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Abstract: This study investigates the effects of xylitol, a natural sugar alcohol, on tumor pro-
gression in syngeneic mouse cancer models. Xylitol is known for its dental health benefits,
but emerging evidence suggests broader biological roles, including potential anti-cancer
properties. We explored xylitol’s impact on two mouse cancer models: 4T1 mammary
carcinoma and B16F10 melanoma. Xylitol’s efficacy in inhibiting cancer cell lines and
modulating tumor progression was assessed using immunocompetent female mice. The
experiments involved intratumoral and peritumoral administration of a 20% xylitol so-
lution in two mouse strains: BALB/c (4T1 mammary carcinoma) and C57BL/6 (B16F10
melanoma). Tumor volume, histopathology, and metabolomic analyses were conducted
to gauge xylitol’s influence. The study revealed that xylitol administration initially re-
duced tumor growth in the B16F10 melanoma model, accompanied by alterations in tumor
metabolism. However, similar effects were not observed in the 4T1 mammary carcinoma
model, and melanoma tumor growth re-commenced in the melanoma model after stroma
deterioration caused xylitol solution leakage. These findings suggest that xylitol may
have potential as an adjunct therapy in cancer treatment, specifically in melanoma. The
differential response between the two cancer models underscores the complexity of cancer
biology and the need for further investigation into xylitol’s mechanisms of action and its
role in cancer therapy.

Keywords: xylitol; tumor progression; syngeneic mice models; cancer treatment; melanoma;
mammary carcinoma; mouse cancer models; sugar alcohol; oncology; metabolomics

1. Introduction

Cancer continues to be the second most common cause of death in the USA [1].
Although progress has been made in cancer therapy, emerging therapeutics are considered
economically unfeasible for many of the world’s population [2]. Therefore, the potential
use of an inexpensive and widely available prebiotic as an adjunct to cancer therapy
would prove beneficial. Xylitol is a well-known preventative product used in dentistry for
decades [3]. Recent research demonstrates the inhibitory properties of xylitol with many
cancer cell lines when administered both dietary and systemically [4-6]. Because xylitol
exhibits almost no side effects and is safely utilized by healthy human cells, it could be
a beneficial natural supplement for potentially inhibiting cancer cell proliferation [7,8].
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However, although the mechanisms of xylitol cancer cell inhibition were hypothesized in
previous research, more information should be provided before human clinical trials.

The specific properties of xylitol and cancer inhibition may not have been entirely
explained. Xylitol may inhibit cancer by reducing angiogenesis and decreasing the tumor’s
vascularization [9]. Increased vascularization would support tumor growth and possibly
cancer metastasis. In addition, xylitol has reported anti-inflammatory properties that may
reduce tumor progression [10,11]. The determination of the specific metabolic features of
xylitol with tumor development needs further elucidation, requiring direct deposition of
xylitol into tumors. Metabolomic analysis and histological evaluation of cancers with and
without xylitol would provide the essential data. Metabolomics can be used to identify
cancer biomarkers and the drivers of tumorigenesis [12]. Metabolism is dysregulated in
cancer cells to support uncontrolled cell proliferation [13]. This dysregulation of cellular
metabolism leads to specific metabolic phenotypes. These metabolic phenotypes can be
used for earlier cancer diagnosis, clinical trials, patient selection, and as biomarkers of
treatment response.

Previous research has shown that xylitol supplementation in animal models inhibits
cancer cell lines and xenografts [6,14]. Combination treatments with xylitol were also
reported as successful [15]. Understanding the mechanism of xylitol tumor inhibition
should provide essential and usable information for adjunctive therapy that could prove to
be cost-effective and readily available for millions of cancer patients. Xylitol is a prebiotic
that shifts the host’s microbiome [16]. This is important because the role of the human
microbiome in cancer development and treatment is now well-recognized [17,18]. Indeed,
the interactions between microbiome and cancer have generated research into the complex
microbial communities and the possible mechanisms through which microbiota influence
cancer prevention, carcinogenesis, and anti-cancer therapy. In addition, developing next-
generation prebiotics and probiotics designed to target specific diseases is considered
extremely urgent [19,20].

