modifications in ESW are associated with measurable changes in phys
ical properties, including surface tension, viscosity, electrical 

conductivity, and optical characteristics, which may contribute to its 
distinct biological activities compared to conventional water.1,4,6,7

Emerging evidence suggests that water and biological systems 
possess remarkable quantum properties, typically observed at the 
microscopic level.8,9 Although the precise mechanisms are still being 
investigated, some studies suggest that the organized molecular struc
ture of structured water may enhance biological interactions by 
improving membrane permeability, altering ion transport, and modi
fying protein-water interactions.10,11 Magnetic treatment alters water’s 
physicochemical properties by converting kinetic energy of ions into 
electrical energy, making electrolyte ions more activated and easily 
absorbed by the body to promote biological activation of tissues and 
cells.12 This process increases ionization and electrolyte mobility in 
magnetized water, which are considered critical factors for enhancing 
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enzyme activity and cellular functions.12 In addition, magnetized water 
exhibits increased pH and electrical conductivity due to altered 
hydrogen bonding and ion hydration, which may enhance biological 
functions by improving ion transport, enzyme activity, and cellular 
signaling efficiency.10–13

The idea that water can have unique structural properties and 
potentially transfer information has gained attention and interest from 
researchers across various disciplines.4,6,14,15 ESW is often associated 
with holistic health practices and alternative medicine. Previous in
vestigations have documented diverse biological effects of structured 
water across multiple physiological systems and species.4,16,17 Findings 
suggest that dairy cows that consumed magnetically treated water 
(MTW) have improved milk production and overall healthier conditions 
than those drinking untreated water.18 Similarly, sheep exposed to MTW 
have demonstrated increased wool and meat production.19 In addition, 
treatment of MTW improves Japanese quail’s biochemical and physio
logical properties, which could help improve poultry productivity.20 In 
metabolic health, structured water supplementation lowers blood 
glucose, glycated hemoglobin, and oxidative DNA damage in diabetic 
animal models.21 Additionally, structured water increases cell viability 
and antioxidant activity in various cell culture systems.22 Together, 
these findings highlight the biological relevance of structured water, 
demonstrating its potential to improve metabolic health and cellular 
function across diverse species and systems.

Based on the previous findings, it is possible that water can adopt a 

distinct state shown by an organized molecular structure, enabling it to 
retain and transfer energetic patterns or frequencies.4,8 The ability of 
water to encode and transmit specific information could open new 
possibilities for personalized therapies, targeted drug delivery, and 
novel approaches to healthcare. While structured water demonstrates 
benefits in animal and human studies,4,16 the cellular mechanisms un
derlying these effects, particularly on cardiac cell bioenergetics and gene 
expression, remain unexplored. Recent evidence suggests that topical 
magnetized saline water improves skin biophysical parameters,23 while 
magnetized water activates autophagy and enhances photoprotection in 
keratinocytes,24 supporting the therapeutic potential of water-based 
interventions in cellular applications.

Cardiac cells have exceptionally high energy demands and are 
particularly susceptible to mitochondrial dysfunction, which contributes 
to various cardiovascular pathologies including heart failure and 
ischemic heart disease25 . However, it is unknown whether ESW im
proves mitochondrial respiratory capacity and oxidative stress resis
tance in cardiomyoblasts. The present study represents the first in vitro 
investigation to comprehensively assess ESW effects on bioenergetics 
function and transcriptomic responses in H9c2 cells, addressing a crit
ical knowledge gap in understanding the cellular basis of structured 
water biological activity. H9c2 cells represent an ideal model for 
investigating ESW effects due to their high metabolic demands and 
dependence on mitochondrial function.25 We hypothesize that ESW 
pretreatment increases respiratory capacity and reduces oxidative stress, 
inducing ROS levels in H9c2 cells compared to control water (CW), 
while modulating gene expression related to cellular stress response and 
energy metabolism. To test these hypotheses, we utilized Seahorse XF 
technology for bioenergetic analysis, ROS detection assays for oxidative 
stress assessment, and transcriptomic analysis to investigate the mo
lecular mechanisms underlying ESW effects on H9c2 cells.

Materials and methods

Cell culture

H9c2 (CRL-1446™) cell line was purchased from the American Type 
Culture Collection (ATCC, Manassas, VA, USA). Cells were cultured in 
Dulbecco’s Modified Eagle’s Medium (DMEM) (GIBCO/BRL, 
11,885,092) containing 5 mM glucose, supplemented with 10 % fetal 
bovine serum (FBS, Thermo Fisher Scientific, 16,000,044) and 1 % 
Penstrep (Penicillin/Streptomycin, GIBCO, 15,140,122). The cells were 
maintained in vented 75 cm2 tissue culture flasks (Sarstedt, Germany) 
and incubated at 37 ◦C under 5 % CO2. The cultures were routinely split, 
using trypsin (0.25 % Trypsin-EDTA, Gibco, 25,200–056) at 70–80 % 
confluency. Treatments of H9c2 were started at passages 5–8 in all ex
periments to preserve the characteristics of the cell lines.

