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Abstract

Cancer treatments are developing fast and the number of cancer survivors could arise to 20 million 

in United State by 2025. However, a large fraction of cancer survivors demonstrate cognitive 

dysfunction and associated decreased quality of life both shortly, and often long-term, after 

chemotherapy treatment. The etiologies of chemotherapy induced cognitive impairment (CICI) are 

complicated, made more so by the fact that many anti-cancer drugs cannot cross the blood-brain 

barrier (BBB). Multiple related factors and confounders lead to difficulties in determining the 

underlying mechanisms. Chemotherapy induced, oxidative stress-mediated tumor necrosis factor-

alpha (TNF-α) elevation was considered as one of the main candidate mechanisms underlying 

CICI. Doxorubicin (Dox) is a prototypical reactive oxygen species (ROS)-generating 

chemotherapeutic agent used to treat solid tumors and lymphomas as part of multi-drug 
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chemotherapeutic regimens. We previously reported that peripheral Dox-administration leads to 

plasma protein damage and elevation of TNF-α in plasma and brain of mice. In the present study, 

we used TNF-α null (TNFKO) mice to investigate the role of TNF-α in Dox-induced, oxidative 

stress-mediated alterations in brain. We report that Dox-induced oxidative stress in brain is 

ameliorated and brain mitochondrial function assessed by the Seahorse-determined oxygen 

consumption rate (OCR) is preserved in brains of TNFKO mice. Further, we show that Dox-

decreased the level of hippocampal choline-containing compounds and brain phospholipases 

activity are partially protected in TNFKO group in MRS study. Our results provide strong 

evidence that Dox-targeted mitochondrial damage and levels of brain choline-containing 

metabolites, as well as phospholipases changes decreased in the CNS are associated with oxidative 

stress mediated by TNF-α.

These results are consistent with the notion that oxidative stress and elevated TNF-α in brain 

underlie the damage to mitochondria and other pathological changes that lead to CICI. The results 

are discussed with reference to our identifying a potential therapeutic target to protect against 

cognitive problems after chemotherapy.
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1. Introduction

Cancer survivors often lose, at least in part, cognitive abilities of concentration, attention, 

learning and memory, and executive functions. Such patients often describe feelings of 

“chemofog” and feel it difficult to remember details, as well as slowness in problem-solving 

and multitasking. These symptoms are characteristic of as chemotherapy induced cognitive 

impairment (CICI). CICI could acutely or chronically happen to cancer survivors who had 

chemotherapy history and negatively affect their quality of life. However, many 

chemotherapeutical drugs are not able to cross the blood-brain barrier (BBB), but still can 

result in the injury to the CNS and lead to cognitive deficits. The mechanisms of CICI 

remain unclear. Although it is difficult to clarify the precise mechanisms of CICI, many 

candidates have been put forward, one of which is oxidative stress mediated elevation of 

pro-inflammatory cytokines [1, 2].

Approximately half of FDA approved anti-cancer drugs are known to generate reactive 

oxygen species (ROS) resulting in oxidative stress [3]. Doxorubicin (Dox), an anti-

neoplastic anthracycline and one of these non-BBB-penetrating drugs, is used primarily to 

treat solid tumors and lymphomas as part of multi-drug chemotherapy regimens. In the 

presence of oxygen, the redox cycling of Dox between the quinone and semi-quinone forms 

results in production of superoxide radical anion (O2
−•) [4–6]. Dox-induced oxidation of 

plasma-resident ApoA1 and resulting elevation of plasma levels of TNF-α that is transported 

to the brain are thought to be independent of its antitumor ability [7–9]. Oxidative and 

nitrosative damage in the brain occur despite the inability of Dox to cross the BBB [10–15].
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Mitochondrial dysfunction induced by Dox has been well established, especially in the heart 

[16–18]. Cardiac toxicity is the dose-limiting factor in Dox treatment [14]. Prior studies by 

our groups demonstrated that Dox-induced mitochondrial dysfunction also occurs in brain 

via a mechanism involving nitration of the mitochondrial O2
−• scavenger, manganese 

superoxide dismutase (MnSOD) [14]. TNF-α and inducible nitric oxide synthase (iNOS) are 

both downstream products of the nuclear factor κ-light-chain enhancer of activated B-cells 

(NF-κB) pathway [19, 20]. Mitochondrial ROS are thought to be involved in the activation 

of this pathway [21]. Meanwhile, the volume of the hippocampus, important to learning and 

memory, and neurogenesis are affected by TNF-α [22, 23], leading to behavioral deficits 

[24] such as anxiety and depressive-like behaviors, considered as chemotherapy induced 

symptoms as well. Peripherally elevated TNF-α can cross the BBB via receptor-mediated 

endocytosis to elicit microglial activation resulting in further TNF-α release in brain [2]. 

