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Lipid emulsion attenuates theophylline-induced cardiotoxicity in rat
cardiomyoblasts
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Abstract. Theophylline, a bronchodilator, induces cardiotoxicity due to its narrow therapeutic index.
Lipid emulsion is used as a nonspecific antidote. However, its effects on theophylline-induced cardio-
toxicity remain unknown. This study aimed to examine the effects of lipid emulsion on cardiotoxicity
induced by toxic doses of theophylline in H9¢2 rat cardiomyoblasts. The effects of theophylline and
lipid emulsion (Lipofundin MCT/LCT), alone or in combination, on cell viability and migration were
examined. Moreover, their effects on cleaved caspase-3, Bax/Bcl-XL ratio, and cleaved caspase-9 and
caspase-8 expression, nuclear factor-kp (NF-kf3) phosphorylation, and TUNEL-positive cells were exam-
ined. Theophylline treatment decreased cell viability. Lipofundin MCT/LCT (0.1-1%) with 50% long-
chain and 50% medium-chain fatty acids inhibited the theophylline-induced reduction in cell viability
(3x107> M). It partially inhibited the theophylline-induced decrease in cell migration. Further, it reversed
the theophylline-induced increase in cleaved caspase-3, Bax/Bcl-XL ratio, and cleaved caspase-9 expres-
sion as well as NF-k (Ser536) phosphorylation. However, theophylline treatment did not alter cleaved
caspase-8 expression. Additionally, lipid emulsion inhibited theophylline-induced increase in TUNEL-
positive cells. Taken together, these results suggest that lipid emulsion reverses theophylline-induced
apoptosis in cardiomyoblasts via inhibition of the mitochondrial apoptotic pathway associated with
NF-kp (Ser536) phosphorylation, indicating its potential for treating theophylline-induced cardiotoxicity.

Key words: Theophylline — Lipid emulsion — Cardiotoxicity — Apoptosis — Cell viability

Highlights

« Lipid emulsion, composed of 50% medium-chain and 50% long-chain fatty acid, inhibits theo-
phylline-induced cardiotoxicity via blockade of the intrinsic apoptotic pathway associated with
NF-«f (Ser536) phosphorylation.
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Introduction

Bronchodilator theophylline, which inhibits phospho-
diesterase and adenosine Aj receptors, has adverse side
effects, including cardiac arrhythmias, due to its narrow
therapeutic index (Barnes 2010). Particularly, adenosine
A receptor inhibition, one of the mechanisms underly-
ing theophylline-induced bronchodilation for bronchial
asthma or chronic obstructive pulmonary disease, results
in adverse effects, such as cardiac arrhythmia and seizure
(Barnes 2010; Scurek and Brat 2024). A toxic dose of
theophylline, which is plasma concentration-dependent
(adverse effect-inducing plasma concentration of theo-
phylline: 20 pug/mL; fatal plasma concentration of theo-
phylline: 50 pg/ml), causes cardiac arrhythmia, including
atrial fibrillation with rapid ventricular response, convul-
sion, and death (Schulz and Schmoldt 2003; Barnes 2010;
Scurek and Brat 2024).

Currently, other bronchodilators are widely used to
treat bronchial asthma and chronic obstructive pulmonary
disease because of the severe adverse cardiac effects of
theophylline (Journey and Bentley 2023). Moreover, the
use of theophylline as an add-on therapy in severe asthma
that is not well controlled by inhalation corticosteroids, and
beta-2 agonist bronchodilators, and chronic obstructive
pulmonary disease is controversial because of the seri-
ous adverse cardiac effects of theophylline (Barnes 2010;
Scurek and Brat 2024). Thus, theophylline is primarily used
to treat bradycardia and apnea in premature newborns in
the United States (Journey and Bentley 2023). Nonetheless,
theophylline toxicity is commonly observed in clinical
practice (Chandrasekaran et al. 2020; Kong et al. 2021;
Oxley-Oxland et al. 2022; Dinesh et al. 2025). Theophylline
toxicity treatment involves gastrointestinal decontamina-
tion using activated charcoal or gastric lavage, intravenous
fluid, phenylephrine, ondansetron for nausea and vomiting,
cardiac arrhythmia treatment, benzodiazepine for seizure,
and hemodialysis (Journey and Bentley 2023). Currently,
lipid emulsion is routinely used to treat local anesthetic
systemic toxicity (Lee and Sohn 2023). In addition, lipid
emulsion has been reported to ameliorate cardiovascular
depression induced by toxic doses of non-local anes-
thetic drugs, such as flecainide, amlodipine, bupropion,
and quetiapine (Ok et al. 2020). Recently, lipid emulsion
was reported to alleviate theophylline toxicity-induced
hemodynamic depression, which is unresponsive to sup-
portive treatment (Chandrasekaran et al. 2020). Further,
theophylline enhances the apoptosis of eosinophils and
lymphocytes by downregulating Bcl-2 expression, which is
one of the underlying mechanisms by which theophylline
exerts beneficial effects in allergic inflammation and asthma
(Ohta and Yamashita 1999; Barnes 2010). Theophylline
induces apoptosis in neutrophils via adenosine A, 5 recep-

