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ABSTRACT: Liver fibrosis is the intermediate process and
inevitable stage of the development of chronic liver disease into
cirrhosis. Reducing the degree of liver fibrosis plays an extremely
important role in treating chronic liver disease and preventing liver
cirrhosis and liver cancer. The formation of liver fibrosis is affected
by iron deposition to a certain extent, and excessive iron deposition
further induces liver cirrhosis and liver cancer. Herein, confocal
microbeam X-ray fluorescence (μ-XRF) was used to determine the
intensity and biodistribution of iron deposition at different time
points in the process of liver fibrosis induced by thioacetamide
(TAA) in rats. To our best knowledge, this is the first study using
confocal μ-XRF to analyze hepatic iron deposition in hepatic
fibrosis. The results showed that there are minor and trace
elements such as iron, potassium, and zinc in the liver of rats. Continuous injection of TAA solution resulted in increasing liver iron
deposition over time. The intensity of iron deposition in liver tissue was also significantly reduced after bone mesenchymal stem cells
(BMSCs) were injected. These findings indicated that confocal μ-XRF can be used as a nondestructive and quantitative method of
evaluating hepatic iron deposition in hepatic fibrosis, and iron deposition may play an important role in the progression of hepatic
fibrosis induced by TAA.

■ INTRODUCTION

Nonalcoholic fatty liver disease (NAFLD) is an epidemic and
public health threat affecting 25% of the global adult
population. A study has shown that about 844 million people
worldwide suffer from chronic liver disease, which kills about 2
million people each year.1,2 Hepatic fibrosis is considered to be
an inevitable stage in the progression of various chronic liver
diseases to cirrhosis and liver cancer.
Hepatic fibrosis results from the continuous deposition of

the extracellular matrix in the liver, especially fibrous collagen
in the liver parenchyma, due to fibrous hyperplasia or
insufficient degradation during the wound healing of chronic
liver injury.3,4 Liver fibrosis can be caused by chronic liver
diseases such as viral hepatitis, alcoholic liver disease, and
nonalcoholic fatty liver disease. Its pathogenesis is a very
complex and dynamic process involving various cell types,
cytokines, and growth factors. Therefore, whoever can delay
and prevent the occurrence of liver fibrosis can cure most
chronic liver diseases.5 Delaying the progression of liver
fibrosis plays an extremely important role in the treatment of
chronic liver disease. Although reversing liver fibrosis before it
develops into cirrhosis has been proven possible, drugs that

can specifically reverse liver fibrosis remain lacking, so the early
detection and diagnosis of liver fibrosis are crucial.6

The oxidative stress reaction and biochemical abnormality in
the pathogenesis of liver fibrosis cause the metabolic
dysfunction of the liver and lead to changes in trace elements
(i.e., iron, copper, and zinc) in the body.7 In particular, hepatic
iron deposition (HID) is an important factor affecting the
occurrence and development of liver fibrosis.8 Excessive iron
primarily exists in the form of ferritin and hemosiderin in
hepatocytes and Kupffer cells, which lead to liver cell damage
through oxidative stress and lipid peroxidation.9,10 Few studies
present measurements of hepatic iron concentration in liver
fibrosis, and the pathophysiological relationship between
hepatic iron concentration and liver fibrosis is not completely
clear.11
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X-ray fluorescence (XRF) spectrometry is a simple and rapid
method for the simultaneous nondestructive analysis of
chemical elements in samples. XRF is extensively applied in
the biomedicine field, such as biological and toxicology
analyses, to reveal the internal relationship between the
analytical results and the changes in the disease physiological
environment. In particular, XRF is used to determine the
content and distribution of trace elements in biological
samples.12−17 For example, Summers et al. used rapid scanning
XRF to analyze the distribution of iron, copper, and zinc in
brain slices of mice with Alzheimer’s disease.12 Bongiovanni et
al. analyzed arsenic accumulation in rat kidneys by XRF
technology and revealed the distribution of arsenic in the renal
cortex and glomerulus.16 Poletto et al. determined the
relationship between the contents of trace elements in
preschool children’s saliva and caries through TRXRF. They
found that the increased levels of iron and manganese may be
related to caries, which preliminarily indicates that these
elements may be involved in microbial metabolism in the
process of caries.17

Biological samples often have many components, complex
structures, and uneven distribution. The overall XRF analysis
of the sample represents only the average level of the sample.
Biochemical reactions occurring in microenvironments need to
be analyzed at the tissue level or even at the single-cell level.
Physiological and pathological information can be obtained by
measuring the microdistribution and content changes in
elements in tissues and cells. Confocal microbeam XRF
(CMXRF) is a microanalysis technique as a variation of
conventional XRF spectrometry, which has high spatial
resolution and detection limit and can be used to acquire 3D
depth profiling of the elemental composition of a sample.18−25

In the present study, CMXRF spectrometry was applied for
the first time to evaluate the HID in a rat liver fibrosis model
induced by thioacetamide (TAA) at different times. We also
determined whether it can effectively reduce HID in rat liver
fibrosis after the injection of bone mesenchymal stem cells
(BMSCs).

