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Abstract

Background The emerging triple-negative breast cancer (TNBC) treatments target mitochondrial fission to combat
paclitaxel (PTX) resistance. Inositol’s inhibition of this process makes it a potential therapy. Multiparametric MRI
provides an early and effective assessment of these innovations.

Objective To monitor the efficacy of Inositol on PTX-resistant TNBC mice using 7T multiparametric MRI, and to
further explore the mechanism of inositol inhibiting PTX chemoresistance in combination with the morphological
changes of isolated mitochondria.

Materials and methods BALB/c mice aged 6-8 weeks were subcutaneously inoculated with PTX-resistant 4T1 cells
and divided into three groups: PTX-treated mice (n=24),"PTX+Inositol"-treated mice (n=24) and untreated mice
(n=24). Six mice in each group underwent diffused weighted imaging (DWI) and diffusion kurtosis imaging (DKI)
every 7 days after administration. To observe the dynamic changes of inositol within the tumor tissue post-treatment,
chemical exchange saturation transfer (CEST) imaging was performed. Six mice in each group were sacrificed on

day O, 7, and 14 respectively for histopathological examination. After a 3-week scanning cycle, the remaining mice

in each group were euthanized for histopathological analysis. The therapeutic response of inositol was assessed

via Hematoxylin & Eosin (H&E) staining and Ki-67 immunohistochemistry. The effects of inositol on mitochondrial
structure and PTX resistance were studied by Western Blot and electron microscopy. One-way analysis of variance,
independent samples t-test, paired samples t-test, Kruskal-Wallis, and Spearman rank correlation were used.

Results The CEST signal of inositol in tumor tissue was significantly higher after 1 h of inositol administration than
before (2.75+0.71% vs. 1.80+0.33%, p <0.05). On day 21 after treatment, the tumor volume in the PTX+Ins group
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was smaller than that in the PTX group (191.52+27.98 mm? vs. 388.98 +32.62 mm?>, p <0.001). The MD, MK, and ADC
values were correlated significantly with tumor cell density (MD, r=-0.872; MK, r=0.723; ADC, r =-0.858) and Ki-67
level (MD, r=-0.975; MK, r=0.680; ADC, r = -0.860). The p-AMPK levels of PTX+Ins group were lower than that of PTX
group (0.50+0.06 vs. 0.60+0.05, p=0.04), and the mitochondrial length was longer than that of PTX group (0.86+0.10
vs. 044 +0.09, p<0.001), with a significant correlation to Ki-67 levels (r=-0.853, p <0.001).

Conclusion Inositol may counteract PTX resistance in TNBC by disrupting mitochondrial fission, and DWI combined

with DKI effectively tracked this effect.

Keywords Triple-negative breast cancer, Paclitaxel resistance, Mitochondrial dynamics, Inositol, Multiparametric MRI

Introduction

Triple-negative breast cancer (TNBC) is a characteristic
subtype of breast cancer featuring the negative expres-
sion of estrogen receptor, progesterone receptor, as well
as human epidermal growth factor receptor-2 [1]. Che-
motherapy remains the primary treatment for TNBC due
to the lack of specific therapeutic targets [2, 3]. Mean-
while, recent advances in immunotherapy (e.g., PD-1/
PD-L1 inhibitors) have expanded therapeutic options
for TNBC, particularly for PD-L1-positive patients [4].
Although chemotherapy combined with immunotherapy
may enhance treatment efficacy in selected populations
[5], the treatment of advanced TNBC still relies predomi-
nantly on chemotherapy. However, the progression of the
disease leads to resistance to chemotherapy, especially
to paclitaxel (PTX) and anthracycline-based treatments,
which significantly increases the risk of treatment failure,
with failure rates potentially reaching up to 90% during
the metastatic stage [6]. Hence, there is an urgent need
to explore new therapeutic targets to enhance treatment
efficacy and successfully fight against chemoresistance to
TNBC.

Recent studies have indicated that enhanced mitochon-
drial fission is common in drug-resistant cells of various
cancers, such as melanoma and breast cancer [7]. This
increase was linked to metabolic changes, faster cell
cycle progression, and greater potential for invasion and
metastasis, suggesting that mitochondrial dysfunction
is a potentially universal mechanism for drug resistance
[8]. Farrand et al. have demonstrated that resveratrol may
mitigate cisplatin resistance in ovarian cancer patients by
modulating mitochondrial fission dynamics [9]. There-
fore, the investigation of mitochondrial function has
emerged as a significant area of interest to overcome che-
motherapy resistance [10].