tor inhibition (Yasui et al. 2000) and in progenitor cells
obtained from the blood of patients with asthma (Wang
et al. 2003). In addition, lipid emulsion inhibits apoptosis
induced by toxic doses of bupivacaine and propranolol in
rat cardiomyoblasts, suggesting a lipid emulsion-mediated
reduction in cardiotoxicity caused by these drugs (Ok et
al. 2016, 2022). However, the effect of lipid emulsion on
theophylline-induced cardiotoxicity remains unknown.
This study aimed to examine the effect of lipid emulsion
on cardiotoxicity caused by toxic doses of theophylline in
H9c2 rat cardiomyoblasts and the underlying mechanism.
Clarifying whether lipid emulsion can mitigate theophyl-
line-induced cardiotoxicity may provide a novel therapeutic
approach for treating life-threatening toxicity.

Materials and Methods

Materials

All reagents and compounds used in this study were of the
highest commercially available purity. Theophylline and
ant-B-actin antibody (#A5441) were obtained from Sigma-
Aldrich (St. Louis, MO, USA). Intralipid (20%) was sourced
from Fresenius Kabi (Uppsala, Sweden), while Lipofundin
MCT/LCT was provided by B. Braun Korea (Seoul, Korea).
Antibodies specific to cleaved caspase-3 (#9661, 1:1000)
and Bax (#2772, 1:2000) were acquired from Cell Signaling
Technology (Beverly, MA, USA). Anti-Bcl-XL antibody
(#sc-8392, 1:200) was sourced from Santa Cruz Biotech-
nology (Santa Cruz, CA, USA). Cleaved caspase-8 anti-
body (#NB100-56116, 1:2000) was purchased from Novus
Biologicals (Centennial, CO, USA), and cleaved caspase-9
antibody (#ADI-AAP-149-E, 1:1000) was obtained from
Enzo Biochem Inc. (Farmingdale, NY, USA). Antibodies
against NF-kB (#8242, 1:2000) and its phosphorylated form
(Ser536) (#3033, 1:1000) were also supplied by Cell Signal-
ing Technology.

Cell culture

H9¢2 cardiomyoblasts derived from rat myocardium were
obtained from the American Type Culture Collection
(Rockville, MD, USA). These cells were propagated in
Dulbecco’s modified Eagle’s medium (DMEM) with high
glucose content (Gibco, Life Technologies, Grand Island,
NY, USA) enriched with 10% fetal bovine serum and 1%
penicillin-streptomycin solution (both from Gibco). Cell
cultures were incubated at 37°C in a humidified atmosphere
containing 5% CO,, following the methodology outlined
by Sim et al. (2025). Before exposure to the experimental
compounds, the cells underwent a 16 h preincubation in
DMEM devoid of serum.
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Cell viability

Cell viability was assessed using Cell Counting Kit-8
(CCK-8; Dojindo Molecular Technologies, Kumamoto,
Japan) in accordance with the manufacturer’s protocol,
as previously described by Sim et al. (2025). Briefly, H9c2
cells (2x107% cells/well) were plated in 24-well culture
plates and exposed for 24 h to varying concentrations
of theophylline, ranging from 3x10™* M to 1x1072 M.
To investigate the potential protective effect of lipid
emulsion - either Intralipid or Lipofundin MCT/LCT -
against reduction in cell viability induced by a toxic dose
of theophylline (3x10™> M; > toxic plasma theophylline
concentration of 20 pg/ml or 1.1x10™* M) (Schulz and
Schmoldt 2003), cells were treated under different condi-
tions: (1) 24 h exposure to 3x10~> M theophylline alone;
(2) pretreatment with lipid emulsion at concentrations
of 0.1, 0.2, 0.5, or 1% for 1 h, followed by 24 h exposure
to 3x10~> M theophylline; or (3) exposure to lipid emul-
sion alone at the same concentrations for a total of 25 h.
Following treatment, 200 pl of DMEM containing 10%
CCK-8 reagent was added to each well, and the plates were
incubated for 3 h at 37°C in a humidified incubator with
5% CO,;. The absorbance was recorded at 450 nm using
a VersaMax microplate reader (Molecular Devices, Sun-
nyvale, CA, USA). Cell viability was calculated using the
following formula: Viability (%) = (absorbance of treated
cells/absorbance of control cells) x100.

