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Abstract: In the past two decades, titanium dioxide nanopar-

ticles (TiO2 NPs) have been extensively used in medicine,

food industry and other daily life, while their possible interac-

tions with the their influence and human body on human

health remain not well understood. Thus, the study was

designed to examine whether long-term exposure to TiO2

NPs cause myocardial dysfunction which is involved in car-

diac lesions and alter expression of genes and proteins

involving inflammatory response in the mouse heart. The

findings showed that intragastric feeding for nine consecutive

months with TiO2 NPs resulted in titanium accumulation,

infiltration of inflammatory cells and apoptosis of heart,

reductions in net increases of body weight, cardiac indices of

function (LV systolic pressure, maximal rate of pressure

increase over time, maximal rate of pressure decrease over

time and coronary flow), and increases in heart indices, car-

diac indices of function (LV end-diastolic pressure and heart

rate) in mice. TiO2 NPs also decreased ATP production in the

hearts. Furthermore, TiO2 NPs increased expression of

nuclear factor-jB, interleukin-lb and tumour necrosis factor-a,

and reduced expression of anti-inflammatory cytokines

including suppressor of cytokine signaling (SOCS) 1 and

SOCS3 in the cardiac tissue. These results suggest that TiO2

NPs may modulate the cardiac function and expression of

inflammatory cytokines. VC 2016 Wiley Periodicals, Inc. J Biomed

Mater Res Part A: 00B:000–000, 2016.
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INTRODUCTION

Titanium dioxide nanoparticles (TiO2 NPs) are widely used
in everyday life products, for example, household items,
cosmetics, food packaging systems, food additives, tooth-
paste, and paints,1,2 and in medicine, including pharmaceut-
icals, diagnosis, therapeutics, and tissue engineering,3–5 and
also used in removal of environmental pollutions.6–10 Due
to common use of TiO2 NPs in various areas, it may pose
consumer and occupational risks, thus about their toxicity
and their potential harmful influence on human health and
environment have been highly concerned. Numerous exper-
imental evidences proved that once present in the circula-
tion, TiO2 NPs could reach and accumulate in animal
organs and cause their lesions including liver, kidney, lung,
spleen, brain, ovary, and testis.11–21 Importantly, it has been
suggested that NPs including TiO2 NPs can be translocated
to heart, cause myocardial dysfunction, oxidative stress,

cardiac inflammation and atherosclerosis in mice,22–26

induce plaque progression in aorta of mice,27 endothelial
inflammatory response in primary vascular endothelial
cells,28 and cardiac infarction in rats.29 As known, cardiac
inflammation adversely affects cardiopulmonary hemody-
namics in animals and human.30–33 Hemodynamics is a
hydrodynamic problem for studying the flow of blood in
the cardiovascular system, its basic research object is the
relationship between flow resistance and pressure, and
studies the effect of drugs on the cardiac function of the
organism, pharmacological effects, and mechanisms of car-
diovascular drugs. However, effects of TiO2 NPs on myocar-
dial functions have not been addressed extensively, with
their molecular mechanisms on intracellular targets being
largely unknown and unproved. Especially, whether TiO2

NPs influence cardiac hemodynamics due to cardiac lesions
remains unclear.
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A noticeable aging of the population and a higher risk of
developing of cardiovascular disorders among the elderly
people raises the question of the role of NPs, and NPs in
particular, in these processes. It was shown that accumula-
tion of NPs in the lung and heart may induce inflammation,
vasomotor dysfunction and cardiovascular lesions followed
by adverse long term effects.34–38 We hypothesized that car-
diac inflammation by exposure to TiO2 NPs may impair
myocardial functions. Hence, this work is focused on the
effects of TiO2 NPs on cardiac indices including left ventric-
ular pressure (LVDP), heart rate (HR), LV end-diastolic pres-
sure (LVEDP), LV systolic pressure (LVSP), maximal rate of
pressure increase over time (dp/dtmax), maximal rate of
pressure decrease over time (dp/dtmin) and coronary flow
(CF) and NF-jB, proinflammatory cytokines, and anti-
inflammatory cytokines in the mouse heart. Therefore, tak-
ing into account possible harmful action of TiO2 NPs, the
aim of this study was to explore effects of TiO2 NPs on car-
diac hemodynamics, inflammatory response, and expression
of inflammatory response-related molecules in the mouse
heart.