Paclitaxel (PTX) is a commonly used cytotoxic agent
for the treatment of early-stage breast cancer. Kor-
dias et al. provided compelling evidence that inositol
metabolism is significantly reduced in paclitaxel-resis-
tant TNBC cells, highlighting its potential as a pivotal
marker of resistance [11]. Inositol plays a crucial in sig-
nal transduction and energy metabolism, and its deriva-
tives also display anticancer properties that inhibit tumor

proliferation [12]. Recent studies have shown that inosi-
tol directly restricts the activation of AMP-activated pro-
tein kinase (AMPK) to inhibit mitochondrial fission [13].
However, its role in overcoming PTX resistance in cancer
cells, specifically inhibiting mitochondrial fission, is still
being studied. Furthermore, the application of advanced
imaging modalities to monitor the therapeutic response
of tumors is pivotal in evaluating the effectiveness of spe-
cifically targeting inositol-mediated mitochondrial fission
in cancer therapy. Multi-parameter MR], including diffu-
sion-weighted imaging (DWI), diffusion kurtosis imag-
ing (DKI), and chemical exchange saturation transfer
(CEST), significantly improves the precision of treatment
evaluation by capturing treatment-induced microstruc-
tural alterations (such as chemotherapy-driven necrosis,
reduced cellularity due to apoptosis, stromal fibrosis) and
metabolic alterations within tumor tissue [14—20]. DW1I
provides non-invasive insights into cellular microstruc-
tures via apparent diffusion coefficient (ADC), offering
critical data beyond conventional imaging [21-23]. DKI
is a non-Gaussian model that capture tissue heterogene-
ity through indicators such as mean kurtosis (MK) and
mean diffusivity (MD), effectively characterizing tumor
microstructural complexity and serving as a promis-
ing biomarker for therapeutic efficacy evaluation [24].
Additionally, CEST MRI enhances the detection of low-
concentration molecules by applying selective radio-
frequency saturation pulses on exchangeable protons,
allowing for the real-time monitoring of target metabo-
lites within tumors [25, 26]. Whereas conventional DW1/
DKI can be implemented on clinical 3T scanners, CEST
imaging requires high-field (7T) MRI to leverage inher-
ent SNR/CNR advantages and the prolonged T1 relax-
ation times, thereby amplifying the CEST signals, which
is critical for detecting therapeutic responses [27].
Inositol is a key differentiating metabolite between
PTX-resistant and non-resistant TNBC cells and can
directly inhibit mitochondrial fission [11, 13]. However,
its role in inhibiting PTX chemoresistance via mito-
chondrial fission suppression remains unclear. Further-
more, the traditional evaluation of tumor efficacy based
on size changes has limitations in early response evalua-
tion. Hence, the purpose of this study was to dynamically
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monitor the efficacy of inositol on PTX-resistant TNBC
mice using Multi-parameter MRI and further explore the
mechanism of inositol inhibiting PTX chemoresistance
in combination with the morphological changes of iso-
lated mitochondria.

Materials and methods

The overall experimental design

Figure 1 depicted the overall experimental design. To
investigate the effect of inositol on paclitaxel-resistant
TNBC, we first established a paclitaxel-resistant cell line
as a research model. Subsequently, tumor xenografts
were grown in female BALB/c mice and multiparametric
MRI imaging was performed to gain insight into tumor
response to treatment. Following imaging, the tumor was
resected and the tumor proliferation, p-AMPK protein
expression, and mitochondrial morphology were ana-
lyzed by immunohistochemistry, Western blot analysis,
and transmission electron microscopy.

Cell culture and generation of paclitaxel-resistant cell line

The 4T1 breast cancer cells (China Center for Type Cul-
ture Collection, Wuhan, China) were cultured to con-
struct an animal model of paclitaxel-resistant breast
cancer for subsequent study. The cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM) sup-
plemented with 10% fetal bovine serum (FBS) and 1%
penicillin and streptomycin at 37 °C and 5% CO2. A PTX-
resistant 4T1 cell line was then generated from parental
lineages through the high-dose paclitaxel pulse method.
After logarithmic growth, the cells were exposed to pacli-
taxel at IC50 concentrations for 48 h. Following exposure,
the cells were washed twice with PBS to remove residual
drugs and dead cells, then the medium was replaced with
fresh medium every 1-2 days. Following recovery, the

4T1 cells)“ PTX-res 4T1 cells
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cells underwent repeated paclitaxel pulsing for more than
30 generations using the identical protocol.