Therefore, Dox-induced mitochondrial dysfunction likely is associated with TNF-α, 

resulting in apoptosis [3,13] and ultimately in cognitive decline of cancer survivors.

In the current study, we tested the hypothesis that TNF-α underlies alterations in brain 

measures of oxidative stress, hippocampal neurochemical profiles, phospholipase C and D 

activities, and mitochondrial function in wild type (WT), but not TNF-α null (TNFKO) mice 

following in vivo Dox administration. The results support this hypothesis.

2. Methods and Materials

2.1 Chemicals

BCA reagents, and nitrocellulose membranes were purchased from Bio-Rad (Hercules, CA, 

USA). All chemicals, protease, protease inhibitors and antibodies were purchased from 

Sigma-Aldrich (St. Louis, MO, USA) unless otherwise noted. EnzChek® Direct 

Phospolipase C Assay Kit and Amplex® Red Phospholipase D Assay Kit were purchased 

from Invitrogen/Life Technologies (Carlsbad, CA, USA).

2.2 Statistical analysis

ANOVA was performed followed by a two-tailed Student’s t-test to make individual 

comparisons between groups using GraphPad Prism 5 software. All data are presented as 

mean±SEM and p<0.05 is considered as a significant difference relative to the appropriate 

control. The D’Agostino & Pearson omnibus normality test was used where appropriate.

2.3 Animals

All procedures were approved by the Institutional Animal Care and Use Committee of the 

University of Kentucky in accordance with the U.S. National Institutes of Health Guide for 

the Care and Use of Laboratory Animals. The animals were housed following standard 

conditions in an air-conditioned environment (22.1°C, 50.5% relative humidity, 12 h light-

dark cycle), with free access to food and water, in the University of Kentucky Animal Care 

Facility. Male, WT B6C3F1/J (B6C3) and B6.129S6-Tnftm1Gkl/J (TNF-α knockout, 

TNFKO) mice were purchased from the Jackson Laboratory. Doxorubicin HCl was 

purchased from Bedford Laboratories™. Mice were 2–3 months old and each weighing 

approximately 25–30 grams. Mice were injected using a single intraperitoneal (i.p.) dose of 
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25mg/kg Dox or the same volume of saline as a control. MRS was performed 72 h post 

treatment using methods described below. Following MRS studies, animals were euthanized 

and blood and tissues collected for molecular or biochemical analysis.

2.4 Sample preparation

Bicinchoninic acid (BCA, Pierce) assay [25] was used for protein quantification. BCA 

protein assay reagent A and B were purchased from Thermo Fisher Scientific (Waltham, 

MA, USA). Homogenized brain and plasma samples were diluted according to initial 

protein estimation results using 20 ug sample in isolation buffer [0.32 M sucrose, 2 mM 

EDTA, 2mM EGTA, and 20mM HEPES pH 7.4 with protease inhibitors, 0.2 mM PMSF, 

20ug/mL trypsin inhibitor, 4 μg/ml leupeptin, 4 μg/ml pepstatin A, and 5 μg/ml aprotinin].

2.5 Slot blot assay

Protein carbonyls (PC) and protein-bound 4-hydroxy-2-trans-nonenal (HNE) were detected 

by slot blot assay [8, 26]. For PC determination, samples were derivatized with 2,4-

dinitrophenylhydrazine (DNPH). For HNE, samples were solubilized in Laemmli buffer. 