MATERIALS AND METHODS

Chemicals
The preparation and characterization of nano TiO2 were
performed as Yang’s previously study,39 and our previously
described;40 the characterization was as follows: anatase for
phase, 526 nm for particle size, mainly 295 nm for hydro-
dynamic diameter, 174.8 m2/g for surface area, and
9.28 mV for zeta potential, respectively.39,40

Animals and treatment
One hundred and sixty ICR (Imprinting Control Region)
male mice, aged 5 weeks with a mean body mass of
22 6 2 g, were purchased from the Animal Center of Soo-
chow University (Jiangsu, China). All procedures performed
on the animals were approved by the Institutional Animal
Care and Use Committee of Huaiyin Normal University, and
thus within the guidelines for human care of laboratory ani-
mals for scientific purposes. Both water and food were pro-
vided with casual.

An hydroxypropylmethylcellulose (HPMC) K4M (Sigma-
Aldrich, St. Louis, MO, USA) concentration of 0.5% was used
as a suspending agent. TiO2 NPs powder was dispersed
onto the surface of 0.5% w/v HPMC solution, and then the
suspending solutions containing TiO2 NPs were treated
ultrasonically for 30 min and mechanically vibrated for
5 min. During the experiment, the mice were randomly
divided into four groups (n 5 40 each), including a control
group (treated with 0.5% w/v HPMC) and three experimen-
tal groups (1.25, 2.5, or 5 mg/kg BW of TiO2 NPs). For dose
selection, we accorded to references, for example, dietary
exposure to TiO2 in Western populations is 123 mg/kg
body weight day of TiO2 on average for children under the
age of 10 years.41 Assuming that 36% of food-grade TiO2 is
smaller than 100 nm in at least one dimension, this expo-
sure limit decreases to approximately 0.1 mg/person day of
nanoscale TiO2.

42 All mice were weighed, the TiO2 NPs

suspensions of different doses were administered to mice
by intragastric feeding every other day for 9 months.

Assay of cardiac hemodynamics
Mice were anesthetized by intraperitoneal injection of pen-
tobarbital 50 mg/kg (0.1 mL/100 g bodyweight) and hep-
arinized i.p. (0.1 mL 500 IU/100 g bodyweight). Anesthesia
was examined by the pedal–withdrawal reflex. The heart
was rapidly excised and immediately placed in cold (48C)
Krebs–Henseleit buffer (KHBB) (in mmol/L, glucose 17,
NaCl 120, NaHCO3 25, CaCl2 2.5, KCl 5.9, MgSO4 1.2, and
EDTA 0.5) to temporarily stop its beating and preserve it
from ischemic injury prior to perfusion. The heart was
mounted on a steel cannula placed in the aorta and per-
fused retrogradely in a Langendorff system with the use of
thermostated (378C) reservoirs (Nanjing Medease Technol-
ogy, Nanjing, China), perfusion lines and heart chamber.
Pressure regulated flow was performed at 100 cm H2O
(73 mmHg) with KHBB, and volume regulated flow
(10.5 mL/min) was performed using a peristaltic pump
(Nanjing Medease Technology, Nanjing, China). To record
left ventricular pressure (LVDP) and secondarily derived
contractility indices, a water-filled latex balloon was placed
in the left ventricle and linked to a pressure transducer
(Nanjing Medease Technology, Nanjing, China). The raw data
signal were amplified, and analyzed using Medlab-U/4CS
biological signal acquisition and processing systema (Nanj-
ing Medease Technology, Nanjing, China) on a personal com-
puter. The program performs calculation of HR, LVEDP, LVSP,
dp/dtmax, dp/dtmin and CF. The left ventricular pressure
parameters were calculated every 5 s and the raw data
transferred to an Excel (Microsoft, Seattle) file for further
calculations. All experiments and analysis were carried out
between 7 am and 7 pm.

Assay of heart indices
After weighing the body and hearts, the heart indices were
calculated as the ratio of heart (wet weight, mg) to body
weight (g).

Titanium content analysis
Approximately 0.2 g of the heart was weighed, digested, and
analyzed for titanium content. Inductively coupled plasma-
mass spectrometry ([ICP-MS] Thermo Elemental X7; Thermo
Electron, USA) was used to analyze the titanium concentra-
tion in the samples.