Animal models are considered the first phase of cancer research, looking for potential
therapeutic agents [21]. This research study intends to use two mouse models to evaluate
the efficacy of a higher concentration (20%) and the modality of direct delivery (intratu-
morally) of xylitol in cancer. The direct delivery of xylitol into tumors would rule out
any systemic action of xylitol on the immune system via microbiome manipulation. The
purpose was to evaluate the effects, including cell line inhibition of xylitol on tumor pro-
gression, in two syngeneic mouse cancer models. Specifically, this pilot study measured
tumor growth inhibition from two cancer cell line implantations in two syngeneic mouse
cancer models, 4T1 mammary carcinoma and B16F10 melanoma [22], with a 20% xylitol
(prebiotic) solution intratumorally and peritumorally administered daily. The study of
xylitol directly injected into tumors with metabolomic analysis and histological evaluation
had yet to be investigated.

2. Materials and Methods
2.1. Experimental Mice and Study Design

This IACUC-approved study (IS000097440) included two strains of immunocompetent
female mice: 20 C57BL/6 and 20 BALB/c mice for a total of 40 mice (see Table 1). The
mice were acquired from Charles River Laboratories, Durham, NC, USA. The BALB/c
group was injected with 4T1 mammary carcinoma cells (1 x 10° cells into the 4th mammary
gland), and the C57BL/6 group was injected with B16F10 melanoma cells (1 x 10° cells
into the flank). After the cancer cell injection, tumor growth became significant by the 14th
day and treatment started by the 16th-19th day. When tumor sizes reached 50 to 100 mm?,
both treatment groups (10 each) were injected daily with 100 puL of a 20% xylitol solution
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intratumorally (75%) and subcutaneously (25% peritumoral). The xylitol was acquired
from Xlear, American Fork, Utah, USA. A 20% solution was the highest concentration of
xylitol possible to formulate. Previously published research reported concentrations of
5 and 10%, but the principal investigator believed it was possible to use a higher percentage
in this study. Control mice received sterile saline (10 each) with the same daily treatment
frequency and amount (Monday-Sunday) as the xylitol group. All mice’s body weight
and tumor volume were measured every other day. All tumor volumes were measured by
caliper and calculated by the following modified ellipsoidal formula [23]:

Tumor volume =1/2 (length x width?)

Table 1. Forty mice with two syngeneic models (twenty each) and ten control versus ten experimental
mice in each group. The two syngeneic models were used to check the possible efficacy of xylitol
therapy with both immune systems, adaptive and innate.

Mouse Strain Cancer Cell Line Immune System Mice
BALB/C 4T1 mammary carcinoma  Adaptive immunity 20-10 controls and 10 experimental
C57BL/6 B16F10 melanoma Innate immunity 20-10 controls and 10 experimental

Or V= (L x W?)/2; Lis length, and W is width. L is the greatest longitudinal
diameter (length), and W is the greatest transverse diameter (width). This formula is
the standard used by the Developmental Therapeutics Core at Northwestern University,
Evanston, IL, USA.

Euthanization Protocol

All mice were euthanized when the control tumor volumes were equal to or larger
than 2000 mm? or if the mice lost more than 20% of their original body weight. In addition,
euthanization was performed if there were other severe clinical health issues (e.g., paralysis)
that would cause undue discomfort. Xylitol was injected daily until significant changes in
the tumor sizes were observed (the study was to be terminated if no changes were seen per
IACUC protocols). Euthanasia was also performed according to IACUC protocol. Animals
were not combined from different cages, and when euthanizing some of the mice from a
cage, the rest of the animals remained in their original cage. The maximum number of mice
per cage was five, and the CO, flow rate per mouse cage was 3 L/min until 1 minute after
breathing stopped. Euthanasia was confirmed by cervical dislocation.