Water imprinting method

ESW and CW samples were obtained from NES Health (Tampa, FL, 
USA), which specializes in producing imprinted water products. The 
ESW used in the current study was specifically formulated through NES 
Health’s imprinting process, which was developed and perfected 
through multiple years of testing, to transfer energetic information 
aimed at enhancing cellular bioenergetics, antioxidant capacity, and 
stress response effects.26 NES Health’s imprinting process for the 
structured water samples was carried out using a proprietary fixed 
imprinter device equipped with the 940 nm infrared LED arrays (200 
mW light flux), 400 nm UV LED arrays (30 mW light flux), red LED 
arrays (250 mw light flux), green LED arrays (250 mw light flux), 48 mA 
Bifilar coils (1 mT strength), and 8 kV electrostatic field generator. For 
the imprinting process, purified water (contains Himalayan sea salt 1 % 
or 0.29574 ml/oz, potassium chloride 1.5 % or 0.44361 ml/oz, mag
nesium chloride 1 % or 0.29574 ml/oz, potassium sorbate 0.2 % or 
0.059148 ml/oz, citric acid 0.1 % or 0.02957 4 ml/oz) samples were 

Fig. 1. Schematic representation of water molecular structures. The top panel 
illustrates conventional liquid "bulk" water (H₂O), characterized by randomly 
oriented water molecules. The bottom panel represents structured or "hexago
nal" water (H₃O₂), also referred to as exclusion zone (EZ), gel, or living water, 
showing an ordered arrangement of water molecules forming a hexagonal lat
tice. Image source: Pollack, G. H. (2013). The fourth phase of water: Beyond 
solid, liquid, and vapor. Ebner & Sons.
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loaded onto the conveyor system of the imprinter device. As the water 
samples moved through the imprinter device, they were exposed to the 
illumination from the 940 nm infrared LED arrays, 400 nm UV LED 
arrays, red and green LED arrays, magnetic and electrostatic fields 
simultaneously for 10 s. After the exposure, the imprinted water samples 
were collected at the output of the imprinter device for further analysis 
and applications. A purified water sample was used as a CW without 
exposure to the imprinting process. ESW and CW samples were stored in 
amber-colored, sealed glass bottles at room temperature (15 ◦C-22 ◦C) in 
the dark to prevent potential degradation of imprinted properties and 
minimize environmental influences.

Structured water treatment

H9c2 cells were treated for 72 h. Cell culture media was refreshed 
daily, with the addition of either fresh media alone (control) or media 
containing ESW or CW at specific dilutions. The dilutions used were 
1:10, 1:100, and 1:1000. This media replacement and treatment addi
tion process was repeated daily throughout the 72-hour experimental 
period. The final volume added was 100 μL per well of treatment solu
tion. These dilution ratios were selected based on preliminary studies 
conducted in our laboratory, which identified this concentration range 
as optimal for structured water biological effects on H9c2 cells. For the 
cellular functional assays (bioenergetics, viability, ROS), wells were 
assigned to treatment groups systematically across plates to ensure equal 
distribution of treatments within each experimental run. Technical 
replicates were distributed across multiple plates to account for plate- 
specific variability. The experimental design included three groups: 1) 
control cells cultured in normal growth medium alone, 2) cells treated 
with CW containing identical chemical composition but without ener
getic imprinting, and 3) cells treated with ESW that underwent complete 
electromagnetic imprinting process.

Bioenergetics assessment

Agilent Seahorse XF Pro Analyzer (Agilent Technologies, Santa 
Clara, California) was used to assess extracellular acidification rate 
(ECAR, mpH/min) and mitochondrial oxygen consumption rate (OCR, 
pmol/min) in H9c2 cells. Cells were plated at seeding densities 5 K, 10 K, 
20 K, and 40 K to find the optimized cell seeding density, which was 
experimentally determined between 10 K and 20 K cells (Supplementary 
Figure 1A). This was followed by drug optimization tests, in which the 
optimal final well concentrations were experimentally determined to be 
1.5 μM for oligomycin, 1.5 μM for carbonyl cyanide-p- 
trifluoromethoxyphenylhydrazone (FCCP), and 0.5 μM of rotenone 
and 0.5 μM of antimycin A (Rot/AA).

Mitochondrial stress tests were performed as suggested by the 
manufacturer (Agilent Seahorse XF Cell Mito Stress Test kit, 
103,015–100) to determine non-mitochondrial respiration, basal respi
ration, proton-leak, ATP-linked respiration, mitochondrial maximal 
respiration, and spare respiratory capacity. Briefly, H9c2 cells were 
seeded in an XF 96-well plate at 1 × 104 cells/well density. Afterward, 
the cells were exposed to ESW and CW at dilutions of 10–1, 10–2, and 
10–3 in normal growth media for 72 h.27 Control cells were treated solely 
with normal growth media. Fresh samples were prepared daily 
throughout the treatment, and the cell culture media were replaced 
accordingly. On the day of the assay, the cell culture media were 
substituted with Agilent XF DMEM base medium supplemented with 1 
mM pyruvate, 2 mM glutamine, and 10 mM glucose. Subsequently, the 
cells were incubated for 1 hour in a CO2-free environment at 37 ◦C to 
eliminate CO2 and prevent pH disturbances. The mitochondrial stress 
assay was performed with the sequential addition of oligomycin (1.5 
µM), FCCP (1.5 µM), and a mixture of Rot/AA (0.5 µM). The 
non-mitochondrial oxygen consumption rate is the minimum OCR 
measured after the Rot/AA injection. Basal respiration differs between 
the OCR before applying the first agent and the non-mitochondrial 

oxygen consumption rate. Maximal respiration is the difference between 
the OCR amplitude observed in the presence of FCCP and the 
non-mitochondrial oxygen consumption rate. The spare respiratory ca
pacity is the difference between maximal and basal respiration (Sup
plementary Figure 1B). All data were normalized to the basal level of the 
respiration rate (OCR just before the application of any agent, 100 %).

To quantify the overall cellular ATP production rate and distinguish 
the respective contributions of glycolysis and mitochondrial respiration, 
we employed the XF Real-Time ATP Rate Assays, utilizing 1.5 μM oli
gomycin and 0.5 μM of ROT/AA. The results were normalized to the 
number of cells quantified by Hoechst staining using Cytation 5 (Agilent 
Technologies, Santa Clara, California) and images in software (Gen5). 
Results were analyzed by Wave Desktop Software 2.6 (Agilent Tech
nologies, Santa Clara, California) and using Seahorse analytics by Agi
lent Technologies (https://www.agilent.com/en/product/cell-analysi 
s/real-time-cell-metabolic-analysis/xf-software/agilent-seahorse- 
analytics-787485).