Histopathological evaluation
After fixation in 10% neutral formalin, and embedded in
paraffin, hearts (n 5 5 in each group) were sliced at a thick-
ness of 5 lm, and placed on separate glass slides. After
hematoxylin and eosin staining, the heart simples were rou-
tinely evaluated by a histopathologist unaware of the treat-
ments for light microscopy (U-III Multi-point Sensor System;
Nikon, Tokyo, Japan).
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Observation of cardiac ultrastructure
Hearts (n 5 5 in each group) were fixed in a fresh solution
of 0.1M sodium cacodylate buffer containing 2.5% glutaral-
dehyde and 2% formaldehyde followed by a 2 h fixation
period at 48C with 1% osmium tetroxide in 50 mM sodium
cacodylate (pH 7.2–7.4). Staining was performed overnight
with 0.5% aqueous uranyl acetate. The hearts were dehy-
drated in a graded series of ethanol (75, 85, 95, and 100%),
and embedded in Epon 812. Ultrathin sections were
obtained, contrasted with uranyl acetate and lead citrate,
and observed with a HITACHI H600 Transmission Electron
Microscope (HITACHI, Japan).

Assay of ATP
ATP was measured using bioluminescence based on the
luciferineluciferase reaction43 and was measured with
commercially-available kits (Genmed Scientifics, USA). The
samples were pipetted into 96-well luminometer plates. The
nucleotides were released from the cell suspensions by the
addition of an equal volume of cell nucleotide-releasing rea-
gent. This releasing reagent also contained the luciferinelu-
ciferase, nucleotide-monitoring reagent. The ATP levels were
measured using a luminometer (Lucy 1, Anthos, Luminos-
kan, Labsystems, USA) and expressed as the number of rela-
tive light units (RLU). Under these optimal conditions and
at concentrations of ATP less than 10M, the RLU were
directly proportional to the amount of ATP present. The
ATP signal was allowed to decay for 10 min to a steady
state. After 10 min, a reading was taken to determine the
baseline ADP RLU (ADP 0). The ADP in the wells was con-
verted to ATP by the addition of 5 mL of ADP converting
reagent. After 1 min incubation to allow for conversion of
ADP to ATP, a third reading was taken (ADP). The ratio of
ADP: ATP for each well was calculated from these three
readings as follows: ADP/ATP ratio1=4(ADP RLU 2 ADP 0
RLU)/ATP RLU.

Assay of cytokine expression
Total RNA was extracted from individual hearts (n 5 5 in
each group) with Tripure Isolation Reagent (Roche, USA)
according to the manufacturer’s protocol. According to

MIQE guidelines, probes and cycling conditions were opti-
mized for PCR. cDNA was reverse transcribed from total
RNA samples using the TaqMan RT reagents (Applied Bio-
systems, USA) and used for real-time PCR by employing pri-
mers designed using Primer Express Software according to
the software guidelines. Primer sets were used for real-time
PCR assays and are exhibited in Table I. The probes for NF-
jB, IL-lb, TNF-a, SOCS1, and SOCS3 in the hearts were
designed by the manufacturer and purchased from Shine-
gene Company (Shanghai, China). As endogenous references
for these PCR quantification studies, glyceraldehyde-3-
phosphate dehydrogenase(GAPDH) gene expression was
measured. The data were assayed by the Rotor Gene 6000
v.1.7 software. Relative gene expression was determined
using the Relative Expression Software Tool 2008,44 and
NormFinder software.45

Western blot
Cardiac tissues were homogenized in ice-cold RIPA lysis
buffer (50 mM Tris–HCl (pH 7.4), 150 mM NaCl, 1% NP-40,
0.1% SDS), and protease inhibitor was added with the dose
of 1% RIPA lysis buffer. Total protein(30–50 lg) was sub-
jected to 8 or 12% SDS-PAGE, transferred to nitrocellulose
membranes, and incubated with primary antibodies: anti-
NF-jB(1:500), anti-IL-lb(1:500), anti-TNF-a(1:500), anti-
IFN-a (1:500), anti-SOCS1(1:500) and anti-SOCS3(1:500),
and anti-b-actin (1:2000). After washing with TBST three
times, the membrane was incubated with horseradish perox-
idase (HRP)-conjugated secondary antibodies (1:10000)
(Longshengtianshi Biotechnology Company, Suzhou, China)
at room temperature for 2 h, followed by detection using
enhanced chemiluminescence (ECL, Millipore, Bedford, MA,
USA). Immunoreactive bands were visualized using X-ray
films. For quantitative analysis, bands were evaluated with
ImageJ software, normalized for b-actin density.

