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Background: Ionomics is used to study levels of ionome in different states of organisms and their correlations. Bone cancer pain 
(BCP) severely reduces quality of life of patients or their lifespan. However, the relationship between BCP and ionome remains 
unclear.
Methods: The BCP rat model was constructed through inoculation of Walker 256 cells into the left tibia. Von Frey test, whole-cell 
patch-clamp recording and inductively coupled plasma mass spectrometry (ICP-MS) technologies were conducted for measuring 
tactile hypersensitivity, the frequency and amplitude of miniature excitatory postsynaptic currents (mEPSCs) of neurons of spinal 
slices, and ionome of spinal cord samples, respectively. Principal component analysis (PCA) was used to explore ionomic patterns of 
the spinal cord.
Results: The BCP rat model was successfully constructed through implantation of Walker 256 cells into the left tibia. The frequency 
and amplitude of mEPSCs of neurons in the spinal cord slices from the BCP model rats were notably greater than those in the sham 
control. In terms of ionomics, the spinal cord levels of two macroelements (Ca and S), four microelements (Fe, Mn, Li and Sr) and the 
toxic element Ti in the BCP group of rats were significantly increased by inoculation of Walker 256 cancer cells, compared to the sham 
control. In addition, the correlation patterns between the elements were greatly changed between the sham control and BCP groups. 
PCA showed that inoculation of Walker 256 cells into the tibia altered the overall ionomic profiles of the spinal cord. There was 
a significant separation trend between the two groups.
Conclusion: Taken together, inoculation of Walker 256 cells into the left tibia contributes to BCP, which could be closely correlated 
by some elements. The findings provided novel information on the relationship between the ionome and BCP.
Keywords: bone cancer pain, spinal cord, micronutrient, ionomic profile

Introduction
Bone cancer pain (BCP) is a kind of complex and unique alagesic state sharing partial pathological characteristics with 
inflammatory and neuropathic pain. 75–90% of advanced patients with tumor metastasis into bones experience BCP.1,2 It 
is reported that more than 44% of cancer patients still suffer from insufficient relief of pain through the currently 
available therapeutic medicines.3 Furthermore, BCP often results in depression, anxiety and even cognitive dysfunction, 
which severely reduce the quality of life of patients and even affect their lifespan. In order to effectively relieve, even 
control BCP and improve their quality of life, it is very essential to innovate pharmacotherapies, which are based on 
completely deciphering its pathogenesis. For the purpose, dozens of models of BCP have been successfully established in 
rats and mice over the past decades.4 A growing number of findings obtained in these models have revealed that some 
critical genes,5 RNAs,6–8 peptides/protein (e.g., calcitonin gene-related peptide, neuropeptide Y, PI3K/Akt)9–11 and small 
biochemical molecules (e.g., D-serine, glycine)12,13 in the spinal cord were complicatedly involved in BCP through 
a variety of mechanisms, including central sensitization, oxidative stress, neuroinflammation, glial cell activation, 
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mitochondrial dysfunction and others.11,14–17 However, BCP is still a major clinical challenge due to its potential unclear 
pathologic mechanisms.

The ionome in an organism is defined as a set of inorganic elemental and mineral nutrient compositions,18 which play 
pivotal roles in the health of human beings and animals, because they are essential in modulating DNA repair, protein 
synthesis, metabolic homeostasis, immune regulation, anti-inflammatory responses and antioxidant defense. Some of them 
in ionome function as cofactors of enzyme activity (e.g., iron [Fe], zinc [Zn], copper [Cu]), stabilizers of genes or protein 
structure and function (e.g., magnesium [Mg], sulfur [S], Zn, Cu), components of skeletons (e.g., calcium [Ca], phosphorus 
[P], Mg), modulators of organic (whole body or cell) acid-base and electrolyte balance (e.g., sodium [Na], potassium 
[K]), second messengers (e.g., Ca), dependent participants of ferroptosis (e.g., Fe) and cuproptosis (e.g., Cu), as well as 
components of redox reactions (e.g., Zn, selenium [Se], manganese [Mn]).18–20 Excessive accumulation of elements and 
minerals as well as their deficiency might be the most significant risk factors for lots of diseases, such as autism spectrum 
disorders (ASD),21 Alzheimer’s disease,22 diabetes and insulin resistance,23 revealing that their imbalance of ionome may 
involve in the pathogenesis of the corresponding diseases. Interestingly, emerging findings have suggested that some 
elements (e.g., Zn, Mg) are intricately linked to hyperalgesia.24,25 Ferroptosis, a novel Fe-dependent manner of cell death, is 
also involved in inflammation,26 neuropathic pain,27 morphine tolerance28 and BCP (our unpublished data). The evidence 
above implies changes in ionome might systemically involve into the process of formation and maintenance of pain. It is 
argued that studies focusing on the effects of a single element on hyperalgesia may have shortcomings, and may not provide 
enough information to analyze direct or indirect correlation between elements in BCP. The production of some ions also 
affects others. Therefore, it is very important to analyze the ionome at the same time.