Animal preparation

All animal experiments were performed in accordance
with the ARRIVE guidelines and the National Institutes
of Health guide for the care and use of Laboratory ani-
mals (NIH Publications No. 8023, revised 1978) and
approved by the Animal Ethics Committee of Shantou
University Medical College (2021-500), China. Six-
week-old female BALB/c mice (n=72; Charles River
Huasheng Biotechnology Co., Ltd., Guangzhou, China)
were subcutaneously implanted with 1x10° PTX-resis-
tant 4T1 breast cancer cells in the right hind flank. Two
weeks after cell implantation, 72 tumor-bearing mice
were randomized into three groups: PTX-treated mice
(PTX, n=24), “PTX +Inositol”’-treated mice (PTX +Ins,
n=24), and untreated mice (control, #=24). Mice in the
PTX group were intraperitoneally injected with PTX
(10 mg/kg dissolved in DMSO) every other day for a
total of 6 times. The PTX +Ins group was treated with
the same PTX regimen followed by daily administration
of inositol at a dose of 80 mg/kg for 21 days. The control
group did not receive any treatment. In order to evaluate
the therapeutic effect of inositol at different time points
in the course of treatment, six mice in each group were
sacrificed on day 0, 7, and 14 respectively for histopatho-
logical examination, and then the remaining mice in each
group were euthanized after a 3-week scanning cycle for
histopathological analysis.

In vivo toxicity assessment

Ten BALB/c mice with an average body weight of 20 g
were used for in vivo toxicity evaluation, of which 5 were
in the control group and only normal saline was given via
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Fig. 1 Flowchart of the study
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gavage, and the other 5 were in the Ins group and the dos-
age of intragastric inositol was 80 mg/kg once daily for 21
days. Tissue and blood samples were collected from both
groups of mice. Hematoxylin and eosin (H&E) staining
of the heart, liver, spleen, and kidney tissues of the mice
was performed. Four important hepatic indicators (ala-
nine aminotransferase [ALT], aspartate aminotransfer-
ase [AST], alkaline phosphatase [ALP], and total protein
[TP]), and three indicators of renal function (creatinine
[CRE], blood urea nitrogen [BUN], and urea [UA]) were
determined.

7T multiparametric MRI

All imaging procedures in this study were performed on
an Agilent 7.0 T MR system (Agilent Technologies, Santa
Clara, CA, USA) with a standard 9563 body coil for sig-

nal transmission and reception.

In vitro chemical exchange saturation transfer (CEST)
imaging of inositol

Different concentrations of inositol (5 mM, 15 mM, 25
mM, and 35 mM) were prepared at the same pH 7.0 for
CEST scanning. To evaluate whether the CEST effect of
inositol is pH-dependent, five solutions with different pH
values (6.2, 6.5, 6.8, 7.1, and 7.4) were titrated at the same
concentration (25 mM). The optimum conditions were
determined by different saturation powers (1 to 3.5 uT)
and different saturation times (2 to 6 s). For the in vitro
CEST imaging, a continuous wave echo planar imaging
(CW-EPI) sequence was used with the following param-
eters: repetition time /echo time (TR/TE), 6000/29 msec;
section thickness, 2 mm; field of view (FOV), 30x30
mm?; k-space central line number (kzero), 32; matrix
size, 64 x 64; acquisition time, 13 min.

In vivo MR imaging

Mice were imaged with a 7.0T MR imaging unit using
an abdominal coil while being anesthetized with 2.5-3%
isoflurane gas, and their respiratory rate was monitored
during examinations. The MRI protocols incorporated a
three-plane localizer, axial T2-weighted imaging (T2W1I),
DKI, DWI, and CEST imaging. The fast spin echo
(FSE) T2WI scan parameters were as follows: TR/TE,
2000/24.2 msec; section thickness, 2 mm; FOV, 30x 30
mm?; matrix size, 128 x 128, acquisition time, 1.5 min.
The DKI acquisition parameters were as follows: TR/
TE, 2000/86 msec; matrix, 128 x 128; section thickness,
2 mm; FOV, 36 x 30 mm?; section thickness, 2 mm; b val-
ues=0, 1000, and 2000 s/mm? acquisition time, 4 min.
Parameters for DW imaging were as follows: TR/TE,
2000/24 msec; matrix, 96 x 96; section thickness, 2 mm;
FOV, 36 x30 mm? b values=0 and 1000 s/mm? acqui-
sition time, 2 minutes. Single-shot echo planar imag-
ing sequence with continuous-wave saturation pulse
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(B1=2.5puT, pulse width=4s) was used to obtain the
Ins CEST images with the following parameters for the
selected plane: TR/TE, 6000/26 msec; flip angle, 30° sec-
tion thickness, 2 mm; FOV, 36 x 30 mm? kzero, 32; the
number of shots, 1; matrix size = 64 x 64; acquisition time,
13 min. Post-processing of the DWI, DKI, and CEST
images were performed using MATLAB (MathWorks,
Natick, Massachusetts) and Image] (National Institutes
of Health, Bethesda, Maryland).