■ RESULTS AND DISCUSSION
Rats Monitoring. After TAA administration, animals were

examined daily for survival and evident behavioral or motor
impairments. Rats were also weighed every day. No animal
death was found after TAA injection at the studied dose.
Meanwhile, with an increased number of TAA injections, the
rats gradually decreased their activity and diet and became
listless. Their hair became disheveled and lacked luster. Within
1−4 weeks after TAA injection, no significant difference was
found in body weight between the two groups. At 5−8 weeks,
the body weight growth rate of group 1 was lower than that of
group 2, which may be due to the fact that BMSC injection
alleviated the degree of liver fibrosis in group 2. When the rats
were dissected and the liver tissues were cut, we found that
with increased TAA administration, the liver surface of the rats
began to roughen and became uneven, gradually presenting
small nodules.
Measurement of HID in Liver Tissue Sections. Figure 1

shows the representative XRF spectra of liver tissue sections
measured by the CMXRF technique, which includes various
strong and weak characteristic X-rays of various elements in
liver tissue. The XRF spectrum showed that several major
minor and trace elements can be detected in liver tissue
sections, primarily including potassium (K), iron (Fe), and

zinc (Zn), thereby confirming the existence of these elements
in liver tissues. This finding indicated that CMXRF can
effectively detect various different trace elements in the studied
samples simultaneously. The XRF spectrum also showed that
the normalized characteristic X-ray intensity of Fe in rat liver
tissue was higher than those of K and Zn, which indirectly
indicated that the Fe concentration in the studied liver tissue
section was relatively higher than those of K and Zn.
Fe, an essential micronutrient, is found in oxygen-supplying

red blood cells and is a component of many enzymes and
immune system compounds; however, excessive HID can
seriously damage the human body.26 Excessive HID has been
suggested to be involved in collagen formation in rat hepatic
stellate cells, resulting in the production of a large amount of
the extracellular matrix, thereby promoting the formation of
liver fibrosis.27 Chronic HID has also been found to be
associated with hepatocellular damage cirrhosis.28

Figure 2 shows the changes in HID content in liver tissue
sections measured on days 0, 7, 14, 21, 28, 42, and 56 of the

two groups of rats. The tissue sections at each time point were
measured five times and averaged. Figure 2 shows that the iron
concentration in the liver tissue of group 1 increased with
increased TAA injection time, and the liver iron content
measured in group 2 also increased from days 0 to 28. TAA, as
a hepatocyte toxic substance, can cause degeneration and
necrosis of liver cells, fibrosis, and other changes after injection
into the body, ultimately developing into liver fibrosis and

Figure 1. Representative XRF spectra of the liver tissue section
measured by CMXRF.

Figure 2. Kinetics of liver iron deposition of the two groups of rats.
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Figure 3. continued
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cirrhosis.29 Our results suggested that HID was associated with
the entire process of liver fibrosis induced by TAA. Figure 2
also shows that the iron content of rats in group 2 was
significantly lower than that of rats in group 1 on days 42 and
56, which may be due to the repair effect of BMSCs on
hepatocyte damage. This finding was consistent with the
antifibrosis effect of BMSCs recorded in the literature.30

However, the mechanism of BMSCs inhibiting liver fibrosis is

beyond the aim of the current study and will be discussed in
our future work.
The distribution of HID of rats in group 1 was measured on

days 0, 7, 14, 21, 28, 42, and 56, as shown in Figure 3. The
experimental results showed that HID was less and uneven in
the early stage of liver injury caused by TAA, and Fe was
diffused and accentuated in the liver with the aggravation of
liver injury. Figure 4 depicts the distribution of HID in liver

Figure 3. Biodistribution of iron deposition in hepatic fibrosis at different time points of rats of group 1.

Figure 4. Biodistribution of iron deposition in hepatic fibrosis of rats of group 2 on days 42 and 56.