Protein (250 ng) from each sample was loaded onto a nitrocellulose membrane in respective 

wells in a slot-blot apparatus (Bio-Rad, Hercules, CA, USA) under vacuum built by water 

suction system. Membranes were blocked in 3% bovine serum albumin (BSA) in PBS with 

0.2% (v/v) Tween-20 for 1.5 h and then incubated in primary antibody (anti-

dinitrophenylhydrazone primary or anti-protein-bound HNE, respectively, each produced in 

rabbit, Sigma-Aldrich) for 2 h, washed three times in PBS with 0.2% (v/v) Tween-20 and 

then incubated for 1 h with secondary antibody (goat anti-rabbit secondary linked to alkaline 

phosphatase). Membranes were developed for alkaline phosphatase activity (ALP) buffer 

containing 5-bromo-4-chloro-3-indolyl-phosphate (BCIP) dipotassium and nitro blue 

tetrazolium (NBT) chloride, and then dried overnight, followed with image scanning for 

analysis performed using Scion Image (Scion Corporation, Frederick, MD). Specificity of 

each antibody used was demonstrated by the lack of signal for PC and HNE if the carbonyl 

groups on proteins were reduced by sodium borohydride to the respective alcohols.

2.6 Isolation of Brain Mitochondria

Mice were perfused via cardiac puncture with cold mitochondrial isolation buffer, the brain 

promptly removed, the cerebellum dissected away, and the mitochondria immediately 

isolated from the brain by a modification of the method described by Mattiazzi et al. [27]. 

Brain mitochondria were isolated in cold mitochondrial isolation buffer, containing 0.07 M 

sucrose, 0.22 M mannitol, 20 mM HEPES, 1 mM EGTA, and 1% bovine serum albumin, pH 

7.2. Tissues were homogenized with a Dounce homogenizer and centrifuged at 1500 × g at 

4°C for 5 min before transferring the supernatants. The pellets were resuspended and 

centrifuged at 1500 × g at 4°C for 5 min. The supernatants were combined and recentrifuged 

at 1500 × g at 4°C for 5 min. The supernatants were separated and centrifuged at 13,500 × g 

at 4°C for 10 min. Mitochondrial pellets were purified with 4% Ficoll solution and the 

mitochondrial pellet was resuspended in 50 μL cold mitochondrial isolation buffer. Protein 

concentration of isolated mitochondria was determined by the Bradford assay [25].
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2.7 Bioenergetic analysis in mitochondria

The XF96 Analyzer, Agilent (Santa Clara, CA, USA) was used to measure bioenergetic 

function in mitochondria freshly isolated by differential centrifugation from brain of adult 

male C57BL6 mice. The XF96 creates a transient 3μl chamber in specialized microplates 

that allows for the measurement of oxygen consumption rate (OCR) in real time. Respiration 

by the mitochondria (5 μg/well) was sequentially measured with substrate present (basal 

respiration) following conversion of ADP to ATP, induced with the addition of oligomycin. 

Next, maximal uncoupler-stimulated respiration was detected by the administration of the 

uncoupling agent FCCP. At the end of the experiment, the complex III inhibitor, antimycin 

A, was applied to completely inhibit mitochondrial respiration. Oxygen consumption rates 

were measured at four time points with three replicates and plotted as a function of cells, 

showing the relative contribution of oxygen consumption, ATP-linked oxygen consumption, 

the maximal OCR after the addition of FCCP, and the reserve capacity of the cells.

2.8 Hydrogen magnetic resonance spectroscopy

H1-MRS (hydrogen magnetic resonance spectroscopy) was used to quantify neurochemical 

changes in the mouse hippocampus. MRS data was acquired on a 7T BrukerClinscan 

horizontal bore system (7.0T, 30cm, 300Hz) equipped with a triple-axis gradient system 

(630 mT/m and 6300 T/m/s). A closed cycle, 14K quadrature cryocoil allowed for a 2.8 

signal to noise increase relative to standard coils. Isoflurane (1.3%) was used to anesthetize 

mice before scanning mice in MRI compatible CWE Inc. equipment. Mice were placed on a 

Bruker scanning bed with a tooth bar, ear bars and tape. Body temperature and respiration 

rate were monitored using equipment from SA Instruments Inc. The water heating system 

for the scanning bed maintained mice body temperature at 37°C. T2 weighted turbo spin 

echo sequences (TE 40ms, TR 2890ms, Turbo 7, FOV 20mm, 0.156 × 0.156 × 5.0 mm3) 

were acquired and used for the placement of the spectroscopy voxel. The scanning 

procedure took 40 min. A 2×5.5×3mm3 PRESS spectroscopic voxels (TE 135ms, TR 

1500ms, 400avg, CHESS water suppression) was placed to cover both hippocampi. 