Ionomics is the study of ionome. It is a high-throughput approach and its major purpose is to measure the levels of 
elements and minerals in a biological system in different states, and to further elucidate their correlations. It has been 
well qualified as an emerging research field following genomics, proteomics and metabolomics. Unlike the other omics, 
ionomics has been widely applied in environmental and botanic studies for dozens of years.29–31 Recently, in light of 
important roles of elements and minerals as micronutrients in human health and diseases, ionomics has been extensively 
used to research their distribution, metabolism and interactions under different pathophysiological states,32,33 which 
provides a useful strategy for exploring novel ionome-based mechanisms of diseases and seeking biomarkers of diagnosis 
and prognosis evaluation. In addition, ionomics may contribute to not only understanding gene or protein networks that 
affect the ionome balance, but also providing possible recipes for prevention or treatment of some complex diseases.34 

Moreover, each type of disease has a distribution trait of ions in tissue samples from patients, which might serve as 
potential indicators for the respective disease. The ionome imbalance may reflect broader disruption in human health and 
nutrition.18 Identification and quantification of differential iomone in the spinal cord may help us better understand the 
mechanisms of BCP and how it occurs and develops. Obviously, it is very important to elucidate the relationship between 
BCP and the metabolism and homeostasis of ionome, which still remains unclear. Therefore, the study aims to identify 
and analyze ionomic profiles of the spinal cord of model rats with BCP induced by inoculation of Walker 256 cancer cells 
into left tibia and their internal relationships.

Methods
Cells and Animals
Walker 256 rat mammary gland carcinoma cells were kindly provided by Prof. Ling Xu (LongHua Hospital Shanghai University 
of Traditional Chinese Medicine, Shanghai, China). The use of Walker 256 cells in the study was approved by the Research 
Ethics Committee of Shanghai Municipal Sixth People’s Hospital. The cells (2×107) suspended in 1 mL of aseptic PBS solution 
were injected into the abdominal cavity of female SD rats (50–60 g) which were purchased from Shanghai Experimental Animal 
Institute for Biological Sciences (Shanghai, China). Seven days later, cells were collected from the above rats under sterile 
conditions. To prepare the BCP model, adult female SD rats (150–180 g) were also purchased from Shanghai Experimental 
Animal Institute for Biological Sciences (Shanghai, China). All rats were fed under controlled conditions at a temperature of 22 
±2 °C and relative humidity of 55±15% with a 12-h light-dark cycle. Normal food and water were provided daily ad libitum to the 
rats. Standard chow diet for lab animals was purchased from Jiangsu Xietong Bioengineering Co. Ltd. (Nanjing, China). They 
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were acclimatized to the lab environment for 7 days before all the experiments were carried out. All the experimental work was in 
accordance with an approved protocol issued by the Animal Care and Welfare Committee of Shanghai Municipal Sixth People’s 
Hospital. The animal experiments strictly adhered to the National Institutes of Health Guide for Care and Use of Laboratory 
Animals (Publication No. 80–23, revised 1996).

Preparing the BCP Rat Model
The BCP rat model was prepared as previously described.12 Briefly, Walker 256 cells (4×105) in 10 μL of sterile PBS solution 
in a 50 μL microinjection syringe were directly implanted into the left tibia cavity of rats fully anesthetized with 10% chloral 
hydrate at a concentration of 300 mg/kg. The injection holes were sealed with aseptic bone wax to avoid the spread of the cells 
to surrounding tissues. In the sham group of rats, the same operation except only injection of PBS without cancer cells was 
performed. After surgery, all the animals were put back into their cages for recovery from anesthesia.

Measuring Paw Withdrawal Thresholds
Paw withdrawal thresholds (PWTs) of the ipsilateral hindlimbs of the sham and BCP groups of rats were measured on the 2nd, 
5th, 10th, 14th days after surgery, respectively, as previously described in detail elsewhere.12 Briefly, rats were placed on 
mechanical allodynia test equipment covered with plastic boxes and in the detecting environment for at least 30 min before 
beginning the mechanical behavioral test. The PWTs of the ipsilateral hindpaws of rats were assessed using 2290 CE 
electronical Von Frey filaments (IITC Life Science, Woodland Hills, CA, USA) with a force ranging from 0.1 to 90 g. The 
filament was slightly applied to the left foot pad with gradually increasing force until the rat suddenly withdrew the hindpaw. 
The minimal force value evoking a withdrawal response was considered the nociceptive threshold.35 The PWTs of the 
ipsilateral hindpaws of all rats were evaluated three times with a 10-min interval.

Micro-Computed Tomography Scans for Tibiae
The bilateral tibia tissue samples from rats with BCP on the 14th day post inoculation of cancer cells into left tibiae were 
procured and preserved in ethanol for performing micro-computed tomography (μCT) scans. Scans were carried out at 
35*35*35 μm voxel size, 65 kV, 385 μA and 0.55° rotation step (180° angular range) using SkyScan-1176 μCT (Bruker 
Corporation, Belgium) system. And photos were observed with the DataViewer software (1.5.4.0 version, Bruker 
Corporation, Belgium).