Statistical analysis
Data were represented as mean 6 standard deviation (SD).
Statistical analyses were performed by a SPSS 19.0 software
(Chicago, IL, USA) and statistical comparisons were analyzed
using one-way ANOVA followed by Tukey’s HSD post hoc

TABLE I. Real-Time PCR Primer Pairs

Gene Name Description Primer Sequence
Primer

Size (bp)

Refer-GAPDH mGAPDH-F 50-TGTGTCCGTCGTGGATCTGA-30

mGAPDH-R 50-TTGCTGTTGAAGTCGCAGGAG-30 150
NF-jB mNF-jB-F 50-GTGGAGGCATGTTCGGTAGTG-30

mNF-jBR 50-TCTTGGCACAATCTTTAGGGC-30 195
IL-1b mIL-1b-F 50-GCTTCAGGCAGGCAGTATCA-30

mIL-1b-R 50-TGCAGTTGTCTAATGGGAACG-30 196
TNF-a mTNF-a-F 50-CCCTCCAGAAAAGACACCATG-30

mTNF-a-R 50-CACCCCGAAGTTCAGTAGACAG-30 183
SOCS1 mSOCS1-F 50-CCGCTCCCACTCCGATTAC-30

mSOCS1-R 50-CGAAGAAGCAGTTCCGTTGG-30 167
SOCS3 mSOCS3-F 50-CCAGTCGGGGACCAAGAAC-30

mSOCS3-R 50-TGGGTGGCAAAGAAAAGGAG-30 164

PCR primers used in the gene expression analysis.
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test. Differences were considered statistically significant
when the p values was less than 0.05.

RESULTS

Body weight, cardiac indices, and titanium content
Effects of TiO2 NPs exposure on body weight, cardiac indi-
ces, and titanium accumulation of mice are exhibited in
Table II. It can be observed that TiO2 NPs exposure
remarkably reduced net increases of body weight, with
reductions of 7.63, 21.28, and 31.73%, respectively;
whereas TiO2 NPs exposure increased heart indices, with
increases of 3.5, 25.83, and 28.54%, respectively. With
increasing TiO2 NPs dose, titanium contents in the heart
were greatly increased (Table II), suggesting that the car-
diac toxicity may be related to TiO2 NPs accumulation in
the heart.

Isolated heart parameters
Table III summarizes effects of TiO2 NPs exposure on car-
diac hemodynamics of mice after 30 min of equilibration in
isolated mouse hearts perfused at constant pressure. It can
be seen that with increasing TiO2 NPs dose, LVEDP, and HR
were significantly increased by 81.39, 98.11, and 150.0%;
and 8.38; 15.58, and 27.26%, respectively; whereas LVSP,
dp/dtmax, dp/dtmin, and CF were obviously decreased by
20.32, 29.96, and 44.56%; 10.16, 20.8, and 25.34%; 4.0,
11.2, and 26.96%; 24.14, 30.85, and 39.29%, respectively. It
indicates that TiO2 NPs caused the cardiac damage and car-
diac dysfunction of mice, which is confirmed by the further
the morphological examination of heart and assay of bio-
chemical parameters in the heart.

Histopathological observation
Figure 1 shows histopathological changes of the heart.
Hearts from mice exposed to TiO2 NPs displayed local

infiltration of inflammatory cells, sparse myocardial fibers,
disorder of muscle cell array, partial myocardial necrosis,
congestion of partial blood vessel, and partial bleeding
(Fig. 1), but unexposed heart samples (control) did not
present the lesions (Fig. 1).

Observation of ultrastructure
Changes to the myocardial cell ultrastructure are presented
in Figure 2. As shown, cardiac cell of the control group
exhibited neat muscle fibers and stripes, normal mitochon-
dria, and nuclei (Fig. 2); however, ultrastructure of myocar-
dial cell treated with TiO2 indicated a typical apoptosis,
including significant chromatin aggregation, mitochondrial
swelling, disorder or disappearance of mitochondrial crest,
dilation and swelling of endoplasmic reticulum, and TiO2

NPs deposition (Fig. 2). In addition, disorders of muscle
fibers caused by TiO2 NPs were observed (Fig. 2).