Spectrum analysis was performed using jMRUI [28] to quantify the areas under 10 

individual peaks in the MRS spectrum. The area of the creatine (Cr) peak was used to 

normalize the area of peaks of all other metabolites.

2.9 Phospholipase C and Phospholipase D Activity Assays

Phosphatidylcholine-specific phospholipase C (PC-PLC) and phospholipase D (PLD) 

activity assays were performed using manufacturers’ instructions provided with the 

EnzChek® Direct Phospolipase C Assay Kit and Amplex® Red Phospholipase D Assay Kit 

by Invitrogen/Life Technologies (Carlsbad, CA). A SPECTRAFLUOR PLUS instrument 

was used to determine the fluorescence, quantified by Magellan™ software. The kinetic 

peaks of fluorescence of positive control were recorded over a period of 24h. The samples’ 

fluorescence were acquired at incubation time at the peak.
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3. Results

3.1 Dox administration results in increased oxidative stress markers in brain and plasma 
of WT mice that is absent in brain of TNFKO mice

Dox administration causes increased global oxidative stress in plasma and brain [7, 12, 29] 

as well as oxidative damage to key plasma and brain proteins, including peripheral oxidized 

Apoprotein A-1 that leads to elevated TNF-α in plasma [7, 10, 12, 13, 30]. Peripheral TNF-

α crosses the blood-brain barrier leading to oxidative damage in brain and apoptotic brain 

cell death [7, 10, 12, 13, 30]. Consequently, to test the hypothesis that TNF-α is the 

principal cytokine elevated in plasma following Dox treatment that leads to brain oxidative 

and mitochondrial damage and resulting apoptotic cell death, we investigated the effects of 

Dox administration on oxidative damage in plasma and brain in TNF-α knockout (TNFKO) 

mice. Test subjects were administered either saline or Dox. Samples were collected at 

approximately 72 h post-Dox treatment, immediately following MRS studies. PC levels 

were used as a gauge of protein oxidation, while the lipid peroxidation product, protein-

bound HNE, was used as an index of lipid damage.

Dox administration resulted in elevation of oxidative stress markers, PC and protein-bound 

HNE, in both plasma and brain of WT mice (Fig. 1a–d, **P<0.01, **P<0.01, 

****P<0.0001, and *P<0.05, respectively). Due to its redox cycling properties associated 

with the quinone moiety in this anthracycline drug, Dox-treated TNFKO mice still exhibited 

elevated PC levels and protein-bound HNE in plasma compared to saline-treated TNFKO 

mice (**p<0.01, Fig. 1a and *p<0.05, Fig. 1c, respectively); however, in brain of TNFKO 

mice, PC and protein-bound HNE levels following Dox treatment were found not to be 

significantly different from levels observed in saline-treated TNFKO mice (Fig. 1b and Fig. 

1d). This result is strong evidence to support our hypothesis that TNF-α plays a central role 

in Dox-induced oxidative stress in brain.

3.2 Dox administration results in altered oxygen consumption rate in WT mice brain 
mitochondria that is prevented in TNFKO mice

Prior studies using a Clarke-type electrode demonstrated TNF-α-mediated mitochondrial 

dysfunction as assessed by oxygen utilization in brain as a consequence of peripheral Dox 

administration [13–15]. In the present study and shown in Figure 2, we measured 

mitochondrial oxygen consumption rate (OCR) in mitochondria isolated from brain of 

saline-treated WT (blue circles), Dox-treated WT (red squares), saline-treated TNFKO 

(purple x’s), and Dox-treated TNFKO (green triangles) mice (Fig. 2a). Basal, ATP-linked, 

maximal capacity, and reserve capacity OCR (related to ATP production) were ascertained 

in fresh brain mitochondria of each treatment group (Fig. 2b).