Whole-Cell Patch Clamp Recording
Slices for electrophysiological assessments were prepared from segregated spinal cord lumbar enlargement of rats 
that were anesthetized with inhaled isoflurane and killed through decapitation, as described elsewhere.13,35 Briefly, 
lumbar spinal cords were quickly collected and put in ice-cold oxygenated high sucrose cutting solution: 234 mM 
sucrose, 3.6 mM KCl, 1.2 mM MgCl2, 1.2 mM NaH2PO4, 12 mM glucose, 2.5 mM CaCl2 and 25 mM NaHCO3 for 
90 s. The 400-μm thick spinal cord slices were prepared by using a Leica VT-1200S vibratome (Leica Biosystems, 
Wetzlar, Germany). Whole-cell patch-clamp recording was carried out in the ipsilateral dorsal horn neurons of the 
substantia gelatinosa with a 4–5 MΩ pipette (Sutter Instruments, Novato, CA, USA) with inner and outer diameters 
of 0.5 and 1.0 mm, respectively. All neurons were clamped at −70 mV. The excitability of spinal cord lamina II 
neurons was recorded in both the sham and BCP groups of rats for 5 min with Axon Axopatch 200B amplifier 
(Molecular Devices, LLC. CA, USA). The cumulative distribution plots for miniature excitatory postsynaptic 
current (mEPSC) amplitude and interevent intervals were calculated by Clampfit software version 10.7 
(Molecular Devices, LLC. CA, USA).

Element Detection
Samples of the spinal cord were immediately isolated and collected after the sham control and BCP groups of rats were 
killed on the 14th day post surgery, as described previously.13,36 Briefly, the spinal cord tissues were quickly separated on 
ice and weighted following slight removal of their membranes. Then, in a dedicated trace element clean room equipped 
with a Class 100 clean hood, all the samples were digested in 2 mL of 69% nitric acid at 120 °C in a 50 mL metal-free 
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tube on the digestion block (DigiPREP Jr., SCP-Science, Quebec, Canada) for approximately 1 h until the tissue had 
almost disappeared. During incubation, the tubes were gently swirled every 20 min. When the samples had cooled, 
0.5 mL of H2O2 was added and the samples were heated at 120 °C for another 30 min. After digestion was complete, the 
tubes were cooled to room temperature and the volume was brought up to 20 mL with ultrapure water. Calibration 
standards were prepared by diluting 1000 mg/L ICP-MS standard solutions (Spex CertiPrep, Metuchen, NJ, America) 
with 10% nitric acid. Elements were detected using inductively coupled mass spectrometry (ICP-MS, NexION2000G, 
PerkinElmer, CA, USA), and element concentrations were calculated using external calibration and Rh as an internal 
standard. A certified reference standard (T07243QC, FAPAS, America) was used for quality control.

Data Statistical Analysis
GraphPad Prism 9.0 software (GraphPad Software Inc., San Diego, CA, USA) was used for data statistics. The data are 
expressed as the mean ± SEM. The statistical significance p value was set at 0.05. The data were analyzed by two-way 
repeated measures ANOVA or unpaired and two-tailed Student’s t-test. The analytical method of Pearson’s correlation 
coefficient, which is the test statistic that measures the statistical relationship between two continuous variables, was 
introduced in this study. Correlations among continuous variables of elements were analyzed using SPSS 21.0 (IBM, 
Chicago, IL, USA). Bivariate (by Pearson’s correlation test) analysis was performed to estimate the associations between 
continuous variables. Principal component analysis (PCA) was carried out with Origin 2021 version software (OriginLab 
Corporation, Northampton, USA).

Results
Morphological Observation and Behavioral Assessment of Mechanical Hyperalgesia/ 
Allodynia in Rats with Bone Cancer
By day 14 after inoculation of Walker 256 cancer cells into the tibia of the left hindlimb, morphological observation revealed 
clear intumescentia around the ipsilateral tibiae in the cancer-bearing rats, in contrast to both the sham control rats and the 
contralateral ones of the same model rats. Next, we assessed the time course of mechanical hyperalgesia/allodynia in the rat 
model with BCP induced by Walker 256 cancer cells. During the 14-day observation period, the rats bearing Walker 256 
cancer cells experienced gradually lower ipsilateral PWTs to innocuous mechanical stimulus in a time-dependent manner, 
compared to the control group of the rats with sham operation. The results indicated that BCP was progressively strengthened 
in the rat model, reached the lower PWTs (14.8±1.8 g) on the 10th day after operation, compared to the corresponding sham 
control group (24.8±1.8 g). It remained for at least 14 days. The time course of mechanical hyperalgesia/allodynia in rats with 
BCP is shown in Figure 1. The validation of the BCP rat model was also executed with μCT scans for the bilateral tibiae of 
BCP rats. μCT scanning imaging showed that there was significant bone destruction in the ipsilateral tibia on the 14th day after 
inoculation of cancer cells, compared to the contralateral one of the same BCP rat, as shown in Figure S1. The data suggested 
that the bone structures of ipsilateral tibiae in BCP rats were abnormally eroded and destroyed by active tumor cells.