2.2. Sample Collection

Immediately following euthanasia, tumors were harvested, sectioned, and one-half
fixed in 10% neutral-buffered formalin for 48 h. The other half of the tumor was flash-
frozen in liquid nitrogen for metabolomic analysis. Tumor tissues were embedded in
paraffin, sectioned into 4-5 pm-thick sections, placed on microscopic slides, and stained
with hematoxylin and eosin (H&E) by the Mouse Histology and Phenotyping Laboratory
of Northwestern University. Microscopic slides were imaged using an Olympus BX45
microscope with an Olympus DP28 digital camera. Digital images were visualized using
Olympus cellSens imaging software (version 4.2).

2.3. Metabolomic Analysis Procedure

Metabolomic samples were analyzed using high-performance liquid chromatogra-
phy, high-resolution mass spectrometry, and Tandem mass spectrometry (HPLC-MS/MS).
Specifically, the system consisted of a Thermo Q-Exactive in line with an electrospray
source and an Ultimate3000 (Thermo, Waltham, MA, USA) series HPLC consisting of a
binary pump, degasser, and auto-sampler outfitted with an Xbridge Amide column (Waters;
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dimensions of 3.0 mm x 100 mm and a 3.5 um particle size). The mobile phase A contained
95% (v/v) water, 5% (v/v) acetonitrile, 10 mM ammonium hydroxide, 10 mM ammonium
acetate, pH = 9.0; B was 100% acetonitrile. The gradient was as follows: 0 min, 15% A;
2.5min, 30% A; 7 min, 43% A; 16 min, 62% A; 16.1-18 min, 75% A; 18-25 min, 15% A
with a flow rate of 150 pL/min. The capillary of the ESI source was set to 275 °C, with
sheath gas at 35 arbitrary units, auxiliary gas at 5 arbitrary units, and the spray voltage at
4.0 kV. In positive/negative polarity switching mode, an m/z scan range from 60 to 900
was chosen, and MS1 data were collected at a resolution of 70,000. The automatic gain
control (AGC) target was set at 1 x 10°, and the maximum injection time was 200 ms. The
top 5 precursor ions were subsequently fragmented in a data-dependent manner, using the
higher energy collisional dissociation (HCD) cell set to 30% normalized collision energy
in MS2 at a resolution power of 17,500. Besides matching m/z, metabolites are identified
by matching either retention time with analytical standards and /or MS2 fragmentation
pattern. Xcalibur 4.1 software and Tracefinder 4.1 software, respectively (from Thermo
Fisher Scientific, Waltham, MA, USA), carried out data acquisition and analysis.

3. Results
3.1. Tumor Volume

After five days of 20% xylitol injections, tumor volumes were reduced by 40% in the
C57BL/6 group with the B16F10 melanoma cells (see Figure 1), but with the BALB/c + 4T1
cancer line (adaptive immunity), the tumor growth was not significantly different between
the control and the experimental (xylitol). With repeated intratumoral injections, the tumor
stroma deteriorated in the B16F10 tumors, resulting in substantial xylitol leaking onto
the skin surface. Afterward, experimental and control tumor volumes would become
clinically comparable by study termination at day 14. Interstitial tumor pressure increased,
preventing effective injection of the solution after five days. The 4T1 syngeneic model with
the Balb/c mice demonstrated no statistically significant differences between the tumor
volumes of the experimental (xylitol) group and the control (saline) (see Figure 2). Injection
of the xylitol solution into the mammary tumors proved to be problematic.