Figure 5. Histological analysis of the liver. (A) Liver harvested on day 0 of rats in group 1, which shows a typical cellular structure with hepatic cells
radially arranged around the central vein and intact hepatic lobules without portal inflammation. (B) Liver harvested on day 56 of rats of group 1,
which shows numerous collagen fibers and pseudolobules with different shapes and sizes. (C) Liver harvested on day 56 of rats of group 2. Arrows
point to the formation of collagen fibers.
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tissue sections of rats in group 2 on days 42 and 56. Clearly,
the iron concentration on day 56 was significantly lower than
that on day 42. Meanwhile, compared with Figure 3, the iron
distribution at the same time point in Figure 4 was significantly
reduced, indicating that BMSCs can alleviate liver injury to a
certain extent, which is consistent with the results in Figure 2.
Furthermore, the results proved that CMXRF can monitor the
distribution of Fe in different degrees of liver fibrosis, thereby
providing a new method of HID detection.
Figure 5 shows histopathological changes in the rat liver

structure. Figure 5A shows the pathological results of rats on
day 0. A typical cellular structure with hepatic cells radially
arranged around the central vein and intact hepatic lobules
without portal inflammation were observed. Figure 5B shows
that numerous collagen fibers formed in the liver section,
which were connected with one another and surrounded the
liver cell group, thereby forming a pseudolobule with different
shapes and sizes. Obvious round vacuoles caused by steatosis
were found in liver cells. Therefore, after TAA was
continuously injected for 8 weeks, rats in group 1 showed
obvious hepatic fibrosis. Figure 5C shows that the collagen
fiber, portal inflammation, and pseudolobule structure of rats
in group 2 were significantly reduced, indicating that the
degree of liver fibrosis was alleviated by the injection of
BMSCs. BMSCs showed antifibrosis effects. There are different
opinions on the antifibrosis mechanism of BMSCs: BMSCs
reduce liver fibrosis through immunosuppressive and anti-
inflammatory activities, such as inhibiting the proliferation and
activation of NK cells, dendritic cells, and Th1 cells;31,32

BMSCs can differentiate into hepatocytes and secrete a variety
of growth factors and cytokines, inhibit liver cell apoptosis, and
restore liver function, thereby improving liver fibrosis.33 The
results obtained from CMXRF were consistent with histo-
pathological analysis, meaning that CMXRF can be used as an
effective nondestructive and quantitative method of HID
evaluation in liver fibrosis.

■ CONCLUSIONS

To the best of our knowledge, this study is the first application
of CMXRF spectrometry as an analytical method of evaluating
HID in liver fibrosis induced by TAA after administration. The
results suggest that intrahepatic iron may be closely related to
the pathogenesis of liver fibrosis induced by TAA. CMXRF
spectrometry has been demonstrated that HID was positively
correlated with the degree of liver injury induced by
continuous TAA injection. Additionally, it demonstrates that
BMSCs can effectively alleviate TAA-induced liver fibrosis.
It should be mentioned that the spatial resolution achieved

in our laboratory confocal μ-XRF spectrometer cannot allow
studying structures on the (sub-)cellular level. With respect to
biological systems, shifting from microscopic scales (organ/
tissue level) toward a (sub-)cellular field of view is required. In
future works, we hope that a detailed 3D structure of Fe
distribution within individual cells should be detected by nano-
XRF combined with a state-of-the-art scanning system and a
multielement detector based on synchrotron radiation,34 which
may provide deep insights into the role of iron in the formation
of HID in the cellular metabolism of liver fibrosis.

■ MATERIALS AND METHODS

Animal Model. All animal studies were conducted in
accordance with the National Institutes of Health Guidelines

for The Care and Use of Laboratory Animals and approved by
the Ethics Committee of Gannan Medical University. Fourteen
8-week-old Sprague−Dawley (SD) rats, weighing 200−250 g,
were provided by the experimental Animal Center of Gannan
Medical University. The animals were housed in ventilated
cages under standard environmental conditions (25 ± 2 °C, 50
± 5% humidity, and a 12/12 h light/dark cycle) with free
access to water and standard laboratory food.
The SD rats were randomly divided into two groups (n = 7

for each group), which were labeled as groups 1 and 2. Based
on the typical experimental models of liver fibrosis, rats in both
groups were intraperitoneally injected with the prepared TAA
solution (purchased from Sigma-Aldrich Company) at a dose
of 200 mg/kg on the 1st and 4th days of each week for four
consecutive weeks.35 From week 5 onwards, rats in group 1
were intraperitoneally injected with the same dose of TAA and
PBS solutions on days 1 and 4 of each week. Meanwhile, rats in
group 2 received TAA injection on the 1st and 4th days of each
week, and bone mesenchymal stem cells (BMSCs) were
injected into the tail vein on the 6th day of each week at a dose
of 2 × 106/mL for 4 weeks. The body weight of animals and
their behaviors were carefully recorded daily during the course
of the experiment.