Changes in Ipsilateral Neuronal mEPSCs in Spinal Dorsal Horns of BCP Rats
Next, to clarify changes in excitatory synaptic transmission in spinal cords on the 14th day after surgery, the whole-cell 
recordings of mEPSCs as inward currents were performed in neurons of the ipsilateral dorsal horn in spinal cord slices 
derived from the sham control and BCP rats. The electrophysiological findings showed that the frequency and amplitude 
of mEPSCs in BCP rats was notably greater than those in the sham control rats, as shown in Figure 2A. The curves of the 
cumulative distribution of amplitude and inter-event interval of mEPSCs were shifted to the right (Figure 2B) and left 
(Figure 2C) in the BCP group, compared to the sham control rats, respectively. The analysis of data indicated that 
amplitude (Figure 2D) and frequency (Figure 2E) of mEPSCs were significantly increased in the BCP group, in contrast 
to the sham control group. These data from patch-clamp recordings of neurons also suggested that allodynia of rats was 
successfully induced by inoculation of Walker 256 cancer cells into the left tibia.
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Changes in the Levels of Ionome in the Spinal Cord in the Rats with BCP
To explore changes in ionome levels of the spinal cord, the spinal cord samples of the sham and BCP groups of rats were 
slightly separated and rapidly collected on the 14th day after injection of Walker 256 cancer cells into the left tibia. The 
contents of 23 elements of all the samples were examined through applying ICP-MS ionomic analytical procedures.

Therein, the spinal cord contents of four macroelements (Na, K, Ca, P) were milligram levels per gram of tissues, 
which were markedly higher than those of others (microgram or lower levels per gram of tissues) in both the sham 
control group and BCP model group. And it was also displayed that the content of the element P in the spinal cord was 
the highest among the detected elements, up to about 3.20 mg per gram tissue. Among the six macroelements (Na, K, Ca, 
Mg, S, P), the spinal cord levels of the elements Ca (1.47 fold, p = 0.037) and S (1.50 fold, p = 0.012) in the BCP group 

Figure 1 Preparation of the rat model with BCP, the assessment of their hyperalgesic/allodynic behaviors. (A) Schematic diagram of the study: Following acclimation of 
environment for rats, implantation of Walker 256 cancer cells into the left tibia of their hindlimbs to prepare BCP model. The hyperalgesic/allodynic testing was carried out 
on the 2nd, 5th, 10th, 14th days post-surgery. The spinal cord samples were collected for the whole-cell recording and ionomic detection. (B) Changes in the ipsilateral 
PWTs on the 2nd, 5th, 10th, 14th days after surgery in the sham control and BCP groups of rats. Significant changes are denoted with an asterisk, compared to the 
corresponding control group of rats (n = 5–12, *p<0.05).
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of rats were significantly increased, while there were no significant changes in the other four macroelements, compared to 
the sham group, as shown in Figure 3.

For other twelve microelements, inoculation of Walker 256 cancer cells into the left tibia of rats drastically promoted 
the elevation of the content of the four elements (Fe [2.01 fold, p = 0.038], Mn [1.37 fold, p = 0.005], Li [4.91 fold, 
p = 0.042] and Sr [1.54 fold, p = 0.016]), compared to the control, as shown in Figure 4. In contrast, there were no 
significant changes in the other eight micro elements (Cu, Zn, Se, Si, Cr, Ni, Sn and Mo) (data not shown).

Among the other five toxic elements, the spinal cord level of the element Ti (p = 0.017) in the BCP group of rats was 
significantly 1.40-fold higher than that in the sham control group, as shown in Figure 5. There were no outstanding 
alterations in the other four elements (Al, As, Ba and Pb) between the sham control and BCP groups. In addition, 15 trace 
elements, including Ag, Be, Bi, Cd, Co, Ga, V, B, Ge, Sb, Re, Zr, Y, Nd and Gd, could not yet be detected, under the 
current monitoring conditions.

Correlation Coefficients and Patterns Among 23 Detected Elements in the Sham 
Control and BCP Groups of Rats
To further decipher relationship between elements in the spinal cord of the control and BCP groups of rats, the 
correlations between elements were calculated, according to the detected data above of the elemental contents in the 

Figure 2 Ipsilateral spinal cord neuronal excitatory synaptic transmission. The waveforms (A), the cumulative distribution curves of amplitude (B) and inter-event interval 
(C) of mEPSCs were changed in the BCP group of rats, compared to the sham control group. The histograms of amplitude and frequency of mEPSCs were plotted, 
respectively (D and E) (n = 3, *p<0.05).
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spinal cord. As shown in Table 1, many positive correlations were acquired, i.e., 39 and 47 for the sham control and BCP 
groups, respectively. Significantly negative correlations were also observed among all of the detected elements in the two 
groups of rats, i.e., 1 and 8, respectively. The strongest positive correlation was observed between the elements K-Mg 
(r = 0.998) in the BCP group, while that of the sham control group was Ca-Sr (r = 0.997). The strongest negative 
correlation was between the elements Na-P (r = −0.994) in the BCP group. These interesting data indicate that there is 
a close linkage between ionome and BCP and the metabolisms of ionome are involved into BCP.