B16F10 in C57BL/6 Mice

3000 - )

- -o- Vehicle
)

E -& Xylitol
o 2000

£

=

o

>

5 1000+

£

=

-

0 1 1 1 1 I

1
1 3 5 7 11 14
Days of Treatment

Figure 1. The tumor volumes of the B16F10 + C57BL6 melanoma syngeneic model until day 14 and
study termination. The tumor volume increase was reduced by xylitol compared to the controls
(saline) until the tumor stroma degraded, allowing the 20% xylitol solution to leak out. The black
lines represent the xylitol-treated tumors, and the red lines are the vehicle-treated tumors. Standard
deviation bars were calculated from tumor volumes. Statistical differences were seen on days
5 and 14 of the t-test analysis, with a p value < 0.05.
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Figure 2. There were no statistically significant differences between the tumor volumes of the
experimental (xylitol) group and the control (saline) in the 4T1 syngeneic model with the Balb/c
mice (t-test analysis, p value > 0.05). The red lines represent the vehicle tumors, and the black lines
represent the xylitol tumors.

3.2. Metabolomic Analysis

Metabolomic analysis revealed apparent differences between experimental and control
tumor cellular metabolism (see Table 2). Lymph node histological analysis demonstrated
metastasis in both groups by the time of euthanasia. The metabolomic analysis demon-
strates that intratumoral xylitol reduces tumor cell production of histamine, NADP+, ATP,
and glutathione thereby affecting the availability of reactive oxidative species and the host
immune response (see Figure 3a,b). The xylitol group showed significantly decreased
phosphocreatine, citrate, and pyruvic acid levels, signifying metabolic stress likely due
to inhibiting mitochondrial metabolism within the tumor cells. Notably, xylitol levels
were increased in tumors, demonstrating that xylitol accumulates in cancer cells and sug-
gests that the effects of xylitol are likely due to cancer cell-intrinsic effects on metabolism
(see Table 2). In addition, a decrease in tumor glutathione may affect the innate immune
response, enhancing the impact of reactive oxidative species.

Table 2. Important features of the tumor cell metabolism listed by fold change values and t-test p
values. Intertumoral xylitol presents changes to the metabolic products that may influence tumor
development. These data were generated using MetaboAnalyst software version 6.0 NSERC Canada.

Metabolite Fold Change log? (FO) p Value

L-tyrosine methyl ester 0.13098 —2.9326 0.00055
tryptamine 0.43146 —1.2127 0.006415
2,3-bisphospho-D-glycerate 0.34972 —1.5157 0.017592
ATP/dGTP 0.29392 —1.7665 0.019468
cysteine 0.54949 —0.86384 0.02808
choline+ 0.59869 —0.74012 0.032148
GDP 0.58635 —0.77016 0.03544
2-/3-phosphoglycerate 0.30686 —1.7044 0.037869
glutathione 0.42802 —1.2242 0.041884
GAP/DHAP 0.29889 —1.7423 0.041934
D-erythrose-4-phosphate 0.25721 —1.959 0.043739
CDP 0.34568 —1.5325 0.047149
FAD 0.3264 —1.6153 0.048366

putrescine 0.28675 —1.8022 0.048865
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Figure 3. (a) Right legend: top 25 metabolic end products. Bottom legend: xylitol-injected or vehicle-

injected tumor. Significant differences in tumor metabolism with xylitol are present compared to

vehicle’s. Xylitol group demonstrated significantly decreased phosphocreatine, citrate, and pyruvic

acid levels, signifying metabolic stress within tumor cells. Putrescine, mevalonic acid, and tryptamine

are elevated in tumor cells. (b) Heatmap displays top 50 metabolic end products in tumors treated

with xylitol compared to vehicle control. Significant differences are noted between metabolites of

xylitol-treated tumors and vehicle-treated tumors (p = 0.05).