Cell viability assay

Cell viability was examined using the XTT assay (Thermo Fisher 
Scientific, Waltham, Massachusetts). H9c2 cells were plated in a 96-well 
plate at 1 × 104 cells/well. After adhering overnight, H9c2 cells were 
incubated with ESW and CW, at dilutions of 10–2, and 10–3, in normal 
growth media for 72 h, except for the control group receiving the me
dium instead. Oxidative stress was induced by administering 125 μM 
H2O2 and 250 μM H2O2. H9c2 cells were exposed to H2O2 (125 μM and 
250 μM) in DMEM without FBS at 37 ◦C in a humidified atmosphere 
containing 5 % CO2 for 1 hour. After that, cells were incubated with XTT 
at 37 ◦C for another 4 h. Absorbance was examined with a microplate 
reader at a wavelength of 450 nm and 660 nm.

Reactive oxygen species analysis

To assess the impact of ESW on cellular oxidative stress induced by 
ROS, H9c2 cells were cultured in cellvis-P96 glass-bottom 96-well plates 
at a density of 1 × 104 cells per well. Cells were treated with ESW or CW 
at dilutions of 10–2 and 10–3 in normal growth media for 72 h, with the 
control group receiving only medium. Subsequently, cells were exposed 
to 250 μM H2O2 for 1 hour. Intracellular ROS levels were quantified 
using the DCFDA/H2DCFDA cellular ROS assay kit (Abcam, ab 
113,851). Treated cells were washed with 1X buffer after medium 
removal and incubated with 7 μM DCFH-DA in PBS at 37 ◦C for 45 min. 
Following two washes to remove excess dye, fluorescence readings were 
measured with excitation at 485 nm and emission at 535 nm by Cytation 
5 (Agilent Technologies, Santa Clara, California) fluorescent plate 
reader. The percentage increase in intracellular ROS was calculated 
based on the fluorescence intensity of DCF in each treatment group 
relative to the control. The images of H9c2 cells were also acquired with 
a Keyence microscope under blue and green fluorescent filters.

RNA isolation, library preparation, sequencing and data analysis

Total RNA was extracted using a RNeasy Plus Mini Kit (Qiagen) 
following ESW and CW treatment at dilutions of 10–2 for 72 h. RNA 
concentrations and quality were determined using NanoDrop absor
bance ratios at 260/280 nm and 260/230 nm. RNA integrity was 
determined using the Agilent Bioanalyzer Nano RNA chip. RNA (500 ng, 
3 replicates/group) with RIN ≥ 8.0 was used for RNA-seq. High- 
throughput sequencing was conducted at the IGM Genomics Center 
(UCSD, La Jolla, CA, USA) on Illumina NovaSeq X Plus. RNA-seq data 
(58.8–107 million reads/sample) were saved in FASTQ format. For RNA- 
seq analysis, samples were randomly assigned identification codes and 
processed randomly to minimize batch effects and processing bias. RNA 
extraction, library preparation, and sequencing were conducted with 
samples identified only by randomized codes, with treatment identities 
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revealed only after initial bioinformatic analysis.
All steps of data processing and downstream analysis were conducted 

at the Texas Advanced Computing Center (TACC) The University of 
Texas at Austin. Software used for RNA-seq analyses is summarized in 
Bioinformatics Resources (Supplementary Table 1). FASTQ files were 
pre-filtered to remove low-quality bases, TruSeq dual-index adapter 
sequences, and unpaired reads using Fastp utility.28 Transcript-level 
mapping was conducted in Salmon aligner29 using rat (Rattus norvegi
cus) reference genome and transcriptome assembly version GRCr8 
(GCF_036323735.1). The quality of RNA-seq, mapping, and quantifi
cation were assessed using the MultiQC tool.30 All samples had 
high-quality scores.

Gene-level quantification and annotation were done using Tximeta 
utility.31 Gene count matrices were normalized, and differential 
expression analyses were done in DESeq232 using a generalized linear 
model in which counts for each gene and sample were modeled using a 
negative binomial distribution with fitted means and gene-specific dis
persions.32 Outlier samples were detected by Cook’s distance method 
and excluded. The adjusted (shrunken) log2FC values were calculated 
using the ashr method.33 Significant DEGs defined by Wald test P < 0.05 
and Padj < 0.1 (or both) and used in downstream analyses. log2FC esti
mates were shrunken towards the prior using the ashr method.33 Batch 
effects were controlled using removeBatchEffect34 and RUVseq35 func
tions. DEGs were visualized using PCAtools, and EnhancedVolcano 
Bioconductor packages.

Enrichment analyses of protein-coding and non-coding RNA 
(ncRNAs) DEGs annotated in the GO database and fitting the standard 
statistical criteria (Padj < 0.1) were conducted to estimate significant GO 
biological processes, cellular components and molecular functions in 
comparison groups. The arbitrary post hoc filtering of DEGs by log2FC >
0.2 or log2FC < − 0.2 was applied to predict up- or down-regulated GO 
terms, respectively. Biological interpretations of signaling pathways and 
GO terms were conducted using default parameters in clusterProfiler36

based on significance scores (q-values < 0.05) calculated by Fisher exact 
test36 and adjusted using Benjamini-Hochberg procedure. KEGG37 and 
GO public databases38 were used for data mining. Data were analyzed 
and visualized in Bioconductor,39 R-studio (version 2023.06.1) and 
Cytoscape (version 3.10.2).40,41

Statistical analysis

Statistical analyses were performed using GraphPad Prism Version 
10.2.2, which was also used to generate all graphs. A one-way analysis of 
variance (ANOVA) test, followed by Tukey’s multiple comparisons test, 
was used to compare multiple groups to assess statistical significance. 
Unpaired Student’s T-tests were used for two-group comparisons. All 
results are expressed as mean ± standard error of the mean (SEM). A p- 
value < 0.05 was considered to indicate a statistically significant 
difference.