We observed a significant decline in mitochondrial respiration in brain of Dox-treated WT 

mice as indexed by mitochondrial OCR. Compared to saline-treated WT mice, Dox-treated 

WT mice significantly exhibited decreased mitochondrial OCR at every phase measured 

(Fig. 2b; basal, p<0.01; ATP-linked, p<0.01; maximal capacity, p<0.0001; reserve capacity, 

p<0.005). Compellingly, mitochondrial OCR observed in brain of Dox-treated TNFKO mice 

was similar to that observed in brain of saline-treated WT and saline-treated TNFKO mice at 
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every phase of mitochondrial OCR measured (Fig. 2b). This result supports our hypothesis 

that TNF-α is a key player in the observed mitochondrial dysfunction in brain from WT 

mice following Dox administration.

3.3 Changes to the neurochemical profile in hippocampus following Dox administration

Bilateral H1-MRS scans of hippocampus revealed a dramatic decrease in the ratio of peak 

area of Choline-containing compounds (Cho) to that of Cr in Dox-treated WT mice 

compared to that in saline-treated control WT mice (Figure 3, ****p<0.0001) confirming 

our earlier studies with WT mice [31]. The Cho/Cr ratio in Dox-treated TNFKO mice brain 

was still lower than that observed in saline-treated TNFKO mice (****P<0.0001), but 

profoundly higher than that (the Cho/Cr in brain) of Dox-treated WT mice (***p=0.0002), 

showing significant protection in the Cho/Cr ratio in mice hippocampus if TNF-α were 

absent. This result also provides strong evidence of TNF-α involvement in the Dox-induced 

decreased Cho/Cr ratio in brain.

3.4 Dox administration to TNFKO mice results in partial preservation of PLD activity

Dox administration to WT mice resulted in significant decreased activities of both PCPLC 

and PLD in mouse hippocampus that likely contribute to the loss of Cho/Cr as determined 

by MRS [31]. The protection of the Cho/Cr ratio in the hippocampus of TNFKO mice 

observed by MRS (Fig. 3) led to examination of the effect of TNF-α on activities on 

phospholipases responsible for the cleavage of choline and phosphocholine from PtdCho. 

Dox administration resulted in decreased activity of PCPLC (Fig. 4a) in brain of WT mice 

compared to saline-treated WT mice (****P<0.0001). Dox also led to a decreased activity of 

PC-PLC in TNFKO mice compared to saline-treated TNFKO mice (****P<0.0001), the 

results did not show any protection on PC-PLC activity in TNFKO mice following Dox 

treatment. As shown in Fig. 4b, Dox administration resulted in significant decreased activity 

of PLD in brain of mice in both WT and TNFKO groups, compared to saline-treated WT 

(****P<0.0001) and TNFKO (***P=0.0005) mice, respectively. However, a significant 

difference on PLD activity in mice brain also existed between the Dox-treated WT group 

and the Dox-treated TNFKO group (***P=0.0008), which indicated that brain PLD activity 

in TNFKO mice was protected from loss following Dox administration, but not completely. 

The results are consistent with the notion that TNF-α plays an important role in diminution 

of PLD activity following Dox treatment.

4. Discussion

Many chemotherapy patients experience cognitive deficits following chemotherapy [32], and 

as the number of cancer survivors increase with improved treatment, CICI should be taken 

into account so the quality of life after cancer treatment is not materially affected. 

Understanding the mechanisms of etiology and pathogenesis of CICI is necessary for 

prevention strategies for this condition. We propose that TNF-α, one of the chemotherapy 

induced, oxidative stress associated, pro-inflammatory cytokines, plays a crucial role in 

CICI. Accordingly, the TNF-α knock-out animal model is an important and useful tool to 

investigate the hypothesized central role of TNF-α in CICI.
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Dox is used in our laboratory as a prototypical ROS-generating chemotherapeutic agent that 

does not cross the BBB to investigate CICI. Dox administration led to damage with 

significantly increased oxidative stress and TNF-α elevation in both plasma and brain [7, 

13–15, 29]. The resultant CNS injury included damage to key antioxidant enzymes, 

mitochondrial dysfunction, neuronal death, and cognitive dysfunction [10, 13, 14, 31]. Poor 

performance on the novel objective recognition tests of mice [31] and passive avoidance 

tests of rats [33] following Dox administration demonstrated that this ROS-generating 

chemotherapeutic agent leads to learning and memory deficits in rodents that mimics 

cognitive changes in CICI.

