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Abstract:  

Background: Doxorubicin (Dox) is a common anti-neoplastic agent that causes dose-dependent 

collateral damage to the heart, resulting in both an acute and chronic cardiomyopathy. Evidence 

demonstrates that pre-conditioning (exercise prior to receiving chemotherapy) with exercise 

may attenuate Dox-induced cardiomyopathy through multiple molecular pathways, including the 

toll-like receptor 4 (TLR4) pathway. The effect of pre-conditioning with high-intensity interval 

training (HIIT) on TLR4 signaling in Dox-induced cardiomyopathy is uncertain.  

 

Methods: Female Sprague-Dawley rats were organized into four parallel groups (N=14, n=2-4) 

performing either HIIT exercise (EX) or remaining sedentary (SED) prior to treatment with Dox or 

placebo (VEH).  Subjects received intra-peritoneal injections of either 4 mg/kg Dox or an 

equivalent volume of saline every 2 weeks during the 6-week study. 

 

Results: TLR4 signaling was increased in subjects receiving Dox (p = 0.05), however exercise did 

not affect TLR4 abundance among treatment groups (p = 0.20). Exercise was not associated 

with changes in pNFkB to total NFkB ratio (pt-NFkB) or pIkB to total IkB ratio (pt-IkB). Pre-

conditioned subjects demonstrated a higher pt-IkB than sedentary subjects. 

 

Conclusion: The findings from this study suggest that the impact of TLR4 on Dox-induced cardiac 

inflammation may not be significantly modulated by pre-conditioning HIIT. However, HIIT pre-

conditioning may impact the downstream mediator, IkB, in models of Dox-induced cardiac 

inflammation. Follow-up work with a higher-powered study will be needed to further elucidate 

the role of HIIT on downstream mediators of the cardiac TLR4 pathway in subjects receiving Dox. 



 

 

Table of Contents:  

 

Introduction 

 

1 

Methods 

 

7 

Results 

 

9 

Discussion 

 

25 

Conclusion 

 

30 

Future Directions 

 

31 

References 

 

32 

  



 

 

Index of Figures and Tables: 
 
 
Figure 1: Composition of experimental groups. 

 

10 

Figure 2: TLR4 abundance in rat myocardium. 

 

12 

Figure 3: Total NFkB abundance in rat myocardium. 

 

14 

Figure 4: Phosphorylated NFkB abundance in rat myocardium. 

 

16 

Figure 5: Ratio of phosphorylated NFkB to total NFkB abundance in rat myocardium. 

 

18 

Figure 6: Total IkB abundance in rat myocardium. 

 

20 

Figure 7: Phosphorylated IkB abundance in rat myocardium. 

 

22 

Figure 8: Ratio of phosphorylated IkB to total IkB abundance in rat myocardium. 

 

24 

Figure 9: Statistical significance of ANOVA results. 

 

26 



 

 1 

Introduction: 

Doxorubicin Cardiotoxicity 

Doxorubicin (Dox) is an anti-neoplastic agent commonly used in breast cancer treatment that 

causes dose-dependent collateral tissue damage to the heart and other organs by generating 

reactive oxygen species (ROS) and reactive nitrogen species (RNS).1,2 The Dox molecule 

intercalates within DNA base pairs, interrupting the action of topoisomerase-II and causing 

double-stranded DNA breaks in rapidly-dividing cells.1,3 Dox also accumulates in the 

mitochondrial membrane of the heart and produces ROS and RNS by enabling futile cycles of 

oxidative cellular respiration.4,5 It is these main mechanisms by which Dox is postulated to exert 

its cytotoxic effects. 

 

In cardiac tissue, Dox has a well-characterized tendency to accumulate in the mitochondrial inner 

membrane.6 The Dox molecule has a high affinity for cardiolipin, which is highly and selectively 

expressed on the inner mitochondrial membrane of cardiomyocytes.6,7 The Dox-cardiolipin 

complex undergoes redox reaction cycles mediated by NADPH dehydrogenase in the inner 

mitochondrial membrane. This ultimately results in a moiety of Dox that generates superoxide 

radicals, contributing to cellular damage.8 The amount of induced cellular damage is a dose-

dependent property of Dox6,8 and reflects its ability to concentrate in the mitochondria of 

cardiomyocytes. 