Wound-healing assay

To evaluate the effect of lipid emulsion on H9¢2 cell mi-
gration following theophylline exposure, a wound-healing
assay was conducted in accordance with the methodology
outlined by Sim et al. (2025). H9c2 cells were seeded at
a density of 3x10° cells/well in 6-well plates and incubated
at 37°C in a humidified atmosphere containing 5% CO,.
Upon reaching 90-100% confluency, a linear wound was
created across the cell monolayer using a sterile 200 pl pi-
pette tip. After washing the dish with phosphate-buffered
saline to remove detached cells, fresh serum-free medium
was added. Images of the wound area were captured using
a Nikon Eclipse Ti2 microscope (Nikon, Tokyo, Japan). The
cells were then assigned to the following treatment groups:
(1) treatment with 3x107> M theophylline for 24 h; (2)
preincubation with 0.5% Lipofundin MCT/LCT for 1 h fol-
lowed by exposure to 3x10~> M theophylline for 24 h; and
(3) exposure to 0.5% Lipofundin MCT/LCT alone for 25 h.
Post-treatment images were also acquired using the Nikon
Eclipse Ti2 microscope. The extent of wound closure was
quantified using the following equation: Wound healing
(%) = (area of the wound 24 h post-scratch/initial wound
area at 0 h) x100.

Western blot

Western blot analysis was employed to quantify the ex-
pression of cleaved caspase-3, cleaved caspase-9, cleaved
caspase-8, Bax, and Bcl-XL, as well as to assess the phospho-
rylation levels of nuclear factor-x (NF-kf) (Ser536) in H9¢c2
cells, based on the methodology outlined by Sim et al. (2025).
To investigate cleaved caspase-3, and Bax/Bcl-XL ratio, cells
were treated under the following conditions: 3x10™> M theo-
phylline for 12 h; 0.5% lipid emulsion (Lipofundin MCT/
LCT) for 1 h followed by 12 h of 3x10° M theophylline; or
0.5% lipid emulsion alone for 13 h. To investigate cleaved
caspase-9 expression, cells were treated under the follow-
ing conditions: 3x10™> M theophylline for 4 h; 0.5% lipid
emulsion (Lipofundin MCT/LCT) for 1 h followed by 4 h of
3x107> M theophylline; or 0.5% lipid emulsion alone for
5 h. To analyze cleaved caspase-8 expression, cells received
one of the following treatments: 3x10™> M theophylline for
1 h; a 1 h preincubation with 0.5% lipid emulsion followed
by 1 h of theophylline; or lipid emulsion alone for 2 h. The
phosphorylation of NF-«fp (Ser536) was examined in cells
treated with 3x10™> M theophylline for 12 h, pretreated with
0.5% lipid emulsion for 1 h followed by 12 h of theophylline
exposure, or treated with 0.5% lipid emulsion alone for 13 h.
Following all treatments, cells were lysed in radio-immuno-
precipitation assay buffer (Cell Signaling Technology) con-
taining protease and phosphatase inhibitors (Thermo Fisher
Scientific, Rockfield, IL, USA). Total protein concentration
was quantified using a bicinchoninic acid assay kit (Thermo
Fisher Scientific). Lysates were then denatured at 100°C for
10 min and subjected to 10-14% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, followed by transfer to
polyvinylidene difluoride membranes (Millipore, Bedford,
MA, USA). The membranes were blocked with Tris-buffered
saline with 0.5% Tween-20 (TBST) containing 5% skim
milk or bovine serum albumin for 1 h at room temperature
(22-27°C), then incubated overnight at 4°C with primary
antibodies targeting cleaved caspase-3 (1:1000), cleaved
caspase-8 (1:2000), Bax (1:2000), cleaved caspase-9 (1:1000),
Bcl-XL (1:200), NE-kf (1:2000), or phospho-NF-xf (1:1000).
After rinsing with TBST, the membranes were incubated with
horseradish peroxidase-conjugated anti-rabbit or anti-mouse
IgG secondary antibodies (1:5000) for 1 h at room tem-
perature. Detection of protein bands was carried out using
the WesternBright™ ECL substrate (Advansta, Menlo Park,
CA, USA), and signal acquisition was performed using the
ChemiDoc™ Touch Imaging System (Bio-Rad Laboratories
Inc., Berkeley, CA, USA). Densitometric analysis was con-
ducted using Image] software (version 1.45s; NIH, Bethesda,
MD, USA). Protein band intensities for cleaved caspase-3,
cleaved caspase-8, cleaved caspase-9, Bax, and Bcl-XL were
normalized against that for f-actin, which served as the
loading control. For NF-k (Ser536), phosphorylated protein