Results

Effects of ESW on mitochondrial respiration in H9c2 cells

We performed the XF Cell Mito Stress assay to investigate the impact 
of the ESW on oxidative phosphorylation (OXPHOS) in H9c2 cells. The 
Mito Stress assay results revealed that treating H9c2 cells with ESW 
significantly enhanced mitochondrial maximal respiration and spare 
respiratory capacity at dilutions of 10–2 and 10–3 (Fig. 2B and 2C). 
However, no significant difference was observed at the 10–1 dilution 
compared to the controls (Fig. 2A). After injecting the uncoupling agent 
FCCP, the OCRs showed that ESW-treated cells exhibited the highest 
maximal respiration (OCR %) at the 10–2 dilution (209 ± 6) and the 10–3 

dilution (202 ± 5) compared to maximal respiration of the control group 
(180 ± 5) and the cells treated with CW at the same dilutions (10–2: 187 
± 5 and 10–3: 185 ± 5). Furthermore, the spare respiratory capacity was 

augmented in ESW-treated cells at both the 10–2 dilution (135 ± 6) and 
the 10–3 dilution (128 ± 5) compared to the spare respiratory of the 
control group (106 ± 5) and the cells treated with CW at the same di
lutions (10–2: 115 ± 5 and 10–3: 116 ± 6). No significant differences 
between the groups were observed in non-mitochondrial respiration, 
basal respiration, proton-leak, and ATP-linked respiration. These results 
suggest that ESW treatment at specific dilutions (10–2 and 10–3) en
hances mitochondrial bioenergetics in H9c2 cells by increasing their 
maximum and spare respiratory capacity.

Effects of ESW treatment on ATP production in H9c2 cells

The total cellular ATP production rate and fractional contributions 
from glycolysis and oxidative phosphorylation were analyzed simulta
neously using the ATP rate assay. The ATP rate assay results indicate 
that treatment with ESW leads to a significant increase in glycolytic ATP 
production in H9c2 cells at the 10–2 dilution (5.4 ± 0.3 pmol/min/1000 
cells) and 10–3 dilution (5.7 ± 0.2 pmol/min/1000 cells) when 
compared to both control group (4.4 ± 0.1 pmol/min/1000 cells) and 
cells treated with CW at the same dilutions 10–2 (4.6 ± 0.3 pmol/min/ 
1000 cells), and 10–3 (4.8 ± 0.2 pmol/min/1000 cells) (Fig. 3). How
ever, no significant changes were observed in either mitochondrial or 
total ATP production rate in ESW or CW-treated groups compared to the 
control group. This suggests that the ESW treatment enhances the 
glycolytic pathway without involving mitochondrial ATP production.

The protective effects of ESW on H2O2-induced cytotoxicity

Cell viability was determined to assess the effects of the ESW on 
H2O2-induced cytotoxicity in H9c2 cells. Treatment with ESW or CW for 
72 h did not affect the viability of H9c2 cells under physiological con
ditions compared to the non-treated control group. This indicates that 
the treatments alone did not exert cytotoxic effects on the cells. Exposure 
of H9c2 cells to 125 μM H2O2 and 250 μM H2O2 led to a significant 
decrease in cell viability, reducing it to 60 ± 3 % and 32 ± 1 %, 
respectively, compared to the viability of the H2O2-untreated control 
group, which was set at 100 % (Fig. 4).

Exposing cells to 125 μM and 250 μM of H2O2 followed by ESW at a 
10–2 dilution pretreatment, attenuated H2O2-induced reduction in cell 
viability to 86 ± 2 % and 43 ± 1 %, respectively. This improvement was 
significant compared to the cell viability of the model group (60 ± 3 % 
and 32 ± 1 %) and to that of cells treated with CW at the same 10–2 

dilution (73 ± 3 % and 38 ± 1 %) (Fig. 4A). Similarly, pretreatment with 
ESW at a 10–3 dilution also significantly improved cell viability to 83 ± 3 
% and 42 ± 2 % in the presence of 125 μM and 250 μM H2O2, respec
tively. These values were significantly higher compared to the model 
group treated with H2O2 alone and the cells pretreated with CW at the 
same 10–3 dilution, which showed cell viabilities of 70 ± 2 % and 34 ± 1 
%, respectively (Fig. 4B). In addition, the morphologies of H9c2 cells 
treated with H2O2 in the presence of ESW or CW were observed with an 
inverted phase-contrast microscope. Control H9c2 cells were normal 
with long fusiform shapes. H2O2 treatment induced distinctive 
morphological changes, including cell shrinkage, irregular shapes, and 
widened intercellular gaps, suggesting cellular damage. However, the 
proportion of abnormal cells was ameliorated in ESW-treated cells 
compared to the control groups (Fig. 4C). These results suggest that ESW 
reduces oxidative stress-induced cytotoxicity in H9c2 cells.