 

Dox-induced oxidative stress limits its therapeutic dose and usage, decreases patient quality of 

life and may contribute to cancer-related fatigue.1,2  While some of these symptoms are 

attributable to general chemotherapeutic agents, Dox has a well-characterized predilection for 

targeting myocardial tissue, as evidenced by overwhelming in vitro and in vivo data.2,7–9 In 

myocardial tissue, Dox-induced oxidative stress is known to cause acute reversible dysrhythmias, 

tachycardia and EKG changes.1 At higher doses, Dox-induced oxidative stress can result in long-

term damage to myocardial tissue. 
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The most feared consequence of Dox-induced oxidative stress is a dilated cardiomyopathy which 

can often result in heart failure with reduced ejection fraction.1,5,10,11  The risk of heart failure in 

patients receiving Dox is generally accepted to be 5% at doses of 400 mg/m2, increasing 

exponentially above doses of 500 mg/m2.12 However, recently it has been suggested that certain 

genetic predispositions can accelerate the 5% risk of heart failure to doses as low as 240 mg/m2.13 

A recent study of breast cancer patients estimates that the mortality rate in heart failure 

secondary to Dox cardiomyopathy is 27-60%.9  

 

TLR4 Pathway Signaling in Doxoubicin Cardiotoxicity 

Toll-like receptor 4 (TLR4) has been suggested as a possible cell surface mediator of Dox-induced 

inflammation and toxicity in cardiac tissue.14,15 TLR4 is a cellular surface receptor that mediates 

downstream inflammatory pathways implicated in a variety of disease processes, including heart 

failure. TLR4 and TLR2 signaling has been implicated in the pathogenesis of cardiac inflammation, 

fibrosis, and dysfunction.14,16  

 

The binding of a ligand to TLR4 begins a common pro-inflammatory pathway that induces a host 

of mediators, including nuclear factor kappa-B (NFkB) and inhibitor of kappa-B (IkB). NFkB is a 

transcription factor that promotes the transcription of genes that code for pro-inflammatory 

mediators such as IL-6 and TNF-alpha.15, 17, 18, 19 IkB is a protein that acts as a negative regulator 

of this process. When activated, IkB forms a complex with which inhibits NFkB from entering the 

nucleus and exerting its effect as a transcription factor of pro-inflammatory genes.17 The 

phosphorylation of IkB by cellular kinases results in its accelerated degradation, leading to 

persistence of the pro-inflammatory state induced by uninhibited NFkB action.20  

 

The effect of exercise on Dox-induced pro-inflammatory TLR4 signaling may provide key 

information about Dox-induced cardiomyopathy. Knowledge of the molecular changes via TLR4 

signaling in the myocardium of exercising, Dox-exposed subjects could have diagnostic or 

therapeutic potential. TLR4 or downstream pathway components could be used to monitor for 

signs of cardiotoxicity, especially in patients with genetic predisposition.21 Information regarding 
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TLR4-associated, Dox-induced cardiotoxicity could also theoretically drive targeted molecular 

therapies or Dox-delivery strategies in the future.  

  

Exercise as a Preventive Treatment for Dox-induced Cardiomyopathy 

Multiple studies in rat models demonstrate that exercise pre-conditioning reduces Dox-induced 

cardiomyopathy and cardiac dysfunction.11,22–25 Several types of exercise, from high-intensity to 

low-intensity, helped prevent Dox-induced cardiomyocyte dysfunction in laboratory animals 

given acute and chronic doses of Dox. Additionally, exercise modulates key intrinsic cardio-

protective mechanisms to prevent Dox-induced cardiomyopathy, including heat shock proteins, 

antioxidants, and anti-apoptotic proteins.26 
 

Several studies have demonstrated biochemical evidence of cardio-protective benefits of 

endurance training in animals receiving Dox. Ascensao et al. suggest that endurance exercise pre-

conditioning may reduce Dox-induced apoptosis of cardiomyocytes.24,26 Endurance training of 