314

Lee et al.

levels were normalized to total NF-« expression. All experi-
ments were independently repeated four times.

Terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) assay

Apoptotic cells were assessed using the TUNEL assay fol-
lowing the protocol described by Sim et al. (2025). The as-
say was conducted using the In Situ Cell Death Detection
Kit (Roche Applied Science, Indianapolis, IN, USA) in
accordance with the manufacturer’s guidelines. H9¢2 cells
were seeded onto glass coverslips placed in 6-well plates at
a density of 1x10° cells/well and subjected to the following
treatment regimens: exposure to 3x107> M theophylline
for 12 h; pretreatment with 1% lipid emulsion (Lipofundin
MCT/LCT) for 1 h followed by 12 h exposure to 3x107>
M theophylline; or treatment with 1% lipid emulsion alone
for 13 h. Following treatment, cells were counterstained with
4',6-diamidino-2-phenylindole (DAPI) to label nuclei. Fluo-
rescence imaging was performed using a Nikon Eclipse Ti2
fluorescence microscope. The proportion of apoptotic cells
was quantified using the following formula: Percentage of
TUNEL-positive cells = (number of TUNEL-positive cells/
number of DAPI-stained nuclei)x100.

Statistical analysis

The primary goal of this study was to examine the effect of
lipid emulsion on theophylline-induced changes in cell vi-
ability in H9c2 rat cardiomyoblasts. Normality tests for all
data were performed using the Kolmogorov-Smirnov test.
The effects of theophylline and lipid emulsion (Lipofundin
MCT/LCT or intralipid), alone or in combination, on cell
viability and migration were analyzed using one-way analy-
sis of variance (ANOVA), followed by Bonferroni’s test. The
effects of lipid emulsion and theophylline, alone or in com-
bination, on cleaved caspase-3, -9, and -8 expression, Bax/

Bcl-XL ratio, NF-kf phosphorylation, and TUNEL-positive
cells were examined using one-way ANOVA, followed
by Bonferroni’s test. p < 0.05 was considered statistically
significant.

Results

Effect of theophylline and lipid emulsion, alone or in combi-
nation, on cell viability

Toxic concentrations of theophylline (3x10™* to 1072 M)
decreased the viability of H9¢2 rat cardiomyoblasts (p <
0.001 vs. control, Fig. 1) (Schulz and Schmoldt 2003). One-
way ANOVA showed a significant difference in cell viability
among the groups (F[5,90] = 2218, p < 0.001), while Bonfer-
roni’s post-hoc test confirmed decreased cell viability under
theophylline treatment (T = 4.65, 21.54, 56.12, 70.35, and
74.64 at 3x107%, 1073, 3x1072, 6x1073, and 1072 M, respec-
tively; degree of freedom [DF] =30 at 3x10™ to 1072 M; p <
0.001 vs. control).

Lipofundin MCT/LCT (0.1-1%), which is composed
of 50% long-chain and 50% medium-chain fatty acids,
attenuated the decrease in cell viability caused by toxic
concentrations of theophylline (3x1073 M) (p < 0.001
vs. 3107 M theophylline alone, Fig. 2A). Lipofundin
MCT/LCT (0.1-0.5%) alone slightly increased cell viabil-
ity (0.1%: p < 0.01 vs. control; 0.2 and 0.5%: p < 0.001 vs.
control; Fig. 2A). One-way ANOVA showed a significant
difference in cell viability among the groups (F[9,150] =
1521, p < 0.001). Bonferroni’s post-hoc test confirmed that
theophylline (3x10™> M) decreased cell viability compared
with the control (T = 56.43, DF = 30, p < 0.001) and that
lipid emulsion (Lipofundin MCT/LCT) plus theophylline
increased cell viability compared with theophylline alone
(T'=4.42,8.07,13.35,and 13.52 at 0.1, 0.2, 0.5, and 1% lipid
emulsion, respectively; DF = 30 at 0.1-1% lipid emulsion,