In the current study, we observed that oxidative damage to proteins and lipids present in 

plasma and brain of Dox-treated WT mice was also present in plasma of Dox-treated 

TNFKO mice (Fig. 1a, 1c), but not different than control in brain of the latter (Fig. 1b, 1d). 

That oxidative damage still can occur in the periphery with absence of TNF-α is consistent 

with the characteristics of Dox, generating superoxide free radicals via redox cycling of its 

quinone moiety in the presence of oxygen. The absence of oxidative damage in TNFKO 

mice brain following Dox treatment provides stronger evidence that TNF-α is a key player 

in elevation of Dox-induced oxidative stress in brain of WT mice.

One of the most detrimental consequences in brain following chemotherapy is damage to 

mitochondrial function [10, 13–15]. Evidence exists of mitochondrial dysfunction as a 

potential causal factor in a variety of neurodegenerative disorders, including Alzheimer 

disease, Parkinson disease, amyotrophic lateral sclerosis, and Huntington disease among 

others [1, 34, 35]. The brain has a high and constant energy requirement coupled with low 

energy stores. Mitochondria are responsible for meeting much of this energy demand [36]. 

Impairment of mitochondrial function in brain indexed by a decrease in Complex I activity 

of the electron transport chain following systemic Dox administration has been observed 

[13]. Here, using Seahorse technology, we explored the effect of Dox administration on 

mitochondrial respiration indexed by OCR (Fig. 2). Peripheral Dox-treatment resulted in 

decreased mitochondrial basal, ATP-linked OCR as well as reduced OCR maximal and 

reserve capacities in brain of WT mice (red, Fig. 2b). Strikingly, mitochondrial OCR in brain 

of Dox treated TNFKO mice (purple, Fig. 2) was preserved, equivalent to the level of that 

observed in saline-treated WT and TNFKO mice (blue and green, Fig. 2), indicating a 

central role of TNF-α in the decreased mitochondrial function in brain present following 

Dox administration. Once Dox-induced, TNF-mediated dysfunction of brain mitochondria 

happens, opening of the mitochondrial permeability transition pore associated with the 

observed loss of cytochrome c and elevated apoptotic brain cell death [13] likely underlies 

the loss of cognitive ability in mice following Dox administration [31].

H1-MRS allows non-invasive measurement of neurochemical changes in living brain [37]. 

Previously, we observed changes in the neurochemical profile indexed by MRS in brain of 

WT mice following Dox administration [31]. Dox-treatment resulted in dramatic decreased 

ratio of Cho/Cr in the hippocampus, a brain region critically involved in learning and 

memory [38–41], and whose volume could be affected by Dox induced TNF-α [24]. In H1-

MRS, choline, phosphocholine (PCho) and glycerophosphorylcholine (GPC) contribute to a 

cluster of peaks representing Cho [31]. Elevated TNF-α reportedly inhibits synthesis of 
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PtdCho, a major source of Cho, PCho, and GPC in the brain [42, 43]. In the current study, 

bilateral hippocampal H1-MRS showed profound a decreased Cho/Cr ratio at 72 h following 

Dox treatment of WT mice (Fig. 3), while similar MRS measurements in brain of TNFKO 

mice showed a significant rebound of the Cho/Cr ratio from levels observed in Dox-treated 

WT mice (Fig. 3). Changes in choline-containing compounds on MRS are thought to be 

associated with membrane turnover (phospholipid synthesis and degradation) [44, 45] and 

have been attributed to myelin damage following chemotherapy [46]. The absence of TNF-α 
afforded significant protection of the Cho/Cr ratio in brain suggesting involvement of TNF-

α in neuronal membrane damage.

In order to gain further insight into the involvement of TNF-α in the decreased Dox-

mediated Cho/Cr ratio indexed in brain by MRS and a potential contributor to mechanisms 

of CICI, in the current study the activities of phospholipases responsible for the cleavage of 

choline and phosphocholine from PtdCho in the brain in TNFKO mice were investigated. 