Effects of ESW on intracellular ROS production

When cells encounter H2O2, they undergo oxidative stress, resulting 
in a rise in intracellular ROS levels. To evaluate whether the ESW in
fluences H2O2-induced ROS generation, intracellular ROS levels were 
measured using the DCFH-DA method. When H9c2 cells were exposed to 
H2O2, pretreatment with ESW at a 10–2 dilution significantly reduced 
ROS production by 37 % of the control level, set at 100 %. In 
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Fig. 2. Bioenergetic profile of H9c2 cells treated with ESW and CW for 72 h. OCR was analyzed after injection of respiratory chain inhibitors at specified time points. 
A. Mitochondrial stress oxygen consumption rate curve and mitochondrial parameters in cells treated with ESW and CW at the dilution of 10–1. B. Mitochondrial 
stress oxygen consumption rate curve and mitochondrial parameters in cells treated with ESW and CW at the dilution of 10–2. C. Mitochondrial stress oxygen 
consumption rate curve and mitochondrial parameters in cells treated with ESW and CW at the dilution of 10–3. Data are expressed as mean ± SEM (n = 5), #P <
0.05 versus the CW group, and *p < 0.05 versus the control group.
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comparison, pretreatment with control water (CW) at the same 10–2 

dilution reduced ROS production by 24 % of the control level. Similarly, 
pretreatment with ESW at a 10–3 dilution reduced ROS levels by 34 % 
compared to the control level. In addition, CW pretreatment at the same 
10–3 dilution reduced ROS levels by 17 % of the control level (Fig. 5). 
These results suggest that ESW pretreatment significantly reduced ROS 
production compared to both the control and the CW pretreatment 
groups.

Effects of ESW on differential gene expressions in H9c2 cells

Transcriptome analysis was conducted to observe the effect of ESW 
and CW on the expression levels of genes in H9c2 cells. Principal 
component (PC) analysis applied to the RLOG-converted count matrix 
determined that ESW, CW and control groups exhibited distinct clus
tering with low sample-to-sample variability (Fig. 6A). As shown in 
Fig. 6B, ESW resulted in 717 genes up-regulated (Padj < 0.1, log2FC >
0.2) and 419 genes down-regulated (Padj < 0.1, log2FC < − 0.2) 
compared to the control group, whereas the numbers of up- /down- 

Fig. 3. Quantification of ATP production rate. Seahorse XF Real-Time ATP Rate Assays were performed in H9c2 cells under treatment of ESW or CW. A. Glycolytic 
ATP production rate and B. Mitochondrial ATP production rate is shown. Data are expressed as mean ± SEM (n = 5). #P < 0.05 versus the CW group and *p < 0.05 
versus control group.
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regulated genes (Padj < 0.1) in ESW treated group compared with CW 
treated group were 859 and 672, respectively. In contrast, the CW- 
treated group showed only 9 significantly up-regulated and 11 signifi
cantly down-regulated genes when compared to the control group. 
Significant up- and down-regulated protein-coding, annotated genes are 
presented on volcano scatter plots for all comparison groups (Fig. 6C, 
Table 1). Top upregulated genes in ESW-treated H9c2 cells included 
Myh1, Akr1b8, Hmox1, Kcng1, Ugt1a6, Clu, Gaa, Ftl1, Hspb7, and Gba1. 
Top downregulated genes included Hist1h2an, Slfn4, Rpl22l1, Polr2k, 

Il1rl1, Ndufb1, and Atp5mkl1, compared to both control and CW groups.

Gene ontology (GO) analysis

GO analysis revealed (Fig. 7) that ESW significantly increased bio
logical process related to extracellular matrix organization, extracellular 
structure organization, external encapsulating structure organization, 
response to mechanical stimulus, response to hydrogen peroxide, 
cellular response to reactive oxygen species, glucose metabolic process, 

Fig. 4. Effect of ESW on cell viability of H9c2 cardiomyocytes subjected to H2O2-induced oxidative damage. A. Cell viability at the dilution 10–2, B. Cell viability at 
the dilution 10–3, C. Morphological changes in H9c2 cells were preincubated CW and ESW at the dilution 10–2 for 72 h and then treated with 250 μM H2O2 for 1 h. 
Cell morphology was examined under an inversion microscope. Scale bar: 50 μm. Data are expressed as mean ± SEM (n = 5). #P < 0.05 versus the CW group and *p 
< 0.05 versus model group (Control group).
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positive regulation of reactive oxygen species metabolic process, regu
lation of reactive oxygen species metabolic process, cellular response to 
oxidative stress, cellular response to chemical stress, glucose 
6− phosphate metabolic process, regulation of cellular response to stress, 
compared with both control and CW treated groups. In contrast, the CW- 
treated group showed no significant changes in these biological 

processes compared to the control group.

Discussion

The present study investigated the effects of ESW on mitochondrial 
respiration, ATP synthesis, and oxidative stress-induced cytotoxicity in 

Fig. 5. Effect of ESW on ROS production of H9c2 cardiomyocytes subjected to H2O2-induced oxidative damage. H9c2 cells were preincubated CW and ESW at the 
dilutions 10–2 and 10–3 for 72 h and then treated with 250 μM H2O2 for 1 hour. A. relative absorbance of Green/Blue fluorescent to control group. Data are expressed 
as mean ± SEM (n = 5). #P < 0.05 versus the CW group and *P < 0.05 versus the model group (Control). B. Green (ROS staining), blue (DAPI nuclear staining), and 
merge images of cells treated with ESW and CW at the dilution 10–2. Scale bar: 50 μm.
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H9c2 cells. Our results demonstrated that pretreatment with ESW 
significantly increased both mitochondrial maximum respiration and 
spare respiratory capacity in H9c2 cells. Additionally, our findings 
indicated that ESW enhanced glycolytic ATP production without 
affecting mitochondrial and total ATP production. Furthermore, ESW 
treatment reduced oxidative stress-induced cytotoxicity and decreased 
ROS production in H9c2 cells. RNA-seq analysis reveals that ESW exerts 
a protective effect by modulating the expression of genes related to 
cellular stress response and energy metabolism in H9c2 cells.