Figure 1. Effect of theophylline on
H9c2 rat cardiomyoblast viability.
Data (n = 4) are shown as mean +

120 ¢

100 | 1 *kk
:\-; 80 |} Fkek
g T
>
=
o) 60 |
B
>
= 40 *kk
[}
o

*kk
20 | [ Fededk
0
Control Theophylline Theophylline Theophylline Theophylline Theophylline

(3x104M) (103 M) (3 x 10° M)

(6 x 102 M)

SD. n indicates the number of inde-
pendent experiments. *** p < 0.001

(102 M) vs. Control.



Lipid emulsion and theophylline-induced cardiotoxicity

315

A 120
100
80 [
60 [

40 | *%k%

Cell viability (%)

20 [

*k%

|

TPL Lipofundin
MCT/LCT

(0.1%) + TPL

Control Lipofundin

MCT/LCT

120
100
80

60
40 [ *%k%*

20 - .

Cell viability (%)

Lipofundin
MCT/LCT
(0.2%) + TPL (0.5%) + TPL (1%) + TPL

Lipofundin
MCT/LCT

Lipofundin
MCT/LCT
(0.1%)

Lipofundin
MCT/LCT
(0.5%)

Lipofundin
MCT/LCT
(1%)

*%k%

Lipofundin
MCT/LCT
(0.2%)

*kk *k%

Control TPL Intralipid

(0.1%) + TPL

Intralipid

Intralipid
(0.2%) + TPL (0.5%) + TPL (1%) + TPL (0.1%)

Intralipid Intralipid Intralipid

(0.5%)

Intralipid
(1%)

Intralipid
(0.2%)

Figure 2. Effect of lipid emulsions Lipofundin MCT/LCT (A) and Intralipid (B) on 3x10~> M TPL-induced decrease in cell viability of
H9c¢2 rat cardiomyoblasts. Data (n = 4) are shown as mean + SD. n indicates the number of independent experiments. ** p < 0.01 and

*** p <0.001 vs. Control. T11 p < 0.001 vs. TPL alone.

P <0.001). In addition, Bonferroni’s post-hoc test confirmed
that Lipofundin MCT/LCT (0.1-0.5%) alone increased cell
viability (T = 3.507, 5.824, and 4.804 at 0.1, 0.2, and 0.5% lipid
emulsion, respectively; DF = 30 at 0.1-0.5% lipid emulsion;
0.1% lipid emulsion: p < 0.01 vs. control; 0.2 and 0.5% lipid
emulsion: p < 0.001 vs. control). However, Intralipid, which
is composed of 100% long-chain fatty acids, had no effect
on theophylline toxic dose (3x107> M)-induced decrease in
cell viability (Fig. 2B). In contrast, Intralipid (0.1-1%) alone
slightly decreased cell viability (p < 0.001 vs. control, Fig.
2B). One-way ANOVA showed a significant difference in
cell viability among the groups (F[9,150] = 1925, p < 0.001).
Bonferroni’s post-hoc test confirmed that Intralipid (0.1-1%)
alone decreased cell viability (T = 9.365, 7.954, 8.175, and
7.817at0.1,0.2,0.5, and 1% lipid emulsion, respectively; DF
=30 at 0.1-1% lipid emulsion; p < 0.001 vs. control).

Effect of theophylline and lipid emulsion, alone or in combi-
nation, on cell migration

Theophylline (3x10~> M) inhibited cell migration (p < 0.001
vs. the control; Fig. 3). However, lipid emulsion (0.5% Lipo-
fundin MCT/LCT) partially reversed the decrease in cell
migration caused by theophylline (3x1073 M) (p <0.001 vs.
3x107> M theophylline, Fig. 3). One-way ANOVA showed
a significant difference in cell migration among the four

groups (F[3,28] = 530.4, p < 0.001). Bonferroni’s post-hoc
test confirmed decreased cell migration under theophylline
treatment (T = 31.62, DF = 14, p < 0.001 vs. control) and
increased cell migration under lipid emulsion (Lipofundin
MCT/LCT) plus theophylline treatment (T = 9.578, DF = 14,
P <0.001 vs. theophylline alone).