To further explore changes in different categories of correlation patterns, we provide the positive correlation styles among 
the 23 detected elements, which are summarized in Table 2. There was an increase in the number of significant positive 
correlations for the macro-macro, macro-micro, macro-toxic and micro-micro categories in the BCP group, from 1, 8, 1, 11 
to 3, 16, 3, 14, respectively, compared to the sham control group. The maximum type of significant positive correlations was 
the micro-toxic category with 15 in the sham control group and the macro-micro category with 16 in the BCP group. In 
contrast, for the micro-toxic category, the number of significant negative correlations was decreased from 15 to 8. These data 
suggest that the balance between macro-micro elements is more crucial than other types of correlation patterns of elements.

Changes in Patterns of Ionomic Profiles Between the Sham Control and BCP Model 
Rats
Finally, PCA was used to explore effects of BCP induced by inoculation of Walker 256 cancer cells into the left tibia on 
the ionomic patterns of the spinal cord in the study. Two major principal components were analyzed, with total variances 
of 44% and 23.60% for PC1 and PC2, respectively, as shown in Figure 6. PCA revealed significant differentiation 
between the sham control and BCP groups, suggesting that the patterns of ionomic profiles in the spinal cord of BCP 
model rats were completely different from that of control rats.

Figure 3 Changes in the contents of six macroelements (Na, K, Ca, Mg, S and P) between the sham control and BCP groups of rats (A–F). Significant alterations are 
denoted with an asterisk (n = 3–5, *p<0.05).
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Figure 4 Changes in the contents of four microelements (Fe, Mn, Li and Sr) in the sham control and BCP groups of rats (A–D). Significant changes are denoted with an 
asterisk (n = 3–5, *p<0.05).

Figure 5 Changes in the toxic elemental contents (Al, As, Ba, Pb and Ti) between the sham control and BCP groups of rats (A–E). Significant changes are denoted with an 
asterisk (n = 3–5, *p<0.05).
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Table 1 Correlation Coefficient Matrix for Detected Ionomic Profiles of the Spinal Cord in the Sham Control and BCP Groups of Rats, as Shown Below and Above the Diagonal, 
Respectively

Na K Ca Mg S P Fe Cu Zn Se Si Cr Mn Ni Sn Li Mo Sr Al As Ba Pb Ti

Na −0.988** −0.668 −0.982** −0.495 −0.994** −0.226 −0.950* −0.934* −0.977** −0.530 −0.809 −0.741 −0.504 −0.594 −0.567 −0.959** −0.828 −0.574 −0.928* −0.623 −0.490 −0.839

K −0.755 0.645 0.998** 0.600 0.993** 0.249 0.962** 0.974** 0.965** 0.619 0.853 0.688 0.491 0.689 0.538 0.988** 0.805 0.580 0.877 0.604 0.509 0.833

Ca −0.512 0.617 0.692 −0.010 0.733 0.411 0.370 0.647 0.722 −0.078 0.106 −0.049 −0.333 0.051 −0.525 0.643 0.970* −0.286 0.894 −0.163 −0.108 0.959*

Mg −0.356 0.831 0.698 0.595 0.994** 0.287 0.945* 0.981** 0.962** 0.609 0.837 0.560 0.440 0.683 0.477 0.991** 0.838 0.533 0.880* 0.557 0.469 0.867

S −0.228 0.714 0.800 0.955* 0.522 0.277 0.652 0.714 0.534 0.987** 0.880* −0.510 0.425 0.993** 0.324 0.684 0.130 0.573 0.182 0.395 0.431 0.227

P −0.118 0.735 0.427 0.861 0.773 0.298 0.933* 0.960** 0.979** 0.550 0.808 0.567 0.428 0.617 0.477 0.977** 0.872 0.510 0.926* 0.551 0.434 0.891

Fe −0.676 0.051 −0.077 −0.371 −0.497 −0.040 0.036 0.395 0.405 0.335 0.283 −0.934 −0.575 0.274 −0.503 0.364 0.249 −0.453 0.335 −0.537 −0.654 0.302

Cu 0.143 0.334 0.616 0.795 0.968* 0.605 −0.664 0.911* 0.903* 0.670 0.893* 0.997* 0.708 0.736 0.781 0.934* 0.582 0.781 0.770 0.789 0.705 0.610

Zn −0.442 0.686 0.798 0.884* 0.981* 0.525 −0.647 0.812 0.938* 0.722 0.883* 0.142 0.369 0.785 0.374 0.997** 0.779 0.490 0.802 0.470 0.403 0.830

Se −0.942* 0.729 0.300 0.235 −0.185 0.161 0.796 −0.357 0.191 0.591 0.841 0.478 0.399 0.625 0.467 0.960** 0.859 0.488 0.923* 0.507 0.341 0.888