Image post-processing and quantitative parameter
analysis

Post-processing of the DWI, DKI, and CEST images were
performed using MATLAB (MathWorks, Natick, Mas-
sachusetts; commercial software) for parametric map-
ping and Image] (National Institutes of Health, Bethesda,
Maryland; open-source) for regions of interest (ROI)
analysis. Tumor volume quantification was derived from
T2-weighted images through elliptical approximation
(V=axb?/2, a=long-axis diameter and b=orthogonal
short-axis diameter) [28]. All DKI and DWI data were
postprocessed using open-source scripts in MATLAB,
which automatically generated parametric maps of MK,
MD, and ADC. ADC maps were derived from DWI
(b=0, 1000 s/mm?®) using the mono-exponential model
with the equation [29]: In(S,) = In(Sy) — bADC,
where §; is the signal intensity without diffusion-weight-
ing, S, is the signal intensity with diffusion-weighting, b
is the applied diffusion sensitization (s/mm?2). The MD
and MK values were calculated with the following equa-
tion: S, = Sy x exp(—=bx D+1/6 x b? x D? x K),
where S, is the diffusion signal intensity with particular b
values, S, is the baseline signal without diffusion weight-
ing, D is the diffusion coefficient with correction of non-
Gaussian distribution bias, and K is a dimensionless
metric. Parametric maps were co-registered to anatomi-
cal T2WI using ROI-based alignment in Image], where
manually defined ROIs were replicated from T2 tem-
plates to parameter maps for spatial consistency. Regions
of ROIs were manually delineated on co-registered
parameter maps using Image] software at the lesion’s
maximum cross-sectional plane with necrotic regions
exclusion, ultimately deriving mean parameter values
through ROI histogram analysis. All CEST image pro-
cessing and data analysis were performed using custom-
written scripts in MATLAB. Regions of interest were
drawn manually based on the T2-weighted images cover-
ing the entire tumor. The CEST contrast was quantified
by determining MTRasym, as defined by the following
expression [30, 31]:

Ssat(_Aw ) - Ssat(+Aw)

MTRqsym = S
0
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where S (+Aw) and S, (—Aw) are the signal intensities
obtained by saturating at the frequency of Aw downfield
and upfield from the water proton resonance frequency,
respectively. S, is the water signal intensity in the absence
of the saturation pulse.

Ex vivo tissue analysis

The resected tumor was fixed with 4% paraformaldehyde
at 4 °C for 24 h. Serial 5-mm-thick paraffin slices were
made for H&E staining to evaluate the degree of necrosis
and the number of viable tumor cells. In immunohisto-
chemical analysis, the sections were stained with Ki-67
to determine the proliferative activity within the tumor
specimens. The tumor cell density was determined by
calculating the ratio of the tumor cell area to the total
area on the maximum cross-section. The Ki-67 index was
quantified by counting the number of Ki-67-positive cells
and their percentage of the total number of cells within
the tumor sections. The levels of phosphorylated AMP-
activated protein kinase (p-AMPK) in tumor tissues were
quantified by Western blot analysis. The mitochondrial
morphology of tumor tissues was assessed using trans-
mission electron microscopy (TEM) (HT7700, Hitachi,
Ltd., Tokyo, Japan).

For quantitative histopathological evaluation, three
non-consecutive and non-overlapping fields were sys-
tematically selected from representative tumor regions
using randomized sampling methodology. Tumor cell
density was calculated as the percentage of neoplastic cell
area to total cross-sectional area in H&E-stained sections
through automated threshold segmentation with Image]
software. In immunohistochemical analysis, Ki-67 pro-
liferation indices were determined by quantifying the
proportion of positively stained nuclei relative to total
cellularity across randomly chosen fields. Western blot
quantification of p-AMPK expression involved grayscale
normalization against -actin controls using background-
subtracted densitometry. Ultrastructural assessment of
mitochondrial morphology incorporated measurements
of longitudinal axis length for discrete organelles per
sample via calibrated scale analysis in Image].