Effect of theophylline and lipid emulsion, alone or in combina-
tion, on cleaved caspae-3, Bax/Bcl-XL ratio, cleaved caspase-9,
and caspase-8 expression, and NF-«f3 phosphorylation

Theophylline (3x107> M) increased cleaved caspase-3
expression (p < 0.001 vs. control, Fig. 4A). However, the
lipid emulsion (0.5%, Lipofundin MCT/LCT) attenuated
theophylline (3x10~> M)-induced cleaved caspase-3 expres-
sion (p < 0.001 vs. theophylline, Fig. 4A). One-way ANOVA
showed a significant difference in cleaved caspase-3 expres-
sion among the four groups (F[3,20] = 3131, p < 0.001),
with Bonferroni’s post-hoc test confirming increased cleaved
caspase-3 expression under theophylline treatment (T =
68.06, DF =10, p < 0.001 vs. control) and decreased cleaved
caspase-3 expression under lipid emulsion (Lipofundin
MCT/LCT ) plus theophylline treatment (T = 81.41, DF =
10, p < 0.001 vs. theophylline alone). In addition, theophyl-
line (3x1072 M) increased Bax/Bcl-XL ratio (p < 0.001 vs.
control, Fig. 4B), while the lipid emulsion (0.5% Lipofun-
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(0.5%, Lipofundin MCT/LCT), did not significantly alter
cleaved caspase-8 expression (Fig. 5A). One-way ANOVA
showed no significant difference in cleaved caspase-8 expres-
sion among the four groups (F [3,20] = 0.7755, p = 0.5213).
Further, theophylline (3x 1073 M) increased NF-«f (Ser532)
phosphorylation (p < 0.001 vs. control, Fig. 5B). In contrast,
lipid emulsion (0.5%, Lipofundin MCT/LCT) reversed the
theophylline-induced NF-xf (Ser532) phosphorylation
(3x107> M) (p < 0.001 vs. theophylline alone, Fig. 5B).
One-way ANOVA showed a significant difference in NF-kf3
(Ser532) phosphorylation among the four groups (F[3,24] =
186.6, p < 0.001), with Bonferroni’s post-hoc test confirming
increased NF-xf (Ser532) phosphorylation under theophyl-
line treatment (T = 18.85, DF = 12, p < 0.001 vs. control)
and decreased NF-kf (Ser532) phosphorylation under lipid
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emulsion (Lipofundin MCT/LCT ) plus theophylline treat-
ment (T =8.929, DF = 12, p < 0.001 vs. theophylline alone).

Effect of theophylline and lipid emulsion, alone or in combi-
nation, on TUNEL-positive cells

Theophylline (3x 103 M) increased the number of TUNEL-
positive cells (p < 0.001 vs. the control, Fig. 6). However,
the lipid emulsion (1% Lipofundin MCT/LCT) attenuated
the augmented number of TUNEL-positive cells induced
by theophylline (3x107> M) (p < 0.001 vs. 3x10~> M theo-
phylline, Fig. 6). One-way ANOVA showed a significant
difference in TUNEL-positive cells among the four groups
(F[3,16] = 18.46, p < 0.001), with Bonferroni’s post-hoc test
confirming increased number of TUNEL-positive cells

Tt

ﬁ PaSBia3353y

LE + TPL LE

Figure 6. Effect of theophylline (3x10~> M TPL) and lipid emulsion (LE, Lipofundin MCT/LCT, 1%), alone or in combination, on TUNEL-
positive cells in H9¢2 rat cardiomyoblasts. Data (n = 5) are shown as mean * SD. n indicates the number of independent experiments.

Scale bar: 100 pm. ** p < 0.001 vs. Control. T11 p <0.001 vs. TPL.
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under theophylline treatment (T = 20.22, DF = 8, p < 0.001
vs. control) and decreased number of TUNEL-positive
cells under lipid emulsion (Lipofundin MCT/LCT ) plus
theophylline treatment (T = 18.80, DF = 8, p < 0.001 vs.
theophylline alone).

Discussion

This study suggests that lipid emulsion, which is composed of
50% medium-chain and 50% long-chain fatty acids, inhibits
theophylline-induced cardiotoxicity via blockade of the
intrinsic apoptotic pathway associated with NF-kf3 (Ser532)
phosphorylation. The main findings of this study are as fol-
lows: 1) Lipofundin MCT/LCT reversed theophylline toxic
dose-induced decrease in cell viability, while Intralipid had
no such effect. 2) Lipid emulsion inhibited theophylline-
induced increase in cleaved caspase-3 and Bax/Bcl-XL ratio.
3) Lipid emulsion reversed theophylline-induced increase in
the number of TUNEL-positive cells.