3.3. Histological Analysis

Histological analysis did not reveal overall or consistent differences between the

xylitol and the vehicle groups. Indeed, the vehicle group demonstrated significant necrosis,

perhaps due to cancer growth. Tears or tracks were present in the xylitol samples, perhaps

due to the xylitol injections. The vehicle injection group however did not demonstrate

possible injection tracks (See Figure 4a,b).
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(b)

Figure 4. (a) Xylitol-treated B16F10 melanoma tumor histology (H&E stain) demonstrates slight,
patchy intratumoral necrosis (i.e., high viable fraction in tumor). Foci of degeneration/necrosis are
evident. Several stromal blood vessels—overall vascularity in cancer is modest, with occasionally
small hemorrhages. Section is from mouse 754 with 20% xylitol injections. Tears or tracks may
represent areas where xylitol injections were placed and resulted in solution loss. (b) Vehicle-treated
tumor representative image (H&E stain). Histology demonstrates extensive intratumoral necrosis,
resulting in ~60% viable fraction in tumor based solely on image. Section from mouse 765 with
B16F10 melanoma tumor. Scattered stromal blood vessels are present, and overall vascularity in
tumor is low—with blood vessels in viable and necrotic areas.

4. Discussion

The previously published data suggests that xylitol inhibits cancer cell lines, although,
in our study, tumor growth inhibition was only significant in the melanoma group (syn-
geneic model C57L/C, B16F10, innate immunity). Statistical differences were seen on days
5 and 14, with t-test analysis p value < 0.05. This result may be due to cancer cells not
utilizing xylitol as normal human cells (and rodents such as rats and mice) in their mito-
chondria for energy [24]. Most cancer cells utilize glycolysis and mitochondrial metabolism
to sustain growth in vivo [25]. Certain animal species cannot correctly utilize xylitol, es-
pecially carnivores that were not evolutionarily exposed to plants as foods [26]. One can
theorize that homo sapiens cell mitochondria may have rapidly evolved to metabolize xyli-
tol due to its presence in several survival foods, especially during periods of scarcity [27,28].
Cockroaches, rats, swine, and humans can metabolize xylitol [26-31]. The modern Ameri-
can diet utilizes sucrose and high fructose corn syrup as added sugars, which enhances
cancer development [32,33]. Therefore, dietary considerations may become necessary in
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preventing and treating cancer [33,34]. Xylitol and other natural sweeteners may be suitable
substitutes for possibly oncogenic carbohydrates.

Xylitol reportedly enhances the innate immune system response to cancer cells. Cancer
cell lines are effectively more sensitive to reactive oxidative species produced by killer
T-cells [35]. The results of the metabolomics analysis support that theory. The metabolomic
values were different between the vehicle and xylitol groups. Specifically, tumor cell pro-
duction of glutathione and histamine was reduced by xylitol. Glutathione is an antioxidant
that reduces the reactive oxygen species (ROS) effect on tumor cells [36,37]. Xylitol reduc-
tion in histamine may hypothetically reduce metastasis by reducing vascularization and
proliferation [38,39]. In addition, mitochondrial metabolism is necessary to determine stem
cell fate. Mitochondrial metabolism is responsible for the production of ATP and maintains
the tri-carboxylic acid (TCA) cycle. The metabolites of the TCA cycle support stem cell
survival and growth. Recent evidence shows that mitochondria control mammalian stem
cells’ fates and functions through reactive oxygen species (ROS) generation, TCA cycle
metabolite production, NAD*/NADH ratio regulation, pyruvate metabolism, and mito-
chondrial dynamics [40]. Xylitol affects the mitochondria and the TCA cycle, apparently
with anti-oncogenic properties. The findings underscore the intricate relationship between
metabolic interventions and tumor progression. Xylitol’s impact on tumor metabolism,
specifically its influence on reducing tumor cell production of crucial metabolites like
histamine, NADP*, ATP, and glutathione, paves the way for further exploration into its role
as a metabolic modulator in cancer therapy. This is particularly relevant given the growing
interest in metabolic pathways as targets for cancer treatment. Moreover, the differential
responses observed between the 411 mammary carcinoma and B16F10 melanoma models
illuminate the complex nature of cancer biology and the necessity for targeted therapeutic
strategies. Our study also brings to light the challenges associated with intratumoral drug
delivery, as evidenced by the complications in maintaining the structural integrity of the
tumor stroma during xylitol administration.