Statistical analysis

All statistical analyses were performed by using the SPSS
25.0 software package (SPSS, Inc., Chicago, IL). The nor-
mality of data was tested with the Kolmogorov-Smirnov
test. The statistical significance of the differences of
CEST signals before and after treatment was determined
by paired t-test. To compare MR imaging metrics (MD,
MK, ADC), histological parameters (tumor cell density,
Ki-67 index), and tumor growths, one-way repeated mea-
sure analysis of variance (ANOVA) was performed, and
Bonferroni post-hoc correction was applied for all pair
comparisons. The Kruskal-Wallis test was utilized for
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analyzing non-normally distributed data involving mul-
tiple samples. Correlation between histological param-
eters (tumor cell density, Ki-67 index) and MR imaging
metrics (MD, MK, ADC) were assessed with the Spear-
man correlation coefficient. p<0.05 was considered to
indicate a statistically significant difference. All data were
reported as means + standard deviations unless otherwise
indicated.

Results

Establishment of paclitaxel-resistant TNBC mouse model

A PTX-resistant TNBC mouse model was established
using 4T1 cell lines with repeated high-dose PTX expo-
sure. As the dose of paclitaxel increased, the viability
of the derived cell lines declined more slowly, indicat-
ing increased resistance (Figure S1A). Its resistance was
more than 10 times higher than that of the parental cells,
with IC50 values of 26 uM and 2 uM, respectively (Figure
S1B). Drug-resistant cells were implanted subcutaneously
in the right flank of mice to establish a model, which laid
a foundation for studying mechanisms to overcome PTX
resistance in TNBC.

Inositol has excellent biocompatibility via toxicity studies
After administering 80 mg/kg of inositol intragastrically
for 21 days, no behavioral abnormalities were observed in
all mice. Liver (ALT, AST, ALP, TP) and kidney function
(CRE, BUN, UA) indicators were all within the normal
range (Figure S2). H&E staining of heart, liver, spleen,
and kidney showed no adverse effects (Figure S3).

Characterization of inositol in CEST imaging and
biodistribution

The hydroxyl group on inositol generates CEST effect at
a selective saturation of 0.6 ppm (Figure S4). To monitor
the dynamic changes and biodistribution of inositol in
tumors, in vitro and in vivo CEST imaging studies were
conducted. In vitro CEST imaging showed a concentra-
tion-dependent increase in CEST signal, from 11.76% (5
mM) to 27.18% (35 mM) (Fig. 2A, B). CEST signal also
demonstrated pH sensitivity, increasing from 12.90% at
pH 7.4 to 29.61% at pH 6.2, indicating suitability for the
study of the acidic tumor microenvironments. Further-
more, the CEST effect of inositol was increased with the
increase of saturation power and time in a certain range
and reached its peak value at a saturation power of 2.5
uT and a saturation pulse of 4 s. In vivo CEST imaging
showed an increased CEST signal of inositol in mouse
tumors compared to baseline (Fig. 2C). Quantitative
analysis revealed that the CEST signal of inositol peaked
at around 1 h post-administration (2.75% + 0.71%), sig-
nificantly higher than the baseline value (1.80% + 0.33%,
p=0.04) (Fig. 2D).
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Comparison of tumor volume and imaging parameters
(MD, MK, and ADC) between the PTX group, PTX +Ins
group, and control group
In order to assess early changes in efficacy following
tumor treatment, multiparametric MRI scans were per-
formed on tumor-bearing mice at various time points.
Tumor volume and MRI signals (T2WI, DWI, and DKI)
in untreated control group (n=6), PTX-treated group
(n=6), and PTX +Ins treated group (n=6) were moni-
tored, respectively (Fig. 3A). At baseline, all groups had
similar tumor morphology and signaling. On day 21 post-
treatment, the tumors in the PTX + Ins group were signif-
icantly smaller than those in the control group and PTX
group. The tumor volume, MD, MK, and ADC of dif-
ferent groups were quantified at different time points to
compare the dynamic changes (Fig. 3B). PTX treatment
alone did not significantly inhibit tumor growth, while
the tumor growth rate in the PTX + Ins group was slower.
The average tumor volume in the control and PTX groups
on day 21 was 388.98+32.26 mm® and 400.61+76.00
mm?, respectively, while that of the PTX +Ins group was
only 191.52 +27.99 mm?, which showed a significant dif-
ference compared with the control group and the PTX
group (p<0.001) The results of tumor volume measure-
ment were shown in Supplementary Table S1.