Lipid emulsion reversed decreased cell viability induced
by bupivacaine and propranolol (Ok et al. 2016, 2022), which
may contribute to inhibition of cardiotoxicity. Theophyl-
line inhibits interleukin-5-induced enhanced cell viability
in eosinophils (Chung et al. 2000). Further, theophylline
(107*-1073 M) inhibits the survival of eosinophils pretreated
with interleukin-5 (10 ng/ml) (Ohta et al. 1996). Similar to
previous reports (Ohta et al. 1996; Chung et al. 2000), theo-
phylline (3x10™* to 1072 M) decreased the viability of H9c2
rat cardiomyoblasts in a concentration-dependent manner.
Lipofundin MCT/LCT (0.1 to 1%) reversed theophylline tox-
ic dose (3x107> M)-induced reduction in cell viability, while
Intralipid (0.1-1%), which is composed of 100% long-chain
fatty acid, had no such effect (Wanten and Calder 2007).
Moreover, Lipofundin MCT/LCT (0.1-0.5%) alone slightly
increased cell viability, while intralipid (0.1-1%) alone
slightly reduced cell viability (Fig. 2). This differential effect
may influence recovery from the reduction in cell viability in-
duced by theophylline toxicity. Taken together, these results
suggest that medium-chain fatty acids may contribute to the
reversal of the decreased cell viability caused by toxic doses
of theophylline. Further studies are needed to examine the
type of medium-chain fatty acid primarily involved in this
reversal. In addition to reversing the theophylline-induced
decrease in cell viability, lipid emulsion (Lipofundin MCT/
LCT) also partially reversed the reduction in cell migration
induced by toxic doses of theophylline (3x10~> M) (Fig. 3).

Apoptosis proceeds via two principal signaling pathways:
intrinsic and extrinsic pathways (MacFarlane 2009). The
intrinsic pathway, triggered by mitochondrial dysfunction,
involves the release of cytochrome c from the mitochondrial
intermembrane space (MacFarlane 2009). This process is
tightly regulated by pro-apoptotic proteins, such as Bax and

Bak, as well as anti-apoptotic members of the Bcl-2 fam-
ily, including Bcl-2 and Bcl-XL, ultimately culminating in
the activation of cleaved caspase-9 (MacFarlane 2009). In
contrast, the extrinsic pathway is initiated by death receptor
stimulation, which activates cleaved caspase-8 (MacFarlane
2009). Both apoptotic cascades converge upon activation
of cleaved caspase-3, a key executioner enzyme, resulting
in programmed cell death (MacFarlane 2009). Herein,
theophylline (3x10™ M) increased cleaved caspase-3
expression, but the lipid emulsion (Lipofundin MCT/
LCT, 0.5%) reduced the theophylline-induced increase in
cleaved caspase-3 expression. Bcl-2 expression, which is
increased by interleukin-5 in eosinophils, is inhibited by
theophylline (Chung et al. 2000). Theophylline induces
apoptosis by decreasing Bcl-2 expression in eosinophils
pretreated with interleukin-5, and in lymphocytes, which
is mediated by increased cyclic adenosine monophosphate
formation due to inhibition of phosphodiesterase (Ohta
and Yamashita 1999). Theophylline-induced adenosine A; 5
receptor inhibition induces apoptosis in neutrophils (Yasui
et al. 2000). Moreover, theophylline induces apoptosis by
downregulating Bcl-2 in blood progenitor cells of patients
with asthma (Wang et al. 2003). In addition, a theophyl-
line derivative induced apoptosis with decreased Bcl-XL
expression in a breast cancer cell line (MDA-MB-231 cell)
(Afifi et al. 2025). Furthermore, fenethylline, a mixture
of theophylline and amphetamine, induces cardiac toxic-
ity and myocardial apoptosis by increasing caspas-3 and
Bax expression and decreasing Bcl-2 expression (Shehata
et al. 2025). Similar to these previous reports (Ohta and
Yamashita 1999; Chung et al. 2000; Yasui et al. 2000; Wang
et al. 2003; Afifi et al. 2025; Shehata et al. 2025), our study
indicated that theophylline increased Bax/Bcl-XL ratio,
but did not significantly affect cleaved caspase-8 expres-
sion. However, lipid emulsion (0.5%) reversed the increase
in Bax/Bcl-XL ratio induced by theophylline (3x107> M).
Taken together, these results suggest that lipid emulsion
inhibits theophylline-induced apoptosis by inhibiting the
mitochondrial apoptotic pathway. In agreement with this
result, lipid emulsion attenuated the theophylline-induced
increase in the number of TUNEL-positive cells. NF-«f is
generally associated with anti-apoptosis (Khandelwal et
al. 2011). However, cellular stresses, such as hypoxia, and
DNA-damaging agents induce nuclear translocation of the
RelA/NF-kfp complex and promote apoptosis (Khandelwal
etal. 2011). Additionally, fenethylline-induced cardiotoxic-
ity involves increased NF-« gene expression (Shehata et al.
2025). Considering these reports (Khandelwal et al. 2011;
Shehata et al. 2025), our results showing that lipid emul-
sion prevented the theophylline-induced increase in NF-xB
(Ser532) phosphorylation suggest that lipid emulsion may
inhibit theophylline-induced apoptosis by suppressing the
NF-«kB-mediated apoptotic pathway. Further studies are
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needed to examine potential upstream cellular signaling
pathways - including the cyclic adenosine monophosphate
accumulation, adenosine receptor inhibition, and NF-xf-
related pathways - that initiate the theophylline-induced
intrinsic apoptotic pathway. This will help elucidate the
detailed cellular signaling mechanisms associated with
theophylline toxic dose-induced apoptosis.