Si −0.646 0.740 0.633 0.775 0.913 0.380 −0.773 0.564 0.925* 0.424 0.918* −0.494 0.442 0.986** 0.362 0.701 0.058 0.587 0.237 0.409 0.395 0.158

Cr 0.194 0.407 0.409 0.834 0.953* 0.759 −0.658 0.937* 0.722 −0.322 0.521 0.098 0.594 0.926* 0.615 0.888* 0.292 0.716 0.572 0.616 0.525 0.371

Mn −0.116 0.595 −0.085 0.652 0.857 0.962* 0.455 0.181 −0.008 0.387 0.003 0.906 0.828 −0.437 0.876 0.379 0.137 0.776 0.448 0.921 0.915 0.060

Ni 0.215 0.253 0.609 0.737 0.957* 0.563 −0.643 0.994** 0.760 −0.429 0.484 0.911* −0.194 0.474 0.988* 0.414 −0.099 0.985** 0.251 0.983** 0.942* −0.097

Sn 0.168 0.287 0.550 0.762 0.937 0.545 −0.753 0.992** 0.809 −0.394 0.586 0.937* −0.225 0.982** 0.425 0.761 0.204 0.619 0.292 0.462 0.477 0.297

Li −0.558 0.824 −0.065 0.628 0.377 0.809 −0.040 0.207 0.279 0.573 0.440 0.518 0.946 0.129 0.195 0.438 −0.358 0.988* 0.368 0.994** 0.943 −0.429

Mo 0.057 0.437 0.679 0.855 0.990** 0.681 −0.578 0.992** 0.839 −0.257 0.593 0.936* 0.443 0.981** 0.971** 0.268 0.785 0.525 0.835 0.516 0.430 0.831

Sr −0.818 0.603 0.997** 0.548 0.504 0.150 0.884 0.924 0.764 0.735 0.568 −0.284 −0.127 0.843 0.395 −0.339 0.829 −0.046 0.957* 0.072 0.133 0.994**

Al −0.046 0.482 0.578 0.864 0.942 0.609 −0.755 0.952* 0.904* −0.175 0.758 0.932* 0.193 0.914* 0.966** 0.345 0.948* 0.359 0.292 0.969** 0.932* −0.026

As −0.797 0.646 0.746 0.563 0.899 0.113 −0.635 0.359 0.820 0.553 0.904* 0.199 −0.252 0.300 0.363 −0.044 0.396 0.793 0.515 0.401 0.221 0.927

Ba −0.129 0.510 0.498 0.839 0.883 0.548 −0.823 0.875 0.905* −0.091 0.831 0.881* 0.118 0.821 0.907* 0.397 0.867 0.188 0.980** 0.574 0.949* 0.066

Pb 0.160 0.230 0.311 0.671 0.791 0.413 −0.920 0.880* 0.759 −0.380 0.649 0.886* −0.146 0.846 0.930* 0.268 0.836 −0.331 0.942* 0.364 0.951* 0.137

Ti −0.538 0.711 0.975** 0.819 0.923 0.518 −0.257 0.703 0.908* 0.315 0.775 0.542 −0.001 0.675 0.653 0.108 0.762 0.980* 0.716 0.808 0.664 0.471

Note: Significant positive and negative correlations are marked with one or two asterisks (n = 3–5, *p<0.05, **p<0.01).

Journal of Pain R
esearch 2024:17                                                                                                     

https://doi.org/10.2147/JP
R

.S447282                                                                                                                                                                                                                       

D
o

v
e

P
r
e

s
s
                                                                                                                       

1539

D
o

v
e

p
r
e

s
s
                                                                                                                                                           

H
uang et al

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Discussion
In the study, we explored changes in the ionomic profiles of the spinal cord and the correlations between elements, following 
behavioral and electrophysiological traits, in the rats with BCP compared to the control with sham operation. Algesic 
phenotypes of rats were demonstrated by mechanical nociceptive threshold testing and patch-clamp recordings. In agreement 
with our previous findings and others,12,37 the ipsilateral PWTs of the group of rats bearing Walker 256 cancer cells gradually 
decreased over time in the 14-day observation period after surgery. In contrast, the ipsilateral PWTs of the sham control group 
of rats did not significantly change. The ipsilateral PWTs of BCP model rats were very low upon the 14th day in the study. It is 

Table 2 Changes in Correlation Patterns of Elements in the Spinal Cord of the Sham Control and BCP Groups of Rats (n = 3–5)

Type of 
Correlation

Control Group BCP Group

No.a Element-Element No.a Element-Element

Macro-Macro 1 S-Mg 3 K-Mg, K-P, Mg-P

Macro-Micro 8 Ca-Sr, Mg-Zn, S-Cu, S-Zn, S-Cr, S-Ni, S-Mo, P-Mn 16 K-Cu, K-Zn, K-Se, K-Mo, Ca-Sr, Mg-Cu, Mg-Zn, Mg- 
Se, Mg-Mo, S-Si, S-Cr, S-Sn, P-Cu, P-Zn, P-Se, P-Mo