60-90 minutes running per day inhibited Dox-induced pro-apoptotic and inflammatory changes 

in rat myocardial tissue. In this study, the subjects that performed endurance training expressed 

higher amounts of myocardial heat shock proteins and lower amounts of caspases and Bax, as 

well as a lower Bax:Bcl-2 ratio, than subjects that did not undergo training before receiving Dox.24 

A similar study on endurance training in Dox-induced cardiotoxicity in a murine model found 

higher expression of total and reduced glutathione, and heat shock protein 60, in endurance-

trained subjects vs. sedentary subjects receiving Dox.27  

 

In addition to biochemical data, there is also mounting physiologic evidence of the cardio-

protective benefits of endurance training in animals receiving Dox. Jensen et al. report that 

exercise pre-conditioning in Dox-treated rats preserved in vivo aortic and mitral flow velocities 

and in vitro left ventricular developed pressure and end systolic pressure compared to sedentary 

Dox-treated rats.22 Hydock et al. reported preserved in vivo aortic and mitral flow velocities, in 

vitro left ventricular developed pressure, and inhibited expression of the weaker ß myosin heavy 

chain in rats which performed endurance exercise between weekly Dox treatments.11 These 
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studies in animal models of Dox-induced cardiotoxicity demonstrate biochemical and physiologic 

benefits of endurance exercise pre-conditioning in preventing iatrogenic cardiac dysfunction 

from Dox. 

 

Acute exercise pre-conditioning has also demonstrated efficacy in attenuating the cardiotoxic 

effects of Dox. Wonders et al. demonstrated cardio-protective benefits of a single bout of acute 

exercise in rats receiving Dox.23 Rats that performed a single bout of acute exercise 24 hours 

before receiving Dox had higher left ventricular end-developed pressures and end-systolic 

pressures than rats that did not perform exercise before receiving Dox.23 This concept has been 

more recently applied to human breast cancer patients. Patients who performed an acute bout 

of exercise 24 hours before receiving their Dox therapy had higher systolic function and lower 

serum pro-BNP than those patients who remained sedentary.28 

 

Overall, there is ample biochemical and physiologic evidence to support the beneficial cardio-

protective effects of both acute and endurance exercise training in animal and human subjects 

receiving Dox chemotherapy. Several biochemical processes have been implicated as mediators 

or indicators of this effect, including heat shock proteins, caspases, cytokines, and other pro-

inflammatory mediators. However, the effect of exercise pre-conditioning on many other cellular 

mechanisms of Dox-induced myocardial damage, including TLR4, remains unclear.    

 

Dox-induced TLR4 Signaling  

Pro-inflammatory TLR4 signaling may be a key pathway in the cellular mechanisms of Dox-

induced cardiomyopathy. The negative consequences of TLR4 signaling on cardiomyocytes has 

been established in the literature.29,16,15 However, there are still some inconsistencies in the data 

regarding the effect of TLR4 variants and the contribution of TLR2 signaling on Dox-induced 

cardiomyopathy. Some studies demonstrate the contribution of TLR2 signaling in Dox-induced 

cardiomyopathy.14,30 Other studies suggest that certain variants of TLR4 may confer a 

predilection for Dox-induced cardiomyopathy.31 
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Riad et al. suggest that Dox may induce left ventricular dysfunction, decrease cardiac output, and 

increase inflammatory responses in wild-type mice compared to TLR4 knockout mice.29 After a 

single 20 mg/kg dose of Dox, TLR4 knockout mice were found to have higher cardiac lipid 

peroxidation, TNF-alpha expression, and cardiac apoptosis than wild-type mice.29 Furthermore, 

the TLR4 knockout mice had decreased left ventricular function compared to wild-type mice, as 

quantified by stroke volume and cardiac output.29 

 

Ma et al. demonstrated the pro-inflammatory role of TLR2 signaling in a murine model of Dox-

induced cardiotoxicity.14 After a single 10 mg/kg dose of Dox, mice were given either a TLR2 or 

TLR4 blocking antibody. In the mice given a TLR2 blockade, cardiac fibrosis and dysfunction were 

attenuated in comparison to controls.14 In contrast, the mice given a TLR4 blockade 

demonstrated higher amounts of fibrosis, cardiac dysfunction, and inflammation compared to 

controls, and lower cellular autophagy.14 This evidence suggests a more complex role of TLR 

signaling in Dox-induced cardiotoxicity than previously hypothesized. 
 