Recently, lipid emulsion has been reported to be effec-
tive in ameliorating cardiovascular depression (distributive
shock) caused by theophylline toxicity, which is unrespon-
sive to supportive treatments, including intravenous fluid,
vasopressors, calcium gluconate, and KCI (Chandrasekara
etal. 2020). In addition, lipid emulsion reportedly alleviates
cardiovascular collapse caused by toxic doses of non-local
anesthetic drugs with high lipid solubility (log P [octanol/
water partition coefficient] > 2), including flecainide (log
P: 3.8), quetiapine (log P: 2.81), bupropion (log P: 3.2), and
amlodipine (log P: 3) (Ok et al. 2020). The therapeutic action
of lipid emulsion against drug toxicity involves both indirect
and direct mechanisms (Lee and Sohn 2023). The predomi-
nant indirect mechanism, often referred to as the “lipid shut-
tle,” proposes that lipid emulsion sequesters lipophilic agents
- such as bupivacaine (log P = 3.41) - from highly perfused
tissues like the heart and central nervous system (Lee and
Sohn 2023). Following sequestration, drug-laden lipid par-
ticles are redistributed to peripheral sites, including the liver,
skeletal muscle, and adipose tissue, where they are detoxified
and stored (Lee and Sohn 2023). In parallel, lipid emulsion
exerts several direct pharmacological effects, including en-
hancement of myocardial contractility, provision of free fatty
acids as metabolic substrates, mitigation of mitochondrial
dysfunction, and suppression of nitric oxide synthesis (Lee
and Sohn 2023). Considering these underlying mechanisms
(Lee and Sohn 2023), in contrast to lipid soluble drugs like
bupivacaine (log P: 3.41), theophylline (log P: —0.02) is not
lipid soluble. Thus, the lipid emulsion-mediated recovery
of the distributive shock caused by theophylline toxicity
observed in previous case reports may be due to inhibition
of nitric oxide release by lipid emulsion (Chandrasekara et
al. 2020; Lee and Sohn 2023). In other words, toxic doses of
theophylline cause severe endothelial nitric oxide-dependent
vasodilation in isolated endothelium-intact rat aortas, which
may lead to severe hypotension due to inhibition of nitric
oxide degradation induced by phosphodiesterase inhibition
(Murad 2006; Park et al. 2023).

This study has some limitations. First, an in vitro approach
was used, although an in vivo study is more appropriate for
examining the effect of lipid emulsion on hemodynamic
depression caused by theophylline toxicity. Second, the H9¢2
rat cardiomyoblast cell line was used. However, cultured
primary cardiomyocytes are more appropriate, because cell
lines may have been modified from the original cells (Kaur
and Dufour 2012). Despite these limitations, our results sug-

gest that lipid emulsion may contribute to the attenuation of
theophylline-induced cardiotoxicity.

Collectively, these results suggest that lipid emulsion
reverses apoptotic cell death of cardiomyoblasts caused by
toxic doses of theophylline via inhibition of the intrinsic
apoptotic pathway associated with NF-kf (Ser532) phos-
phorylation. This effect may contribute to the reduction in
the cardiotoxicity induced by toxic doses of theophylline.
However, further in vivo studies to examine the effect of
lipid emulsion on cardiac toxicity caused by theophylline are
needed to confirm the results of this in vitro study.
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