As shown in Fig. 3B, the MD and ADC values in the
PTX group exhibited an upward trend, peaking at day
7 (1.02+0.07 and 1.09 £0.14, respectively), which were
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significantly higher than those in the control group
(0.69+0.04, P<0.001 and 0.67+0.03, p<0.001, respec-
tively). The MD and ADC values of PTX group at day
14 (0.80+0.12 and 0.81+0.15, respectively) were signifi-
cantly lower than those at day 7 (p=0.004 and p=0.007,
respectively). However, there was no significant differ-
ence at day 14 when compared with the control group.
The MD and ADC values in the PTX + Ins group showed
similar dynamic changes as those in the PTX group, but
the duration of increase was longer, reaching the highest
values on day 14 (1.31+0.39 and 1.33 £ 0.27, respectively),
and the difference was statistically significant compared
with those in the PTX group (p<0.01 and p<0.001,
respectively). Although MD and ADC values in the
PTX +Ins group decreased over time after day 14, they
remained significantly higher than those in the control
and PTX groups until the end of the scans. The MK value
of PTX +Ins group was continuously lower than that of
control group. However, there was no significant differ-
ence in MK values in the PTX + Ins group at any observa-
tion time point compared to the PTX group. Details of
the MD, MK, and ADC measurements were summarized
in Supplementary Table S2.

Histologic analysis of tumor response after treatment at
various time point

To elucidate the therapeutic effect of inositol on TNBC,
histological analysis was conducted at different time

PTX+Ins Group
MK ADC T2wI MD MK ADC

baseline 7d 14d 21d

baseline 7d 14d 21d

Fig. 3 The changes of tumor volume, Mean Diffusivity (MD), Mean Kurtosis (MK) and Apparent Diffusion Coefficient (ADC) in MRI scans of tumor-bearing
mice at various treatment time points. A, Representative T2-weighted imaging (T2WI), MD, MK and ADC mapping in untreated control group, PTX-
treated group and PTX+Ins treated group, respectively. B, The variability of tumor volumes, MD, MK, and ADC values among different groups at differ-
ent time points. One-way ANOVA with Bonferroni post-hoc correction was performed for statistical analysis. Statistical significance: *p <0.05, **p <0.01,

***p<0.001, ****p <0.0001. The error bars are standard deviation
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points in each group. As shown in Fig. 4A, H&E staining
of control group revealed round or oval tumor cells with
protruding nuclei and numerous mitotic figures, while
the PTX group exhibited central necrosis on day 7 and
new solid tumor components within necrotic area on day
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14. Subsequently, the tumor cells in the PTX group grew
increasingly dense over time. In the PTX +Ins group, the
central necrosis peak occurred on day 14, and new solid
tumor components were formed on day 21 (Fig. 4A).
Ki-67 staining indicated positive expression of dark

14d 21d

80— mmm PTx+ns X KK * |
= = PTX g
&\’ == Control 5 ok ok %k ***l*—|
w —
= 60— — o 3
8 — I
o
2 40-
‘®
o
o
‘l; 20+
i
0- T T T T
baseline 7d 14d 21d

Fig.4 Histologic examination of tumor response at different time point after treatment in each group. A, High magnification scan of hematoxylin-eosin—
staining (@mplification x20). B, Scan of Ki-67 immunohistochemistry staining with high magnification (@amplification x40). The brown-stained particles
represent the Ki-67-positive expression region. C, Quantitative analysis of tumor cell density and Ki-67 expression in different groups of mice. One-way
ANOVA with Bonferroni post-hoc correction was performed for statistical analysis. Statistical significance: *p <0.05, **p <0.01, **p <0.001, ****p <0.0001.

The error bars are standard deviation
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brown nuclei. In the PTX group, the proportion of Ki-67
positive cells reached its lowest point on day 7 and then
began to increase. In the PTX +Ins group, the propor-
tion of Ki-67 positive cells reached its lowest point on day
14 and then started to rise (Fig. 4B). Quantitative anal-
ysis revealed that tumor cell density and Ki-67 staining
decreased gradually in the PTX + Ins group, reaching the
lowest point on day 14 (Fig. 4C). Tumor cell density and
Ki-67 staining were significantly lower in the PTX +Ins
group than in the other two groups on days 14 and 21.
These observations suggested that the PTX +Ins group
demonstrated superior efficacy than the control group
and PTX group.

Correlation of MR imaging and histologic biomarkers

To evaluate the feasibility of MD, MK, and ADC as pre-
dictors of tumor therapeutic response, the correlation
between the histologic features and MRI parameters
were assessed. The MRI parameters on day 21 showed a
statistically significant correlation with the correspond-
ing histologic features. Tumor cell density was signifi-
cantly correlated with ADC (r = -0.858, p<0.001), MD (r
= -0.872, p<0.001), and MK (r=0.723, p<0.001), respec-
tively (Fig. 5A). The Ki-67 index showed a significant cor-
relation with ADC (r = -0.860, p <0.001), MD (r = -0.975,
p<0.001), and MK (r=0.680, p=0.002), respectively
(Fig. 5B).