The present study investigated the effects of ESW on mitochondrial 
respiration, addressing the critical knowledge gap regarding ESW’s 

impact on cellular bioenergetic function. Our results demonstrated that 
ESW significantly enhanced both maximal respiration and spare respi
ratory capacity in H9c2 cells, directly supporting our hypothesis and 
providing direct evidence for ESW’s bioenergetic effects. The mito
chondrial stress assay evaluates key parameters of mitochondrial func
tion and respiratory capacity in living cells.42 Maximal respiration is the 
maximum rate of oxygen consumption that cells can achieve when 
mitochondrial function is uncoupled.43 Mitochondrial spare respiratory 
capacity refers to the ability of mitochondria to respond to increased 
energy demands or stress by boosting their respiratory activity beyond 
the baseline requirements.44 It represents the reserve capacity available 

Fig. 6. Effects of ESW on differential gene expression in H9c2 cells. A. Principal component analysis of normalized gene counts. Colored areas indicate cluster 
overlaps according to respective legends (Green color: ESW samples S89 through S91. Red color: CW samples S92 through S94. Blue color: Control samples S86 
through S88). B. Venn diagram of the analyzed up- and down-regulated DEGs in each group (ESW vs control, ESW vs CW, and CW vs control). C. Volcano scatter plots 
(-log10 Padj vs log2FC) of significant DEGs in ESW vs Control, ESW vs CW, CW vs Control. Red and blue colors indicate significant up- and down-regulated DEGs, 
respectively above (red) or below (blue) the log2FC threshold. Gray dots - genes below significance and FC thresholds. Thresholds (log2FC > 0.2 or log2FC < − 0.2) 
and -log10Padj < 0.1 are indicated by dashed lines. Selected top up-and down-regulated DEGs are labeled. The list of top DEGs is included in Table 1. Experiments 
that were performed in triplicate (n = 3) for each experimental group.
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for cells to meet sudden energy demands or cope with cellular 
stressors.44,45 The increase in these parameters signifies an improvement 
in mitochondrial function and cellular bioenergetic capacity.45 Cells 
with enhanced mitochondrial maximum respiration and spare respira
tory capacity are better equipped to produce energy efficiently and 
respond effectively to physiological and environmental challenges.44–46

The depletion of spare respiratory capacity has been associated with 
various pathologies in tissues with high energy requirements, including 
the heart.44,45 The present study revealed that the ESW treatment at 
specific dilutions (10–2 and 10–3) enhanced mitochondrial bioenergetics 
in H9c2 cells by increasing their maximum and spare respiratory ca
pacity. These improvements in mitochondrial function by treatment of 
ESW can potentially confer cytoprotective effects, enhance energy 
metabolism, and improve the cell’s ability to cope with metabolic 
stresses, ultimately supporting its survival and function. The findings are 
consistent with previous studies showing that diabetic rats consuming 
magnetized water exhibited reduced weight gain despite similar food 
intake,21 suggesting an increased metabolic rate. The increased spare 
respiratory capacity may provide a cellular mechanism for this 
enhanced metabolic activity, as improved mitochondrial bioenergetic 
reserves enable more efficient energy utilization and increased basal 

metabolic rates.
The present study demonstrated that pretreatment of ESW increased 

glycolytic ATP production without changing the mitochondrial ATP 
production in H9c2 cells compared to the control groups. The increase in 
glycolytic ATP production indicates that ESW treatment stimulated the 
glycolysis pathway in H9c2 cells. This could imply the treatment’s 
specific modulation of cellular energy metabolism, potentially through 
alterations in glycolytic enzyme activity or glucose uptake.47 Glycolysis 
typically contributes a small amount of ATP compared to mitochondrial 
oxidative phosphorylation in cardiac cells.48 Therefore, even a signifi
cant increase in glycolytic ATP by treatment of ESW may not substan
tially impact the overall cellular ATP levels. Glycolysis can generate ATP 
more quickly than oxidative phosphorylation in mitochondria. 
Increasing glycolytic ATP production allows cells to meet immediate 
energy demands, such as during periods of high activity or stress.49 Cells 
gain metabolic flexibility by enhancing glycolysis without impacting 
mitochondrial ATP production.50 Therefore, increasing glycolytic ATP 
production can be advantageous in environments with limited oxygen 
availability or during hypoxic conditions, ensuring continued ATP pro
duction to support cellular functions.47 It is important to note that while 
the ESW treatment selectively enhanced glycolytic ATP production, it 
did not impair mitochondrial function, as evidenced by the unchanged 
mitochondrial and total ATP levels. This is consistent with the un
changed ATP-linked OCR observed in the mitochondrial stress assay, 
which represents the amount of oxygen consumption dedicated to ATP 
production, as measured by the decrease in OCR after oligomycin in
jection. Together, these results suggest that ESW increases the cells’ 
potential for energy production under stress conditions without 
affecting basal mitochondrial ATP output. Therefore, enhanced glyco
lytic ATP production in H9c2 cells by ESW may support cardiac cell 
survival, energy demands, and metabolic adaptations, particularly 
during ischemia, hypoxia, and pathological cardiac remodeling.47,48,51

Enhanced mitochondrial bioenergetics in ESW-treated H9c2 cells 
may be attributed to the structured water’s quantum properties. Struc
tured water forms EZ around proteins and membranes, enhancing en
ergy storage and quantum energy transfer.52 Approximately 3 % of 
intracellular water exhibits non-bulk properties, facilitating quantum 
energy transfer via structured layers around proteins.53 At mitochon
drial membranes, water interfaces capture energy and convert it into 
coherent electromagnetic signals that boost electron transport chain 
efficiency.54 Meta-analysis reveals precise quantum entanglement in 
water assemblies,55 suggesting ESW optimizes these quantum structures 
around mitochondrial proteins to improve maximal respiration and 
spare respiratory capacity.