Several studies have implicated the role of tumor necrosis factor alpha (TNF-alpha), a TLR 

signaling product, in Dox-induced cardiomyocyte apoptosis.32,33  TNF-alpha has been implicated 

as a mediator of inflammation in studies of anti-oxidant use in Dox-induced cardiotoxicity.32 In 

an in vitro study using H9c2 cardiomyocytes, TNF-alpha receptor levels were up-regulated after 

Dox administration.33 Furthermore, the cytotoxic and apoptotic effect of Dox was greatly 

enhanced by the artificial administration of TNF-alpha to the H9c2 cardiomyocytes.33 The 

evidence for the role of TNF-alpha, a downstream mediator of TLR activation, may help explain 

the role of TLR4 in Dox-induced cardiac toxicity. 

 

Overall, data from several studies suggest that TLR4 pro-inflammatory signaling and its 

downstream mediators play a role in Dox-induced cardiotoxicity.14,15,29,32 While this role with its 

nuances has not been completely elucidated, there nonetheless remains ample evidence to 

suggest a pro-inflammatory role of TLR4 and downstream mediator activation in the contribution 

of Dox-induced cardiotoxicity.  
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Limitations of Prior Research 

While evidence suggests that TLR4 signaling may contribute to Dox-induced cardiomyopathy, 

there exists less data regarding the effect of exercise on this inflammatory pathway. It is well-

established that exercise reduces many pro-inflammatory pathways, but there has yet to be 

convincing evidence in the literature that the modulation of TLR4 by exercise has an appreciable 

effect on Dox-induced cardiotoxicity.  

 

Prior studies using rat models of Dox-induced cardiotoxicity have several limitations, which we 

attempt to address in this study.  Previous studies 24,25 have used male rats, which may not be 

reliable indicators of Dox’s cardiotoxic effects in female breast cancer patients.  Furthermore, 

prior studies 11, 23, 25, 34, 35 have used Dox treatment protocols that prescribe much larger 

cumulative doses than the clinical treatments given to human patients.  Our study used a 

treatment protocol that accurately models a two-week cycle regimen used in humans.36 The use 

of a physiologically relevant dose will more accurately demonstrate Dox’s negative effects on the 

heart, especially before they can be clinically detectable.37   

  

Prior research has not directly addressed the effects of HIIT exercise on Dox-induced 

inflammatory signaling through the TLR4 pathway. However, prior research has demonstrated 

both the cardio-protective effects of exercise and the myocardial damage of the TLR4 

inflammatory pathway in rodents receiving Dox.  In this study, we characterize the effects of HIIT 

pre-conditioning on Dox-induced cardiomyopathy on the pro-inflammatory TLR4 pathway.  
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Methods: 

Study Design 

Female ovarectamized Sprague-Dawley laboratory rats (n=14) were randomly assigned to a study 

group (n=2-4) receiving either Dox or saline (VEH), and either performing exercise (EX) or 

remaining sedentary (SED). The four study groups of rats were EX-Dox, SED-Dox, EX-VEH, and 

SED-VEH. Several studies of the effects of exercise on Dox-induced cardiomyopathy in rat models 

have used similar study design protocols.11, 24, 35 

 

Study Protocol 

Subjects either performed HIIT or remained sedentary prior to receiving their respective injection 

(VEH or Dox). HIIT was performed according to a previously established and independently 

verified protocol involving five rounds of alternating high intensity exercise (4-minute periods of 

running at 90% VO2 max) and low intensity recovery periods (walking at 50% VO2 max).38, 39  

 