ATP assay
To further suggested that TiO2 NPs disrupted the mitochon-
drial electron transport chain (ETC) and decreased the pro-
duction of mitochondrial energy in the heart, we
investigated mitochondrial energy ATP and ADP derived pri-
marily from the hydrolysis of ATP. Figure 3 shows that TiO2

NPs decreased the production of ATP, and the ADP/ATP
ratio was increased by 3.21-, 4.55-, and 9.64-fold, as com-
pared with the control.

Expression of inflammatory cytokines
To confirm whether TiO2 NPs exposure resulted in altera-
tions of NF-jB, inflammatory cytokine gene and protein
expression, including TNF-a, IL-1b, SOCS1, and SOCS3, in
the TiO2 NP-induced heart injury, real-time quantitative RT-
PCR and Western blot were used to detect levels in these
cytokine expression in the TiO2 NP-exposed heart and

TABLE II. Effect of Chronic TiO2 NPs Exposure on Body Weight, Cardiac Indices of Mice and Titanium Content in the Heart for

Nine Consecutive Months

Index

TiO2 NPs (mg/kg BW)

Control 1.25 2.5 5

Net increases of body weight (g) 25.56 6 3.16a 23.61 6 2.09a 20.12 6 2.46b 17.45 6 2.17c
Heart indices (mg/g) 5.15 6 0.45a 5.33 6 0.35a 6.48 6 0.41b 6.62 6 0.62b
Ti content (ng/g tissue) 8.55 6 0.83a 201.37 6 36.19b 329.61 6 27.17c 508.46 6 31.92d

Different letters in the same parameter indicate significant differences between groups (p < 0.05). Values represent mean 6 SD (N 5 5).

TABLE III. Effects of Chronic TiO2 NPs Exposure on Cardiac Hemodynamics of Mice for Nine Consecutive Months

Index

TiO2 NPs (mg/kg BW)

Control 1.25 2.5 5

LVSP (mmHg) 19.59 6 2.15a 15.61 6 1.41b 13.72 6 1.15b 10.86 6 1.07c
LVEDP (mmHg) 10.05 6 1.98a 18.23 6 2.05b 19.91 6 1.85c 25.13 6 2.78d
dp/dtmax (mmHg/s) 5875 6 298a 5278 6 308b 4653 6 891c 4386 6 1094c
dp/dtmin (mmHg/s) 5096 6 139a 4892 6 183a 4525 6 161b 3722 6 115.73c
HR (bpm) 383.59 6 13.08a 415.72 6 12.23b 443.33 6 10.08c 488.15 6 15.52d
CF (ml/min) 13.13 6 2.97a 9.96 6 2.32b 9.08 6 1.43b 7.97 6 1.51c

Different letters in the same parameter indicate significant differences between groups (p < 0.05). Values represent mean 6 SD (N 5 5).
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presented in Table IV and Figure 4. It indicated that with
increasing TiO2NPs doses, levels of NF-jB, IL-lb, and TNF-a
gene or protein expression were remarkably elevated from
22.4 to 1127.66%, 34.05 to 109.09%, and 19.67 to 104.0%,
respectively; but levels of SOCS1 and SOCS3 gene or protein
expression were significantly decreased from 15.07 to
53.42%, and 22.76 to 66.44% in the cardiac tissue, respec-
tively (Table IV; Fig. 4).

DISCUSSION

Data on the toxic effect of NPs on the cardiovascular system
function are relatively limited in numerous previous studies,
especially, TiO2 NP-induced impairment of cardiac hemody-
namics and molecular mechanisms due to cardiac lesions
are poorly understood.

Our previous studies indicated that exposure to TiO2

NPs for 2, 3, or 6 consecutive months resulted in cardiac
inflammation and atherosclerosis in mice; however, the
interaction between cardiac hemodynamics and lesion
mechanism were not evaluated.22,23,25,26 The present study
is focused on the changes of cardiac hemodynamics and
expression of the cardiac lesions following exposure to TiO2

NPs. The findings suggested that exposure to TiO2 NPs

increased the level of TiO2 NPs accumulation in the mouse
heart (Table II). This led to severe cardiac toxicity, shown
by reductions of ATP production in the heart (Fig. 3), altera-
tions of inflammation-related molecule expression (Table IV;
Fig. 4), together with decreased body weight, increased car-
diac indices (Table II), inflammation, tissue necrosis, bleed-
ing congestion of blood (Fig. 1), apoptosis (Fig. 2), and
altered cardiac hemodynamics (Table III). Accordingly,
impairment of cardiac hemodynamics caused by TiO2 NPs
could be triggered by cardiac inflammation. The main
results are discussed below.