Oxidative stress caused by ROS is considered a critical factor in the 
pathological development of myocardial infarction.56 Exposure to H2O2 
has been shown to elevate intracellular ROS levels, leading to antioxi
dant depletion, mitochondrial dysfunction, increased lipid peroxidation, 
and apoptosis in H9c2 cells.57–61 As expected, the results demonstrate 
that H2O2 treatment induced dose-dependent cytotoxicity in H9c2 cells 
due to the oxidative stress caused by ROS. The subsequent experiments 
aimed to determine if pretreatment with ESW or CW could protect the 
cells from this H2O2-induced cytotoxicity. Both groups demonstrated an 
increase in cell viability and a decrease in ROS production. However, the 
protective effects of ESW were more pronounced than those observed 
with CW treatment at the same dilutions (Fig. 5). A previous study has 
reported that structured water demonstrated several biological effects, 
including increased cell viability and cytokine expression in normal cells 
and suppressed viability in MCF-7 cancer cells.22 These enhanced 
cellular bioactivities have been strongly associated with the antioxidant 
properties of structured water. Such experimental findings suggest that 
water, depending on its structure, may play a crucial role in cellular 
bioactivities, primarily through its antioxidant effects.22

RNA-seq analysis revealed that ESW modulates the genes related to 
stress response and energy metabolism in H9c2 cells. Genes related to 
energy metabolism demonstrated significant upregulation, with Myh1 

Table 1 
Top up- and down-regulated genes in ESW treated group when compared to both 
control and CW treated group.

Symbol Gene name log2FC 
(ESW vs 
Control)

log2FC 
(ESW 
vs CW)

Padj- 
value 
(ESW vs 
Control)

Padj- 
value  
(ESW 

vs 
CW)

Myh1 myosin heavy chain 1 0.66 0.54 4.17E- 
21

7.94E- 
13

Akr1b8 aldo-keto reductase 
family 1, member B8

0.42 0.24 6.50E- 
21

1.71E- 
07

Hmox1 heme oxygenase 1 0.38 0.21 8.01E- 
13

5.12E- 
05

Kcng1 potassium voltage-gated 
channel modifier 
subfamily G member 1

0.36 0.22 4.52E- 
04

9.76E- 
03

Ugt1a6 UDP 
glucuronosyltransferase 
family 1 member A6

0.33 0.11 2.37E- 
05

9.38E- 
02

Clu clusterin 0.32 0.19 3.36E- 
10

1.56E- 
04

Gaa alpha glucosidase 0.31 0.23 2.30E- 
09

5.45E- 
06

Ftl1 ferritin light chain 1 0.30 0.18 3.60E- 
13

4.29E- 
05

Hspb7 heat shock protein 
family B (small) member 
7

0.29 0.23 5.24E- 
09

4.19E- 
06

Gba1 glucosylceramidase beta 
1

0.29 0.20 5.27E- 
09

9.48E- 
05

Hapln4 hyaluronan and 
proteoglycan link 
protein 4

0.27 0.18 2.48E- 
04

8.03E- 
03

Hist1h2an histone cluster 1, H2an − 0.92 − 0.50 7.38E- 
06

3.18E- 
03

Slfn4 schlafen family member 
4

− 0.39 − 0.52 1.67E- 
05

5.38E- 
06

Rpl22l1 ribosomal protein L22 
like 1

− 0.37 − 0.18 2.19E- 
06

6.24E- 
03

Polr2k RNA polymerase II, I and 
III subunit K

− 0.36 − 0.18 1.60E- 
05

9.23E- 
03

Il1rl1 interleukin 1 receptor- 
like 1

− 0.33 − 0.15 2.80E- 
10

6.63E- 
03

Ndufb1 NADH:ubiquinone 
oxidoreductase subunit 
B1

− 0.28 − 0.23 2.03E- 
04

2.18E- 
03

Atp5mkl1 ATP synthase membrane 
subunit K like 1

− 0.27 − 0.16 4.50E- 
04

1.98E- 
02

ESW: Energized structured water, CW: Control water, log2FC: Log2 fold 
changes, Padj-value: Benjamini-Hochberg adjusted p-value.
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gene encoding a key myosin heavy chain protein that plays a crucial role 
in ATP hydrolysis,62 and Gaa playing a key role in providing glucose for 
energy production through glycolysis by catalyzing the hydrolysis of 
α− 1,4 and α− 1,6-glucosidic bonds of glycogen in lysosomes.63 Antiox
idant and detoxification genes showed enhanced expression, including 
Akr1b8, Hmox1, and Ugt1a6. Akr1b8 reduces cytotoxic α, β-unsaturated 
carbonyls to less toxic alcohol forms in a NADPH-dependent manner.64

Hmox1 protects cells by breaking down heme into biliverdin, carbon 
monoxide, and iron. Biliverdin becomes bilirubin, an antioxidant.65

Ugt1a6 encodes UDP-glucuronosyltransferase, a key enzyme in the 
glucuronidation detoxification pathway.66 Cellular stress response genes 
showed coordinated upregulation including Clu, which enhances 
HSF-1-mediated transcriptional activity and suppresses stress-induced 
apoptosis67; Hspb7, encodes a small heat-shock protein that helps cells 
handle stress by interacting with mechanosensitive proteins68; and Ftl1, 
encoding ferritin light chain that stores iron in a nontoxic state.69 Genes 
related to mitochondrial functions that were upregulated included Gba1, 
which encodes β-glucocerebrosidase and plays a role in maintaining 
respiratory chain Complex I integrity and cellular energy homeostasis,70

and Kcng1, a voltage-gated potassium channel regulating cellular 
excitability.71 Conversely, the downregulated genes by ESW suggests a 
complex modulation of the cellular stress response, possibly involving 
alterations in chromatin structure (Hist1h2an),72 immune regulation 
(Slfn4, Il1rl1),73,74 protein synthesis (Rpl22l1),75 and transcription 