Macro-Toxic 1 Ca-Ti 3 Ca-Ti, Mg-As, P-As

Micro-Micro 11 Cr-Cu, Ni-Cu, Sn-Cu, Mo-Cu, Si-Zn, Ni-Cr, Sn-Cr, 
Mo-Cr, Sn-Ni, Mo-Ni, Mo-Sn

14 Cu-Zn, Cu-Se, Zn-Se, Cu-Cr, Zn-Cr, Si-Cr, Cu-Mn, Si- 
Sn, Cr-Sn, Ni-Li, Cu-Mo, Zn-Mo, Se-Mo, Cr-Mo

Micro-Toxic 15 Cu-Al, Cu-Pb, Zn-Al, Zn-Ba, Zn-Ti, Si-As, Cr-Al, Cr- 

Ba, Cr-Pb, Ni-Al, Sn-Al, Sn-Ba, Sn-Pb, Mo-Al, Sr-Ti

8 Ni-Al, Li-Al, Se-As, Sr-As, Ni-Ba, Li-Ba, Ni-Pb, Sr-Ti

Toxic-Toxic 3 Ba-Al, Pb-Al, Pb-Ba 3 Ba-Al, Pb-Al, Pb-Ba

Note: aTotal number of significant positive correlation between two elements.

Figure 6 PCA biplot of the detected elemental levels of the spinal cord in the sham control and BCP group of rats is plotted as black and red dots, respectively (n=5). The 
PCA was performed with an enhanced version (v1.50) of PCA tool of the software Origin 2021.
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considered to be hypersensitive to mechanical stimuli, as described in our and other previous studies.12,38 Therefore, the time 
point on the 14th day was chosen to terminate the behavioral testing and conduct further study. By day 14, obvious 
enlargement of the ipsilateral tibiae was observed in the BCP model rats, in comparison to both the sham control rats and 
the contralateral ones of the model rats. The ipsilateral tibial swelling was considered to be markers of tumor growth and its 
erosion of bone tissues, which were indicative of hyperalgesia/allodynia as described in our and other previous studies.12,39,40 

Taken together, this result revealed that the rats with cancer cells progressively exhibited tumor-induced mechanical pain 
behavior, indicating that the rat model with BCP was successfully established.

Like the behavioral changes of the BCP rats, the neuro-electro-chemical and synaptic reorganization also deeply occurred 
in their spinal cords. Additionally, the balance of excitatory and inhibitory signaling closely linked to hyperalgesia was 
seriously disrupted in the spinal cord, such as releases of increased glutamate and decreased glycine. The imbalance between 
them dramatically promoted firing activities of spinal neurons and obviously caused alterations of spinal neuroplasticity under 
pain states.41 The phenomenon of abnormal neuronal discharge has been demonstrated in many pain models, including spared 
nerve injury (SNI)-,42 chronic constriction injury (CCI)-,43 L5/L6 spinal nerve ligation (SNL)-induced neuropathic pain, and 
formalin-induced inflammatory pain.44 Our present results suggested that the accumulative frequency and amplitude of 
mEPSCs in spinal dorsal horn neurons were strikingly strengthened in BCP model rats, compared to the sham control. With 
another femur BCP model in mice, Takasu et al recorded the enhancement of miniature inhibitory postsynaptic currents 
(mIPSCs) frequency.45 It was understood that implantation of cancer cells into bones could trigger phenotypic alterations in 
both peripheral46 and central nervous neurons. Therefore, these data collectively displayed that abnormal discharge activity of 
spinal cord neurons is also a phenotypic characteristic of BCP.

It is well reported that inorganic mineral elements are implicated in some important biological functions, due to their 
unique properties, such as maintaining antioxidant and immune activities.47,48 Nonessential minerals, especially heavy metals 
(e.g., Pb, Cd and As), may cause diseases because they can become toxic when overloaded. On one hand, it is considerably 
important for elemental homeostasis in vivo to achieve human health. On the other hand, its dyshomeostasis may also have an 
influence on the complex networks of genes or proteins involved in varieties of pathophysiological processes. It is well known 
that there are close relationships between the contents of mineral elements and human diseases or longevity.34,49,50 

Interestingly, it has been demonstrated that there are direct or indirect correlation between a certain element and 
hyperalgesia/allodynia.24,51–54 For example, Zn, an essential microelement which is widely present in the nervous system, 
can modulate the activities of functional proteins, such as metallopeptidase and metalloproteins.54 Chronic Zn deficiency 
increases inflammation, decreases immunity and promote pain,51,55 while complementary Zn attenuates thermal 
hyperalgesia.52 The evidence above indicates a potential relationship between Zn and hyperalgesia. Another example 
which has recently been illustrated is that ferroptosis, a novel iron element-dependent manner of cell death, is involved in 
inflammation, neuropathic pain, allodynia and morphine tolerance,19,26–28 suggesting the element iron plays critical roles in 
the process of pain. The third example is that Se is an important component of some enzymes in vivo,56 and a biomarker of 
oxidative stress.57 Previous findings revealed that Se mediated protective effects against docetaxel-induced adverse peripheral 
oxidative neurotoxicity and neuropathic pain in mice.47 Yüksel et al reported that Se treatment significantly decreased 
fibromyalgia through modulating activities of TRPM2 and TRPV1 channels in rats.48 Taken together, a certain element 
acting as a type of micronutrient exerts anti-nociceptive effects. In a line with the results above, contents of many elements in 
spinal cords of rats were significantly changed by BCP, indicating they were closely participated into BCP in the study.