Activities of both PC-PLC and PLD were found to be significantly diminished in brain of 

Dox-treated WT mice at 72 h post-treatment (Fig. 4), confirming prior studies [31]. PC-PLC 

activity remained lowered in brain of Dox-treated TNFKO mice, while PLD activity was 

significantly higher in brain of TNFKO mice following Dox treatment, providing evidence 

of TNF-α involvement in Dox-induced inhibition of PLD activity. Although Dox does not 

cross the BBB, Dox-induced ROS in the periphery possibly leads to the oxidative 

impairment of the BBB, allowing small amount of Dox go into brain with local TNF-α 
elevation [47, 48], as well as brain oxidative stress (Fig. 1).

Reportedly, PLCδ1 is a target gene for TNF receptor–mediated protection against cardiac 

injury by Dox [49]. Expression of PLCδ1 was decreased in TNF receptor knockout mice 

with Dox treatment [56], a result that conceivably could contribute to the observation of the 

current study that PC-PLC still shows a lower level in brain of the Dox-treated TNFKO 

group. In recent research, leptin-induced TNF-α elevation reportedly occurs through 

activation of PLD [50], suggesting that PLD is possibly affected more than PLC by TNF-α 
deficiency, consistent with our present findings using TNFKO mice. Moreover, phosphatidic 

acid, an intermediate of the PLD pathway, stimulated Ca2+-mobilization and displayed 

growth factor-like activity [51], which could help decrease Dox-induced mitochondrial 

dysfunction in TNFKO mice brain. We opine this observation might contribute to the partial 

rescue of PLD in TNFKO mice. On the other hand, as noted, PLD also affects the level of 

TNF-α, consistent with the notion that PLD inhibition could lead to less cytokine 

production, including that of TNF-α [52–54]. Consonant with this idea, PLD was recently 

shown to be involved in TNF-α regulation by improving survival and decreasing TNF-α 
following LPS treatment in PLD knockout mice [53]. Further supporting this concept, LPS 

induced TNF-α elevation in mouse macrophage-like cells could be partially decreased by 

inhibition of PC-PLC or PC-PLD and completely blocked by inhibition of both 

phospholipases [54].

In addition to TNF-α-related inhibition of PtdCho biosynthesis [42], TNF-α has been linked 

to decline in phosphatidic acid levels [55]. PLD activity as well as the mRNA message for 

PLD have been shown to be increased during cellular differentiation and decreased during 

apoptosis [56, 57]. Enzymatic activity of PLD was seen as essential to cell survival, and 
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structural damage to PLD and decreased PLD activity are thought to promote apoptotic 

events [58, 59]. There could be a cross talk between the phospholipases and TNF-α 
expression due to their mutual dependence. Consequently, our results are consistent with the 

notion that ROS-generating chemotherapy agents’ involvement in PLD inhibition potentially 

makes a significant contribution to CICI.

5. Conclusion

This study, to our knowledge, is the first to demonstrate that, in the absence of TNF-α MRS-

indexed Cho/Cr ratio, PLD activity, and mitochondrial oxygen consumption rate are largely 

preserved in brain, and markers of elevated oxidative stress in brain absent following 

peripheral Dox treatment. Together, these results provide compelling evidence for the central 

role TNF-α in chemotherapy-induced mitochondrial neuronal damage and likely in the 

mechanisms of CICI (Fig. 5). Studies to gain further insights into CICI are in progress.
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Fig. 1. 
Protein carbonyl (PC) and protein-bound HNE (HNE) are measures of protein oxidation and 

lipid peroxidation, respectively. Samples were collected approximately 72 h following 

treatment. (a) PC levels in plasma were significantly elevated following Dox administration 

of both WT and tumor necrosis factor-alpha knockout (TNFKO) mice compared to saline-

treated mice. (b) PC levels in brain were significantly elevated following Dox treatment in 

WT mice; however, PC levels in brain of TNFKO mice were statistically unchanged from 

those observed in saline-treated WT and TNFKO mice. (c) Dox administration resulted in 

significant elevation of protein-bound HNE in both plasma and brain of WT mice. (d) In 