Exposure to TiO2 NPs was suggested to decrease antioxi-
dant capacity with reductions of antioxidative enzymatic
activities (such as superoxide dismutase, catalase, ascorbic
acid peroxidase, glutathione-S-transferase, and glutathione
reductase), and depletion of antioxidants (such as reduced
glutathione and ascorbic acid), to increase ROS production,
and to promote peroxidation of lipids and proteins, and
DNA damage (increased 8-OHdg level), thus resulting in
degeneration and necrosis of myocardial cell, inflamma-
tion,22,25 atherosclerosis,23 and mitochondrial injury (Fig. 2)
in the mouse heart. These lesions may affect myocardial
contraction and diastolic function.46

FIGURE 1. Histopathological observations of hearts in mice following exposure to TiO2 NPs for nine consecutive months (2003). Yellow circle

indicated infiltration of inflammatory cells; black arrow indicated tissue necrosis; green arrow indicated bleeding; yellow arrow indicated conges-

tion of blood vessel.
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The contractile property of myocardium is the ability of
the myocardium to produce contraction and relaxation after
receiving effective stimulation. It is one of the important
indexes of hemodynamics. As known, LVSP, LVEDP, DP, dp/
dtmax, dp/dtmin, HR and CF are important indicators of car-
diac function.47–50 LVSP and dp/dtmax are parameters of sys-
tole function. LVSP is elevated when preload or afterload is
increased or the myocardial contractility is strengthened. To
a certain extent, dp/dtmax indicates the rate of the change of
the increased tension of the ventricular wall, and is sensi-
tive to the influence of various variable forces, but it is also
involved in HR and preload or afterload. dp/dtmax elevation
or invariableness suggests enhancement of myocardial con-
tractility when HR and preload or afterload are constant or
reduced. Increased LVSP and dp/dtmax display increased
myocardial contractility.47–50 Our data showed that TiO2

NPs decreased LVSP and dp/dtmax, increased HR in the
heart (Table III). dp/dtmin is the sensitive indicator of early

diastolic function of myocardial, represents the filling degree
and diastolic function of the left ventricle as well as compli-
ance, and easily influenced by LVSP afterload and HR. The
change of LVEDP is related to the volume dilation and ven-
tricular compliance of the ventricle, it can indirectly reflect
the left ventricular diastolic function. LVEDP is increased
when left ventricular diastole is insufficient or the amount
of back effort is increased. In contrast, LVEDP is reduced
when left ventricular systolic is strengthened or blood vol-
ume is decreased.46–48 Heart rate (HR) indicates the rate of
cardiac contraction. Coronary artery is the nutrition vessel
of myocardium. Its diastolic effect directly affects CF. The
abundant CF is essential for normal cardiac function. In the
present study, TiO2 NPs exposure increased LVEDP and HR,
decreased dp/dtmin and CF in the heart (Table III). The
results mentioned above are main characteristics of systolic
function of heart failure, and may be associated with reduc-
tion of body weight and cardiac lesions.

FIGURE 2. Ultrastructure observations of myocardial cells in mice following exposure to TiO2 NPs for nine consecutive months (20003). Green

arrow indicates severe mitochondrial swelling, red arrow indicates disorder or disappearance of mitochondrial crest, red circle indicates TiO2

NPs deposition; yellow arrow indicates endoplasmic reticulum dilation and swelling; white arrow indicates severe chromatin aggregation.
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The sarcoplasmic reticulum (SR) is an intracellular
membrane system in cardiac cells, which plays a dominant
role in cardiac excitation–contraction coupling and cardiac
contractility. A 1000-fold Ca21-gradient is maintained across
the cardiac SR membrane by the SR Ca21-ATPase. The car-
diac SR Ca21-ATPase can regulate intracellular Ca21-han-
dling and thus, plays a crucial role in initiating cardiac
contraction and relaxation. Quick removal of Ca21 into the
SR or alternatively the extracellular lumen is essential for
cardiac relaxation.51 Decreased expression of SR Ca21-
ATPase was demonstrated to impair cardiac contraction and
relaxation in mice.52 Our previous study showed that TiO2