Cell Isolation and Culture. For the BMSC isolation and
culture, specific pathogen-free SD male rats, weighing 150−
220 g, were euthanized by cervical dislocation and their limbs
were removed. The marrow was extruded by clipping off the
epiphysial ends of the bones and flushing using a needle with
of α-MEM (Gibco), supplemented with 10% heat-inactivated
FCS, ß-mercaptoethanol (5 × 10−5 mol/L), penicillin (100 U/
mL), and streptomycin (100 μg/mL h, BMSC medium). The
marrow was plated in tissue culture flasks, and nonadherent
hematopoietic cell populations were removed at day 3,
followed by new media replenishment every 3−5 days.
Adherent BMSCs were harvested and passed at low density
(100−200 cells/cm2) and maintained in a humidified
incubator (37 °C; 5% CO2) under subconfluent conditions
to prevent cell differentiation.36 The medium was changed
every 3 days after the initial culture and the process continued
for 2 weeks. The BMSCs were then trypsinized and ready to
expand to a larger quantity for use in the experiment.

Tissue Collection and Sample Preparation. After
injection of TAA and/or BMSCs, one rat per group was
sacrificed on days 0, 7, 14, 21, 28, 42, and 56 for the evaluation
of HID by CMXRF. The rats were anesthetized by
intraperitoneal injection of 400 mg/kg chloral hydrates. The
anesthetized rats were placed on the anatomical table, and the
fresh liver tissue was separated and removed by immediately
flash-freezing in liquid nitrogen-cooled isopentane. The liver
with a thickness of about 5 mm from the largest liver lobe was
cut, and tissue sections were performed with a cryomicrotome
at −20 °C at a thickness of 30 μm and placed on adhesive
slides. The sliced tissues were stored in a −80 °C freezer. After
24 h, the freeze-preserved liver tissue sections were collected
and placed in a lyophilizer to remove moisture in the samples.
The samples were approximated to have shrunk normally to
their plane of sectioning by a factor of ∼3 during lyophilization
to a final thickness of 10 μm. Great care was taken at every
stage of handling the liver tissue to avoid the introduction of
chemical artifacts that can be generated during the sample
preparation of liver tissue. The proposed method preserved the
elemental distribution very close to the in vivo condition. The
preparation protocol is graphically shown in Figure 6.
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Histopathological Analysis of the Rat Liver. Partial
liver tissues of rats in groups 1 and group 2 were selected for
histopathological analysis on days 0 and 56. First, the removed
parts of liver tissues were rinsed with PBS, then fixed with
paraformaldehyde, and embedded with a paraffin-embedding
machine (Shanghai Leica Microsystems Co., Ltd.). The
paraffin-embedded tissue was sectioned using a rotary slicer
with a thickness of 5 μm. The liver sections were stained with
hematoxylin−eosin (H&E) and observed under an inverted
microscope.
CMXRF Instrumentation. The elemental mapping of liver

tissue sections was performed with a CMXRF spectrometer.
The detailed description of the CMXRF spectrometer is in ref
23. An X-ray tube with a Mo target (XTG Ultrabright
Microfocus X-ray Source, Oxford) was operated at 20 kV and
0.5 mA. The focal spot size of the X-ray tube was 16.5 μm at
20 kV. A polycapillary full lens for X-ray irradiation was
attached to the X-ray tube, and a polycapillary half lens was
attached to a Si-PIN detector (X-123, Amptek). Each
polycapillary lens of the two setups was designed and
manufactured by the Key Laboratory of Beam Technology
and Material Modification of the Ministry of Education,
Beijing Normal University. The input and output focal
distances of the full lens were 52.9 and 11.5 mm, respectively.
The focal distance of the half lens was 14.9 mm. The sizes of
the focal spots of the half and full lenses were experimentally
evaluated to be 33 and 32.4 μm at 17.4 keV (Mo Kα),
respectively. The angle between the incident and detection
beams was set to 90°. The sample was perpendicular to the
plane determined by the X-ray beam and detection and was
kept at an angle of 45° with the X-ray source and the detector.
The sample stage was installed on an X−Y−Z stage (DS102
Series, Suruga Seiki, Japan), and the corresponding step
resolution was 0.5 μm for each axis. A charge-coupled device
camera was also used to confirm the relative positions of the
sample and confocal volume. The sample was scanned point-

by-point through the beam with an effective dwell time of 300
s and an effective step (pixel) size of 20 μm.
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