The concept of ionome was first proposed by Lahner et al twenty years ago.31 It represents the inorganic components of 
cellular and organismal systems and provides a very effective tool for not only identifying new knowledge of element 
metabolism and homeostasis but also gaining more information about how the complex ionomic network is affected by 
different factors. Ionomic technologies, such as ICP-MS, can measure and quantify elemental profiles to further analyze their 
variation. It has been applied into different tissue samples, such as canine hairs exposed to lipopolysaccharide (LPS)-induced 
stress,58 pericardial fluid in ischemic heart disease,59 and blood.32 In the study, the ICP-MS technology was applied to test 
ionome levels in the spinal cord samples. And the contents of a group of 23 micro-nutritional elements were detected in both 
groups of rats. Not only six macroelements (Na, K, Ca, Mg, P and S), but also twelve microelements (Fe, Zn, Cu, Mn, Se et al) 
and other five toxic elements (Al, As, Ba, Pb and Ti)58,60 were detected. Many micronutrients are essential cofactors needed 
only in small amounts for functions of cells. Herein, characteristic ionomic profiles of the spinal cords from both the sham 
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control and BCP groups of rats were identified and comprehensively analyzed. Our data revealed that, compared to the sham 
control group, some microtrophic elements was differentially changed in the BCP group, suggesting that the spinal cord 
ionome was closely associated to BCP and implying a highly dynamic and complex crosstalk among these elements.34 

However, the sources of those toxic elements and the mechanisms of Ti accumulation in the spinal cord are still unclear. One 
possible explanation is that increased metabolism in rats with BCP leads to certain micronutriental dysfunction in some 
metabolic process and an accumulation of toxic ions throughout the body including the spinal cord. Similarly, accumulated Al 
in the dorsal root ganglia or other organs aggravated oxaliplatin-induced neuropathic pain in mice, which was alleviated by the 
chelation action of glutathione on Al.61 Therefore, changes in elemental levels in the spinal cord from rats might contribute to 
the development of BCP.

Loss of function or gain of function of element-dependent proteins could positively or negatively affect metabolisms of 
other elements in some particular manners.18 The opinion was partly supported by the findings that ceruloplasmin, a copper- 
dependent protein, strictly regulated iron metabolism, which was firstly discovered by Guan et al.62 Indeed, intramuscular 
injection of lipopolysaccharide (LPS) in canines shifted correlation patterns between elements of their hair samples.58 Based 
on these findings, it is agreed that some interactions between elements should be examined as a whole system or ionome. 
A growing body of evidence exhibits that abnormalities of the mineral metabolism can cause the specific dysfunctions of the 
nervous system.63 In the elemental correlation analysis of spinal cords, the number of significant positive and negative 
correlation in the BCP group was more than that in the sham control group, suggesting that the balance between elements was 
disrupted. The current data manifested that BCP is closely associated with imbalance of elements. In previous studies, the 
positive correlation between Ca and Mg was well documented.58,64 In the study, the Ca-Mg correlation was not significant, 
while the Mg-K positive correlation (r = 0.998) in the BCP group was sharply higher than that in the sham control group. 
Conversely, it was shown that the Ca-Sr correlation was greatly decreased in the BCP group, in contrast to the sham control 
group. Subsequently, element interactions may modulate their contribution to BCP. And changes in ionome can be mapped 
back to sequence variation in the genome and may also reflect broader biologically relevant disorders.18 It was demonstrated, 
for the first time, that the correlation pattern of the ionome of the spinal cord of the BCP model rats was exceptionally different 
from that of the sham control in the study. The PCA analysis also revealed that mineral profiles of the spinal cord samples 
between the two groups of rats were significantly divergent. Overall, significant correlation of all tested elements and their 
changes were observed in the study.

Conclusions
The findings indicated that spinal cord ionome may be a related factor of BCP, which expand our understanding of the 
pathogenesis on BCP. Analyzing the multivariate data and elemental distribution patterns provided novel available 
information, i.e., the BCP may be strongly impacted by alterations of the ionomic profiles of the spinal cord. The element 
correlation networks have been clearly built in the study. Anyway, roles of ionome under hyperalgesic conditions have 
attracted our attention. Further studies are recommended for exploring the mechanism of the imbalance of element 
metabolism in the pathological process of BCP in rats. A new research field was opened up, and it may ultimately be 
beneficial in devising interventions to prevent and treat BCP.
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