NPs can inhibit Ca21-ATPase activity,26 which may be
related to alterations of hemodynamics in mice (Table III).
Na1/K1-ATPase catalyzes the transport of two K1 in and
three Na1 out at the expense of one molecule of ATP, which
are used in the management of congestive heart failure. The
excitation–contraction coupling (ECC) of the ventricular car-
diomyocytes is greatly dependent on the transport of Ca21

and Na1 into and out of the cytoplasm. The decline in intra-
cellular Ca21 concentration ([Ca21]i) is a prerequisite for

FIGURE 3. ATP production in the hearts of mice following exposure

to TiO2 NPs for nine consecutive months. Different letters in the same

parameter indicate significant differences between groups (p < 0.05).

Values represent mean 6 SD (N 5 5).

FIGURE 4. Effects of protein expression of inflammatory cytokines in the hearts of mice following exposure to TiO2 NPs for nine consecutive

months. Different letters in the same parameter indicate significant differences between groups (p < 0.05). Values represent mean 6 SD (N 5 5).
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cardiomyocyte relaxation. An important physiological role
proposed for Na1/K1-ATPase is the regulation of blood
pressure via modulation of vascular smooth muscle contrac-
tility.53,54 With hypertension, heart failure, and diabetes,
conditions known to have a vascular involvement, cardiac
Na1/K1-ATPase expression has been reported to be
changed.55 Increasing smooth muscle Na1/K1-ATPase
decreases blood pressure.56 Evidence indicates that the
Na1/K1-ATPase enzymatic activity is reduced in the failing
human heart.57 The activation of SR Ca21/Mg21 ecto-
ATPase by various concentrations of Ca21 has been demon-
strated to exhibit a linear relationship with an increase in
cardiac muscle contractile force development. Based on the
biochemical, electrophysiological and pharmacological evi-
dence, it was proposed that the SR Ca21/Mg21 ecto-ATPase
may serve as a biochemical correlate of the electrophysio-
logically defined Ca21 channels in heart sarcolemma. The
SR Ca21/Mg21 ecto-ATPase participates in the degradation
of extracellular ATP, which activates the SR Ca21 channel for
Ca21-influx into cardiac myocytes.58 Importantly, heart is
highly dependent on continuous ATP delivery from mito-
chondrial substrate oxidation to main cardiac pump func-
tion. Impairment in mitochondrial function is observed in
numerous cardiac pathologies, including the diabetic and
the failing heart.59,60 In our studies, TiO2 NPs resulted in
reductions of Na1/K1-ATPase, Ca21/Mg21-ATPase,26 and
ATP in the heart (Fig. 3), which may be associated cardiac
mitochondrial damages (Fig. 2) and trigger cardiac contrac-
tion and relaxation(Table III). Our previous studies also sug-
gested that TiO2 NPs inhibited activities of Ca21 -ATPase,
Na1/K1-ATPase, Ca21/Mg21-ATPase, and increased the con-
tents of Ca, and Na, and decreased K content in mouse
brain, leading to reduction of spatial cognitive function,61

and decreased Ca21-ATPase, Na1/K1-ATPase, ATP synthesis
in rats primary cultured neurons, thus causing higher levels
of [Ca21]I, activation of Na1 channels or K1 currents, and
suppression of dendritic development.62 The decreased
activities of Ca21-ATPase, and Na1/K1-ATPase caused by
TiO2 NPs may result in a failure to regulate the accumula-
tion of intracellular Ca21, Na1 and extracellular K1, and
consequently disturbed ionic homeostasis and the physio-
logical functions of heart, thereby impairing cardiac hemo-
dynamics. It needs further study in future.