The Dox rats received intraperitoneal Dox injections of 4 mg/kg every 14 days for 6 weeks 

according to an established protocol used in human breast cancer patients.36 Each subject’s 

cumulative Dox dose (12 mg/kg) was comparable to the respective human cumulative dose in 

the human breast cancer protocol (72 mg/kg). Rat Dox dosing was calculated using the FDA’s 

protocol for pharmaceutical clinical trials:40 
 

1) 𝐷𝐷𝐻𝐻  �𝑚𝑚𝑚𝑚
𝑘𝑘𝑚𝑚
� =

𝐻𝐻𝐻𝐻𝑚𝑚𝐻𝐻𝐻𝐻 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑚𝑚𝑚𝑚
𝑚𝑚2

𝐾𝐾𝑚𝑚ℎ𝐻𝐻𝑚𝑚𝐻𝐻𝐻𝐻
=

72𝑚𝑚𝑚𝑚
𝑚𝑚2

37𝑘𝑘𝑚𝑚
𝑚𝑚2

= 1.96 𝑚𝑚𝑚𝑚
𝑘𝑘𝑚𝑚

 

  

where: DH = human equivalent dose, Km human = 37 kg/m2 

 

2) 𝐷𝐷𝑅𝑅  �𝑚𝑚𝑚𝑚
𝑘𝑘𝑚𝑚
� =

𝐷𝐷𝐻𝐻 �𝑚𝑚𝑚𝑚
𝑘𝑘𝑚𝑚 �

� 𝑟𝑟𝑟𝑟𝑟𝑟 𝑤𝑤𝑟𝑟.
ℎ𝑢𝑢𝑚𝑚𝑟𝑟𝑢𝑢 𝑤𝑤𝑟𝑟.�

0.33 =
�1.96𝑚𝑚𝑚𝑚

𝑘𝑘𝑚𝑚 �

(4.16∗10−3)0.33 = 𝟏𝟏𝟏𝟏.𝟎𝟎𝒎𝒎𝒎𝒎
𝒌𝒌𝒎𝒎

 

 

where: DR = rat equivalent dose, rat wt. = 0.250 kg, human wt. = 60 kg . 
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The VEH rats received intraperitoneal saline injections every 14 days during the course of the 6-

week study. The volume of the saline injection was equivalent to the volume of a Dox injection 

given to a rat of equivalent weight. The injection site and method have been verified by previous 

studies of Dox toxicity in rats.11, 25 Injections are the preferred method of experimental Dox 

delivery due to high experimental reliability and bioavailability.41  

 

Tissue Analysis 

Subjects were anesthetized with isofluorane and decapitated 24 hours after receiving their last 

injection. The heart from each subject was extracted, frozen in liquid nitrogen, and stored at -

80°C. Tissue samples were homogenized, separated, and stored in labeled aliquots at -80°C for 

use in Western blotting experiments. Western blots were performed with the Bio-Rad Criterion 

system using pre-manufactured Mini-Protean TGX gels and membrane transfers were performed 

using the Turbo Blot system (Bio-Rad, Hercules, CA, USA) and the following antibodies: TLR4 H-

80 (Santa Cruz Biotechnology, Dallas, TX, USA), NFkB (p65) and pNFkB (p65) S536 (Cell Signaling 

Technology, Danvers, MA, USA), IkBa and pIkBa S32 (Cell Signaling Technology, Danvers, MA, 

USA). 

 

Data Collection and Analysis 

Western blot membranes were imaged with the ChemiDoc MP and analyzed using ImageLab 

software (Bio-Rad, Hercules, CA, USA). Data among the four groups were assessed with non-

parametric ANOVA testing (p < 0.05) using SPSS software. Results were normalized to the control 

group (SED-VEH) or expressed as a ratio of phosphorylated to total (pt) of target.  
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Results: 

A total of 14 subjects were randomly assigned to one of four experimental groups receiving 

exercise (EX) or sedentary (SED) pre-conditioning and either Doxorubicin (Dox) or saline (VEH) 

injections (Figure 1). Abundance of TLR4, NFkB, and IkB were determined by western blotting of 

homogenized myocardial tissue. 
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 Dox VEH 

EX n = 4 n = 4 

SED n = 2 n = 4 

 

Figure 1: Composition of experimental groups.  