TNFKO mice, protein-bound HNE levels were significantly elevated in plasma; however, 

protein-bound HNE levels in brain were not significantly different than levels observed in 

brains from saline-treated WT or TNFKO mice. (n=6 individually employed mice per 

treatment group; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, NS = not significant).
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Fig. 2. 
Measurement of mitochondrial function in brain mitochondria using the Seahorse XF96 

analyzer. Mitochondrial protein (5 μg) were plated into wells of Seahorse Bioscience tissue 

culture plates and centrifuged before the measurement of total oxygen consumption rate 

(OCR). Mitochondrial oxygen consumption rate (OCR) in brain mitochondria is indicated as 

brain mitochondria from: saline-treated WT (blue circles); Dox-treated WT (red squares; 

saline-treated TNFKO (purple x’s); and Dox-treated TNFKO (green triangles). (a) For each 

sample, OCRs were measured at four time points in real time and plotted as a function of 

cells under the basal condition followed by the sequential addition in different wells of 

Oligomycin (1μg/ml), FCCP (3μM) and Antimycin (2μM). (b) Quantification showing the 

relative contribution of oxygen consumption, ATP-linked oxygen consumption, the maximal 

OCR after the addition of FCCP, and the reserve capacity of the mitochondria. All data are 
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shown as the Mean±SEM of triplicate samples and are representative of 3 independent 

experiments (n=3).
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Fig. 3. 
Bilateral H1-MRS scans of hippocampus revealed a large decrease in the Cho/Cr ratio in the 

Dox-treated WT group compared to saline control mice (****p<0.0001). Dox 

administration to TNFKO mice resulted in rebound of the hippocampal Cho/Cr ratio over 

that of Dox-treated WT mice (***p=0.0002), although there also was a significant difference 

in the Cho/Cr ratio in mice hippocampus of TNFKO mice between saline and Dox treatment 

groups (****P<0.0001). (n=6 and 5 individual animals of the WT and TNFKO groups, 

respectively).

REN et al. Page 18

Free Radic Biol Med. Author manuscript; available in PMC 2020 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. 
Brain phosphatidylcholine-specific phospholipase C (PC-PLC) and phospholipase D (PLD) 

activity assays were performed at room temperature in the dark according to the 

manufacturers’ instructions. The data are presented as percent saline control. (a) PC-PLC 

activity was measured after 22.5h of incubation of assay reagents and samples, the time at 

which the fluorescence of the corresponding positive control was maximum. Cleavage of the 

assay substrate by PC-PLC yields a dye-labeled diacylglycerol (DAG) that fluoresces using 

excitation and emission wavelength maxima of 509 and 516nm, respectively. Dox 

administration to WT mice caused a significant decrease in PC-PLC activity compared to 

saline treated WT mice (****p<0.0001). Dox treatment of TNFKO mice resulted in similar 

decrease in PC-PLC activity compared to saline treated TNFKO mice (****p<0.0001). (b) 

Brain PLD activity at 1h of incubation of assay reagents and samples, the time of maximal 

fluorescence of the corresponding positive control in these trials, was performed according 

to manufacturer’s instructions at 37°C protected from light. PLD cleaves the alcohol 

component of the head group of phospholipids thereby releasing the choline from PtdCho. 

Assay reactions involving the choline produce a product that fluoresces using excitation and 

emission wavelength maxima of 571 and 585nm, respectively. Dox treatment resulted in 

significantly decreased PLD activity in WT mice brain compared to that of saline-treated 

WT mice (****p<0.0001). Dox treatment also resulted in significantly decreased PLD 

activity in TNFKO mice brain compared to that of saline-treated TNFKO mice 

(***P=0.0005). However, PLD activity was preserved in Dox-treated TNFKO mice, 

significantly higher than PLD activity in brain of Dox-treated WT mice (***p=0.0008). (For 

determination of PC-PLC activity, n=6 for all groups except for the saline-treated TNFKO 
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group n=7; for determination of PLD activity, n=9, 10, 11 and 7 for WT saline, WT Dox, 

TNFKO Dox and TNFKO saline groups, respectively).
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Fig. 5. 
Schematic illustration of the sequelae of events in brain following Dox treatment of mice 

and their prevention or modulation in mice lacking the gene for TNF-α. The red arrows 

represent the changes following Dox administration in mice observed in present study and 

the green lines represent that most of these changes are completely or partially prevented in 

TNFKO mice.
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