AMPK suppression by treatment group

Western blot analysis of tumor slices 21 days post-therapy
showed that phosphorylated AMPK (p-AMPK) levels in
the PTX +Ins group (0.50 £ 0.06) were lower compared to
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the PTX group (0.60+0.05, p=0.04) (Fig. 6A, B). Trans-
mission electron microscopy revealed fewer atrophied
and fragmented mitochondria in the PTX +Ins group
compared to the PTX group (Fig. 6C). The mitochondrial
length of PTX +Ins group (0.86+0.10) was significantly
longer than that of PTX group (0.44+0.09; p<0.001).
Additionally, mitochondrial length was significantly neg-
atively correlated with Ki-67 index (r = -0.853, p<0.001)
(Fig. 6D), indicating that inositol might counteract drug
resistance by inhibiting mitochondria function.

Discussion

The therapeutic potential of inositol in overcoming drug
resistance in TNBC remains unexplored. Previous studies
have revealed that dysregulated inositol metabolism con-
tributed to cancer progression, especially in paclitaxel-
resistant TNBC cells, where inositol levels were reduced
and mitochondrial fission was enhanced compared to the
TNBC non-resistant cells [11, 13]. In this study, we suc-
cessfully demonstrated the potential of inositol in over-
coming paclitaxel resistance in TNBC therapy through
7T multiparametric MRI combined with the observa-
tion of mitochondrial morphological changes, and also
provided an early, non-invasive and effective evaluation
method for TNBC effective treatment.

Unlike previous studies that tracked inositol using
radiolabels [32], our study utilized CEST imaging, a non-
invasive, non-radioactive method that allows real-time
tracking of treatment dynamics, to monitor inositol dis-
tribution in tumors [33]. In inositol treated mice, CEST
signals in tumors increased over time, peaking about an
hour after administration, indicating rapid penetration
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Fig. 5 Spearman correlation between the MRI parameters and histologic features in each group on day 21. A, Correlation between tumor cell density
and ADC, MD, and MK. B, Correlation between Ki-67 index and ADC, MD, and MK
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and gradual accumulation of inositol in tumor tissue.
These results aligned with previous findings on rapid
absorption and short systemic circulation of small mol-
ecules such as inositol, suggesting that small molecules
are rapidly distributed from the gastrointestinal tract to
distant tumor sites after oral administration [34, 35]. Our
study demonstrated that CEST imagings has great poten-
tial for clinical applications to monitor drug distribution
within tumors.

Traditional imaging methods that assess tumor mor-
phology may not be able to show treatment effects in a
timely manner, as functional changes in the tumor often
precede visible morphological changes [36, 37]. We
evaluated treatment response to PTX-resistant TNBC
by tracking tumor volume and using advanced DWI/
DKI metrics. In this study, PTX +Ins, PTX, and control
groups had similar tumor volumes on day 7, but there
were significant differences in MD, MK, and ADC values
between them. This highlights the advantages of multi-
parametric functional MRI, which is capable of detecting
early physiological and molecular changes, thus enabling
a more rapid and precise assessment of treatment

response before any visible tumor alterations occur [38,
391.

Changes in tumor volume showed that PTX mono-
therapy had a negligible effect on tumor growth, similar
to that of the control group. However, PTX + Ins therapy
significantly slowed tumor progression, especially on
days 14 and 21, indicating improved efficacy in overcom-
ing PTX resistance. Additionally, the PTX +Ins group
exhibited a notable peak in MD and ADC values on day
14, which may be due to the increased apoptosis and
cell structural changes induced by combination therapy;,
resulting in increasd diffusivity of water molecular [18,
39]. In contrast, MD and ADC values in the PTX group
exhibited an initial peak on day 7 followed by a rapid
decline, underscoring the limited and transient efficacy
of paclitaxel monotherapy. The MK parameter repre-
sents the deviation of the diffusion property from Gauss-
ian behavior, reflecting in detail the complexity of the
microstructure [29, 40, 41]. The treatment group showed
reduced MK values compared to the control group, indi-
cating a reduction in the complexity of the tumor micro-
structure during treatment. However, the differences in
MK values between combination therapy and PTX alone
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is small, which implied a limited sensitivity of MK in
assessing the efficacy of treatment. Taken together, the
data suggested that PTX + Ins combination therapy may
provide better tumor control compared to PTX mono-
therapy, and ADC and MD values potentially serve as
early predictors of therapeutic effect.