Subjects were randomly assigned to one of four treatment groups as shown. Either 4 mg/kg/dose 
of intraperitoneal Dox or an equivalent volume of saline injections were given. 
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TLR4  

TLR4 abundance was highest in the EX-Dox and SED-Dox groups, and lowest in the EX-VEH group 

(Figure 2). The EX-Dox group expressed an average of 32% more TLR4 than SED-VEH, and the 

SED-Dox group expressed an average of 13% more TLR4 than SED-VEH control group. Overall, 

Dox groups expressed higher abundance of TLR4 than VEH groups (p = 0.053). The EX-VEH group 

expressed the least amount of TLR4 on average, 15% less than SED-VEH control group. The 

relative different in average TLR4 abundance among the groups did not reach statistical 

significance (p = 0.204).  
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Figure 2: TLR4 abundance in rat myocardium.   

Average TLR4 abundance in each experimental group is shown normalized relative to the SED-
VEH control group. 
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NFkB: 

Total NFkB abundance was highest in the Dox groups and lowest in the VEH groups (Figure 3). 

The EX-Dox group demonstrated the highest average abundance of total NFkB, 74% more than 

SED-VEH control group. The EX-VEH group had the lowest average abundance of total NFkB, 8% 

less than the SED-VEH control group. The difference in average total NFkB abundance among the 

four groups achieved statistical significance (p = 0.031).  

  



 

 14 

 

 
 
Figure 3: Total NFkB abundance in rat myocardium.  

Average total NFkB abundance in each experimental group is shown normalized relative to the 
SED-VEH control group. 
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Phosphorylated NFkB (pNFkB) abundance was highest in the Dox groups and lowest in the EX-

VEH group (Figure 4). The average abundance of pNFkB in SED-Dox was 140% higher than SED-

VEH control group. Average pNFkB abundance in the EX-Dox group was 69% higher than control 

group. Average pNFkB abundance in EX-VEH group was 2% higher than SED-VEH controls. The 

difference in pNFkB abundance among groups also achieved statistical significance (p = 0.036).  
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Figure 4:  Phosphorylated NFkB abundance in rat myocardium.  

Average pNFkB abundance in each experimental group is normalized relative to SED-VEH control 
group. 
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The ratio of phosphorylated to total NFkB (ptNFkB) abundance was highest in the SED-Dox group 

and lowest in the EX-Dox group (Figure 5). The SED-Dox group demonstrated an average of 45% 

high ratio of pNFkB to total NFkB than SED-VEH control, and the EX-VEH group demonstrated an 

average ratio 13% higher than controls. The EX-Dox group expressed a ratio 6% less than SED-

VEH control group. The differences in ptNFkB abundance among the groups did not reach 

statistical significance (p = 0.451). 

  



 

 18 

 

 
 

Figure 5:  Ratio of phosphorylated NFkB to total NFkB abundance in rat myocardium.  

Average ratio of pNFkB to total NFkB abundance in each experimental group is expressed relative 
to SED-VEH control group. 
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IkB 

Total IkB abundance on average was highest in the EX groups, with EX-Dox and EX-VEH 

demonstrating average IkB levels 1143% and 903% greater than the control group, respectively 

(Figure 6). The SED-Dox group, on average, expressed 72% more IkB than the SED-VEH control 

group. However, statistical difference between the average IkB abundance among all four groups 

was not significant (p = 0.326). 
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Figure 6: Total IkB abundance in rat myocardium.  

Ratio of average pNFkB to total NFkB abundance in each experimental group is expressed in 
normalized relative to SED-VEH control group. 
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Similar to total IkB, phosphorylated IkB (pIkB) was most highly expressed in the EX groups (Figure 

7). The EX-Dox and EX-VEH groups expressed an average of 1861% and 3075% more pIkB than 

the SED-VEH control group. The SED-Dox group expressed 55% less pIkB, on average, than the 

control group. The difference in average pIkB abundance among the four groups was statistically 

significant (p = 0.016).  
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Figure 7:  Phosphorylated IkB abundance in rat myocardium.  