The relationship between myocardial function and myo-
cardial inflammation has been evaluated. For example, it

had been demonstrated that the negative effects on myocar-
dial function in sepsis were mediated through TNF-a and
IL-1b,63 local myocardial TNF-a, IL-1b, and NOS2 levels
were increased after lipopolysaccharide treatment and con-
tribute to the development of left ventricular (LV) dysfunc-
tion including increased HR response, depression of ejection
phase indexes of contractile function, peak dp/dtmax, and
peak developed LV systolic pressures.30,64–67 Furthermore,
pro- and anti-inflammatory mediators are suggested to
express within the heart in response to mechanical pressure
overload,68 receptor activator of NF-jB ligand can be acti-
vated by transverse aortic constriction and thus induce
cytokine expression of cardiomyocytes, thereby activating
and attracting inflammatory cells.69 Kong et al indicated
that increased expression of the pro-inflammatory cytokines
TNF-a, IL-1b, IL-6, TGF-b, and IFN-g is consistently induced
in cardiac inflammation.70 Therefore, to the same extent as
on cardiac hemodynamics the interest has been placed on
examining influence of TiO2 NPs on cardiac inflammatory
process. Changes in NF-jB, IjB, proinflammatory cytokines
including IL-lb, IL-4, IL-6, TNF-a, TGF-b, and IFN-g, and
anti-inflammatory cytokine IL-2, have been already stated
by our previous studies in the mouse liver, kidney, lung,
spleen, brain, testis, and heart following exposure to TiO2

NPs.11,12,14,21,26,71–73 As expected, the present study
observed that the expression of NF-jB, IL-lb, and TNF-a
was also increased by exposure to TiO2 NPs (Table IV; Fig.
4), companying with infiltration of inflammatory cells in the
mouse heart (Fig. 1). As known, cytokines exert profound
effects on numerous cell types and cellular processes, so,
cytokine signals are under stringent control; the failure reg-
ulation of the duration and intensity of cytokine signaling is
the cause of a number of chronic inflammatory and auto-
immune diseases. Suppressor of cytokine signaling (SOCS)
proteins are induced by these cytokines and function as
components of a negative feedback loop that regulate initia-
tion, intensity, duration, and quality of cytokine
responses.74,75 Loss- and gain-of-function studies have dem-
onstrated the important role of SOCS1 and SOCS3 proteins
in regulating the course of inflammation in cardiovascular
diseases.76 SOCS1 is a crucial negative regulator of IL- lb
and TNF-a–mediated immune responses and expression of
chemokines that mediate trafficking of inflammatory cells
into the retina.77–80 To further confirm whether TiO2 NPs
may be associated with cytokine-mediated signal pathway

TABLE IV. Effects of mRNA Expression of Inflammatory Cytokines in the Hearts of Mice Following Exposure to TiO2 NPs for

Nine Consecutive Months

Gene/GAPDH

TiO2 NPs (mg/kg BW)

Control 1.25 2.5 5

NF-jB 4.46 6 0.26a 5.46 6 0.21b 6.08 6 0.45b 7.22 6 0.51c
IL-1b 1.32 6 0.12a 1.94 6 0.16b 2.55 6 0.13c 2.76 6 0.19c
TNF-a 3.05 6 0.21a 4.91 6 0.27b 6.19 6 0.41c 6.22 6 0.45c
SOCS1 26.15 6 1.86a 20.40 6 1.91b 18.59 6 1.22b 16.24 6 1.35c
SOCS3 20.83 6 1.58a 16.09 6 1.07b 8.88 6 0.55c 6.99 6 0.37c

Different letters in the same parameter indicate significant differences between groups (p < 0.05). Values represent mean 6 SD (N 5 5).
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in the inflamed heart, we also evaluated alterations of
SOCS1 and SOCS3 expression, indicating marked reductions
in both SOCS1 and SOCS3 expression (Table IV; Fig. 4).
These results suggest that decreased expression both SOCS1
and SOCS3 resulted in increases of inflammatory cytokine
expression in the mouse heat, which in turn resulted in
exacerbation of cardiac inflammation and impairment of car-
diac hemodynamics in mice.

In summary, exposure to TiO2 NPs could result in car-
diac inflammation apoptosis, companying with increase of
LVEDP, and HR, reductions of LVSP, dp/dtmax, dp/dtmin, and
CF. Furthermore, these lesions are demonstrated to involve
in lowered ATP production, and significant induction of
proinflammatory cytokine expression. The finding exhibits
new insight into the mechanisms of the TiO2 NP-induced
cardiovascular damage. Therefore, a better understanding of
the effects that these and others nanoparticles have on
human health is imperative before daily life, medical, and
other uses.
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