(Polr2k)76 in H9c2 cells.
The modulation of these genes may collectively enhance the cellular 

stress response following ESW treatment, potentially explaining the 
observed increase in cell viability and mitochondrial respiratory ca
pacity under the oxidative stress state in H9c2 cells. In addition, the 
downregulation of Ndufb1 (Complex I subunit)77 and Atp5mkl1 (ATP 
synthase component)78 suggests a shift from oxidative phosphorylation 
to glycolysis, consistent with the observed increase in glycolytic ATP 
production in ESW-treated H9c2 cells. Overall gene expression profile 
suggests a shift towards a more resilient cellular state, better equipped to 
handle various stressors and maintain energy homeostasis.

Gene Ontology analysis predicted significant ESW-specific enrich
ment of biological processes related to the extracellular matrix (ECM), 
which regulates H9c2 cell behavior, differentiation, and function.79 The 
upregulation of ECM-related processes may potentially improve the 
overall functional capacity and stress resistance of H9c2 cells in response 
to ESW treatment. In addition, increases in GO processes related to 
mechanical stress response, reactive oxygen species metabolism, glucose 
metabolism, and cellular stress responses suggest a comprehensive 
adaptation of H9c2 cells to manage stress-induced changes in their 
microenvironment and metabolic state. The modulation of these bio
logical processes contributes to enhanced cellular resilience, improved 
energy metabolism, and increased capacity to withstand oxidative 
stress, ultimately leading to the observed increase in cell viability and 

Fig. 7. Gene Ontology (GO) biological processes were identified by enrichment analysis of significant DEGs (Padj < 0.1). Circle size corresponds to z-scores, colors 
indicate Padj (Padj < 0.1, blue to red colors – lower to higher significance) according to the scales.
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mitochondrial respiratory capacity in H9c2 cells.
Previous studies suggest that biological effects of structured water 

may depend on magnetic field intensity, exposure duration, and specific 
imprinting parameters. The variability in treatment parameters across 
studies may contribute to inconsistent findings in the literature.4,15,16,80

While the present study demonstrates beneficial effects of ESW on H9c2 
cells, several in vivo studies have reported null or adverse effects of 
structured water treatments.4 Studies in lambs showed reduced food 
intake and depressed growth performance with electromagnetic water 
treatment,4 while trials in broiler chickens reported no effects on growth 
or immune parameters.4 These conflicting results may be due to rapid 
dilution within total body water and differences in water composition 
and treatment conditions, indicating that effects observed in controlled 
cellular studies may not necessarily translate to physiological benefits in 
whole organisms.81 Like other complementary therapeutic interventions 
that target oxidative stress and metabolic pathways through exercise,82

acupuncture,83 and lifestyle modifications,84 ESW may represent a novel 
approach to cellular stress management. However, unlike established 
interventions with demonstrated clinical efficacy,83,85 the therapeutic 
potential of ESW requires validation through rigorous clinical trials.

The present study demonstrated that diluted ESW (10⁻² and 10⁻³) 
showed enhanced biological activity compared to higher concentrations 
(10⁻¹). This non-linear dose-response relationship may reflect hormetic 
effects where low doses produce optimal benefits while higher concen
trations become inhibitory.86 Additionally, dilution may optimize ionic 
strength and osmolarity for cellular compatibility, as salt concentration 
of undiluted ESW may create non-physiological conditions. The dilution 
process may alter water molecular cluster organization, creating con
figurations that interact more effectively with cellular membranes.87

The observation that optimal activity occurs within a specific dilution 
range indicates that ESW’s biological effects may depend on precise 
molecular interactions.

Several methodological limitations should be acknowledged. First, 
the use of immortalized H9c2 cells may not fully recapitulate primary 
cardiomyocyte responses, and the absence of in vivo validation limits 
translational interpretation of these cellular effects to the complex car
diovascular environment. This study did not assess physicochemical 
properties of ESW post-imprinting (pH, conductivity, surface tension, 
density, optical characteristics). This limitation highlights the need for 
future studies to systematically investigate optimal imprinting param
eters, including magnetic field intensities, exposure duration, electro
magnetic frequency combinations, and dose-response relationships. 
While these in-vitro findings suggest that ESW could potentially enhance 
cellular bioenergetics and stress resistance, validation through primary 
cardiomyocyte studies, comprehensive physicochemical characteriza
tion, and in vivo cardiac models are important before considering clinical 
applications.

Conclusion

In conclusion, the present study revealed that ESW plays a crucial 
role in cellular respiration and ATP synthesis, essential for cellular en
ergy homeostasis. Our results indicate that ESW treatment protects H9c2 
cells from oxidative stress-induced cytotoxicity by reducing ROS pro
duction. RNA-seq analysis revealed that ESW modulates the expression 
of genes related to stress response and energy metabolism in H9c2 cells. 
Notably, the enhanced biological activity observed at specific dilutions 
(10⁻² and 10⁻³) suggests that ESW effects may depend on optimal con
centration ranges rather than maximum concentrations, indicating that 
water structural information can be preserved and potentially enhanced 
through appropriate dilution protocols. Understanding the influence of 
ESW on these cellular functions could provide new insights into opti
mizing cellular energy levels and overall metabolic efficiency. While this 
study highlights the potential health benefits of ESW, translating these 
findings to human applications will require extensive validation, 
including studies with primary cardiomyocytes, relevant animal models, 

characterizing ESW using NMR/FTIR spectroscopy to correlate structure 
and function, and ultimately clinical trials to establish efficacy and 
safety profiles.
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