Average pIkB abundance in each experimental group is expressed relative to SED-VEH control 
group. 
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The average ratio of pIkB to total IkB (ptIkB) was also highest in the EX groups (Figure 8). The EX-

Dox group demonstrated an average ptIkB ratio 841% higher than SED-VEH control group. The 

EX-VEH group had an average ptIkB ratio 1046% higher than the control group. Overall, the EX 

subjects had a significantly higher ptIkB ratio than SED subjects (p = 0.046). The SED-Dox group 

had the lowest average ratio of ptIkB, with an average of 92% less than SED-VEH control subjects. 

Mean difference among each group’s ptIkB ratio did not achieve statistical significance (p = 

0.184).    
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Figure 8:  Ratio of phosphorylated IkB to total IkB abundance in rat myocardium. 

Average ratio of pIkB to total IkB abundance in each experimental group is shown 
normalized relative to SED-VEH control group. 
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Discussion: 

While the contributions of many inflammatory pathways on Dox-induced cardiomyopathy have 

yet to be characterized, inflammatory downstream effects of TLR4 activation have been observed 

in the literature.15,16,29 Among the key regulators of the TLR4 downstream pathway, only ptIkB 

exhibited a meaningful and statistically significant (p < 0.05) difference among treatment groups. 

Statistical significance of all non-parametric ANOVA results is shown in Figure 9. 

  



 

 26 

 

 

 

 

 

 

 

 

 

 

 

Figure 9: Statistical significance of ANOVA results. 

Statistical significance (α = 0.05) of ANOVA results comparing target abundance among the four 
treatment groups. 
  

Result P-value* 

TLR4 0.204 

DOX vs. VEH 0.053 

EX vs. SED 0.476 

pt-NFkB 0.451 

DOX vs. VEH 0.412 

EX vs. SED 0.355 

pt-IkB 0.184 

DOX vs. VEH 0.093 

EX vs. SED 0.046* 
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The relative proportions of TLR4 abundance among the four groups, though not statistically 

significant, exhibit a pattern of increased TLR4 abundance among the Dox groups, and decreased 

TLR4 abundance among VEH groups (Figure 2). The Dox groups, on average, expressed 30% more 

TLR4 than their respective SED group.  

 

While the Dox intervention was observed to increase TLR4 abundance as expected, the EX 

intervention results were conflicting. The EX-VEH group demonstrated lower levels of TLR4 than 

SED-VEH, but the opposite was true for EX-Dox and SED-Dox. It was expected for the SED-Dox 

group to have higher levels of TLR4 abundance than EX-Dox due to the anti-inflammatory effect 

of exercise. These conflicting results may be explained in part by low experimental power. 

Overall, Dox exposure is associated with higher average TLR4 abundance, but the effect of 

exercise remains uncertain.  

 

Total NFkB demonstrated an identical pattern to that of TLR4 among the four treatment groups 

(Figure 3). The Dox groups were observed to express more NFkB than the VEH groups. The Dox 

groups, on average, expressed 72% more NFkB than their respective SED group. The EX groups 

demonstrated conflicting results. The EX-VEH group did express an average of 8% less NFkB than 

SED-VEH, however the EX-Dox group expressed an average of 14% more NFkB than SED-Dox. 

These results were statistically significant (p = 0.031), suggesting that total NFkB may be 

upregulated by Dox exposure, though the effect of exercise and the functionality of the increased 

total NFkB remain unclear.  