This first protocol utilized intratumor injections, which proved less effective due
to loss of stroma. Lack of structural integrity, interstitial fluid pressure, and possibly
injection trauma resulted in xylitol solution leaking from the tumor, allowing for tu-
mor progression [41]. This exact mechanism was reported with previous intratumoral
injections using chemotherapeutics, such as 5-fluorouracil, until the development of
smart hydrogels [42]. Studies in progress at the Developmental Therapeutics Core uti-
lize Alzet mini osmotic pumps that deliver a consistent concentration of xylitol to the
subject animals [43,44]. Our research team is now cautiously optimistic that this approach
will advance techniques used in previously published studies with IV xylitol, which could
be more challenging to implement in an animal group [5]. After submitting this manuscript,
we learned that the consistency of the two tumors is quite different, which may have influ-
enced the study results. Specifically, 4T1 tumors developed in the mammary fat pad are
firm, a solid mass leaving no room for the xylitol solution. Meanwhile, the subcutaneous
B16F10 melanoma tumor is a soft mass that allows space for the xylitol solution. This
physical feature may explain the discrepancy in the effectiveness of xylitol in inhibiting
the two cancer cell lines. As mentioned, ongoing studies use other delivery routes for the
xylitol solution.

The role of the microbiome in cancer development/progression via several mecha-
nisms, including immune response modulation and the promotion of a pro-inflammatory
tumor environment, was very well studied and established [45]. It was also noted that xyli-
tol significantly affects the composition of the gut microbiota, stimulates the propagation
of beneficial bacteria, and produces short-chain fatty acids (SCFAs) [16,46]. This altered
metabolism resulting from xenobiotic xylitol can potentially influence cancer growth and
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progression [47-49]. However, this study relied upon the direct application of xylitol, negat-
ing any possible effect from the gut microbiome. Indeed, current research demonstrates the
presence of specific tumor microbiomes with intracellular bacteria. Xylitol may influence
those tumor-specific microbiomes.

Our study offers novel insights into the potential therapeutic role of xylitol in cancer
treatment, specifically in melanoma. Therapy with a 20% xylitol solution demonstrated
a significant reduction in the initial growth of B16F10 melanoma tumors in a syngeneic
mouse model, highlighting xylitol’s potential as an adjunctive treatment in oncology.
Notably, this effect was only observed in the melanoma model, indicating a potential cancer-
type specificity or differential mechanism of action. The efficacy of the xylitol injections
decreased after five days in the BF16F10 model due to the degradation of melanoma tumor
stroma, and the tumor’s re-commenced growth. Previous research suggests that a lower
concentration of xylitol is more effective than concentrations above 5% [5].

Future research should focus on optimizing the delivery method of xylitol to enhance
its therapeutic efficacy. Extending these findings to other cancer models and eventually to
clinical trials will be crucial to fully understanding xylitol’s potential in cancer treatment.
This research lays the groundwork for such future investigations, hoping to contribute to
more effective and targeted cancer therapies. In addition, in vitro cytotoxicity studies of
cancer and control cell line studies with xylitol and other carbohydrates in varying concen-
trations were accomplished and will be submitted for publication. Dietary considerations
should be considered as many studies have documented carbohydrate consumption and
microbiome shifts as possibly additional factors in cancer development and treatment.

5. Conclusions

In conclusion, cancer is a significant cause of death, requiring a readily available
therapeutic treatment to inhibit tumor development and growth. Xylitol was previously
studied and appears to be a safe adjunct in cancer inhibition, but the mechanism was not
well described. This study reports on the metabolomics and histological analysis of xylitol
directly injected into cancer cell growths in syngeneic mice models. Metabolomic changes
were significant in the tumors injected with xylitol compared to the controls, providing
insight into the specific metabolites associated with tumor inhibition. Importantly, the
role of the innate immune system is crucial in tumor development, and understanding the
tumor microenvironment will be essential for preventing and treating cancer.
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