Our present study confirmed through histological anal-
ysis that inositol combined with paclitaxel (PTX +Ins)
could overcome paclitaxel resistance in TNBC, and the
changes of DKI and DWI parameters were consistent
with pathological findings. Correlation analysis on day
21 revealed that tumor cell density and Ki-67 levels were
negatively correlated with ADC and MD values, and
positively correlated with MK values. This was due to
the enhanced diffusion of water molecules during apop-
tosis, ADC and MD values increased with the decrease
of cell density and proliferation (reflected as a decrease
of Ki-67), while MK values decreased with the decrease
of tissue complexity during apoptosis, and were therefore
positively correlated with the declining cell density and
Ki-67 levels. It has been reported that MK has a higher
value in predicting tumor aggressiveness than ADC [29].
However, the correlation coefficient between MK value
and pathological results was lower compared to MD
and ADC, which may be due to the large heterogeneity
of tumor tissues, resulting in the instability of MK value.
Furthermore, DKI-MD exhibits a higher sensitivity than
DWI-ADC in detecting microstructural changes. This
might be attributed to the higher spatial resolution of
DKI (128 x 128 matrix) than DWTI (96 x 96 matrix) under
identical FOV, rather than an inherent advantage of the
model itself. All in all, the relationships between MD,
MK, and ADC parameters and tumor cell density and
Ki-67 index suggested that these imaging techniques pro-
vided valuable insights into tumor activity and treatment
response.

Phosphorylated AMPK acts as a crucial energy sensor
activated during energy deficiency, influencing mito-
chondrial biogenesis and fission [42, 43]. Our Western
blot results showed a decrease in p-AMPK levels in the
PTX +Ins group compared to the PTX group, suggest-
ing that inositol inhibited AMPK activation during treat-
ment. Electron microscopy revealed that inositol reduced
atrophied and fragmented mitochondria and increased
mitochondrial length in the PTX +Ins group, highlight-
ing its role in preserving mitochondrial integrity [13].
These findings demonstrated that inositol inhibits mito-
chondrial fission by suppressing AMPK activation during
treatment. Mitochondrial morphological instability, such
as excessive division or fusion, can disrupt energy metab-
olism and promote tumor cell proliferation [44, 45]. We
observed a negative correlation between mitochondrial
length and Ki-67 expression, indicating that changes in
mitochondrial morphology were associated with the
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therapeutic effect of inositol therapy. This emphasizes
the link between mitochondrial structure, function, and
tumor cell proliferation. These findings suggested that
inositol may enhance the tumor chemosensitivity by
inhibiting mitochondrial fission.

Our study had limitations. First, the TR=2000 ms
parameter setting in MRI acquisition was shorter than
clinical recommendations (>3000 ms) [46], which might
affect signal recovery completeness, though the 7.0 T
ultra-high field system could provide partial compensa-
tion through enhanced signal characteristics. Second,
the spatial resolution of DWI was lower than that of
DKI (96 x 96 vs. 128 x 128 matrix under the same field of
view), which may have influenced the parameter perfor-
mance and histopathological correlation. Due to the pro-
longed CEST scanning time (~ 13 min per scan) causing
significant physiological stress and limited cohort size,
longitudinal analyses exploring the correlation of CEST-
treatment outcome were precluded. We plan to imple-
ment optimized protocols (e.g., accelerated scanning) in
future studies to address this limitation. Third, the nar-
row cohort of mouse models used may not fully capture
the complexities of human conditions. The biological dif-
ferences between mice and humans need to be validated
in a wider range of biological systems. Future studies
should optimize MRI parameters per clinical standards,
while increasing the sample size and applying a broader
array of biological models to enhance the robustness and
generalizability of our results. Additionally, evaluating
the reproducibility of 7T multi-parametric MRI technol-
ogy across various research settings is crucial to deter-
mine its suitability for clinical applications.

To advance these findings toward clinical translation,
future human studies should validate inositol’s efficacy
and safety via Phase I/II trials, integrating multiparamet-
ric MRI biomarkers (ADC, MD) with histopathological
and survival outcomes. Key translational barriers include
interspecies biological discrepancies, limited accessibil-
ity of high-field MRI, and formulation optimization for
inositol-paclitaxel synergy. Notably, inositol’s mitochon-
drial stabilization may enhance immunogenicity, offering
potential to complement immune checkpoint inhibitors
by modulating tumor metabolic-immune crosstalk [47,
48]. Addressing these challenges while exploring combi-
natorial immunotherapy strategies could redefine TNBC
treatment paradigms for chemoresistant patients.

Conclusions

In summary, our research combined 7T multiparamet-
ric MRI with mitochondrial morphological changes and
found that inositol enhanced the therapeutic sensitivity
of TNBC cells to paclitaxel by preserving mitochondrial
integrity, thereby slowing tumor cell proliferation. This
discovery highlights the therapeutic potential of inositol
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in combating paclitaxel resistance in TNBC, laying a
valuable foundation for the development of new treat-
ment strategies.
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