 

The data for pNFkB exhibited a likewise conflicting pattern, and the difference among the average 

pNFkB among the four treatment groups was statistically significant (p = 0.036). The Dox 

interventions were associated with higher average abundance of pNFkB and the EX interventions 

were conflicting in regard to pNFkB abundance. The Dox groups expressed an average of 104% 

more pNFkB than their VEH counterparts (Figure 4). The EX-Dox group expressed an average of 

71% less pNFkB than SED-Dox. However the EX-VEH group expressed an average of 2% more 

pNFkB than the SED-VEH group.  
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Overall, average total NFkB and pNFkB abundance was highest for groups that received Dox 

rather than SED intervention. The results were statistically significant for total NFkB and pNFkB, 

suggesting that Dox intervention is associated with higher total NFkB and pNFkB abundance in 

rat myocardium. For clarification of these findings, the ptNFkB ratio was calculated, as the ratio 

of phosphorylated NFkB is more descriptive than total or pNFkB alone. For the antibodies used 

in this experiment, pNFkB S532 is considered an inactive or sequestered species.42 The ratio of 

ptNFkB was highest in the SED-Dox group, but the ratio was lowest in the EX-Dox group. These 

results suggest that the NFkB was most highly inhibited in the SED-Dox group, and most activate 

in the EX-Dox group. These results were not statistically significant.  

 

Total IkB abundance was highest in the EX groups and lowest in the SED groups (Figure 6). The 

EX groups, on average, expressed 987% more IkB than the average of the SED groups. This finding 

would suggest the inhibition of the pro-inflammatory TLR4 pathway in subjects receiving EX 

treatment, though the results were not statistically significant. Still, because IkB exists in 

phosphorylated and non-phosphorylated forms with varying degrees of activity, the stratification 

of results with regard to IkB’s phosphorylation status is more important than simply total IkB 

itself. 

 

Similar to total IkB, pIkB abundance was highest in the EX groups and lowest in the SED groups 

by an average of 2380% (Figure 7). Unlike total IkB, average pIkB abundance was lower among 

both Dox groups than their respective SED groups. This observation suggests that 

phosphorylation (deactivation) of IkB is associated with the EX treatment, but not the Dox 

treatment. These results are conflicting because Dox is currently thought to be associated with 

upregulation of inflammatory pathways and vice versa for exercise.  

 

The ratio of pIkB to total IkB (ptIkB) followed the same pattern as pIkB, with the EX groups 

expressing a higher average ratio than the SED groups (p = 0.046) and the Dox groups expressing 

a lower average ratio than the VEH groups (p = 0.093) (Figure 8). The increased ratio of ptIkB in 

EX groups would suggest increased inactivation of IkB in the EX groups, and persistence of the 
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TLR4 inflammatory pathway. Conversely, the decreased average ratio of ptIkB in the Dox groups 

would suggest decreased inactivation of IkB in the Dox groups, and therefore inhibition of NFkB 

in the inflammatory pathway.  

 

Overall, the results were conflicting and did not present as expected. This may be explained due 

to a variety of causes, most importantly the low sample size and low rates of statistically 

significant differences among treatment groups. Both total NFkB and pNFkB demonstrated 

higher average abundance of pro-inflammatory mediators among the Dox groups with minor 

variations within the Dox groups that may be explained by low experimental/statistical power. 

IkB was highly inhibited in the EX groups (p = 0.046) and therefore exercise may be associated 

with acute IkB inhibition in this study. More investigation must be performed on the IkB pathway 

to determine its significance in the TLR4 pathway during EX and Dox treatments.  
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Conclusions: 

In conclusion, our findings suggest that Doxorubicin exposure may be associated with 

upregulation of intracellular NFkB and IkB inflammatory pathways in the myocardium. The study 

did not provide strong evidence to demonstrate the anti-inflammatory effect of HIIT exercise on 

myocardium exposed to Doxorubicin. There was likewise inadequate statistical power to support 

the role of TLR4 in mediating the inflammatory process of Doxorubicin in the myocardium. Future 

studies with larger cohorts of subjects will be needed to better identify the role of exercise in 

modulating TLR4 inflammatory pathways in myocardium exposed to Doxorubicin.  
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Future Directions: 

Additional studies will be needed to further elucidate the role of HIIT on downstream mediators 

of the cardiac TLR4 pathway in subjects receiving Dox. This would require a highly powered study 

with investigation into genes/gene products with both western blotting and PCR. With recent 

data also implicating TLR2, additional gene products of interest would be tailored to isolate the 

TLR4 and TLR2 pathways individually with a control target representing a general inflammatory 

endpoint.  
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