Original Article

L))

Check for
u

Page 1 of 11

The Glucose Ketone Index predicts overall survival and metastasis
of mouse tumor cells to visceral organs and brain
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Background: Metastasis is largely refractory to most standard cancer therapies and is the leading cause
of cancer death, especially after the tumor cells metastasize to the brain. Glucose fermentation under either
anaerobic or aerobic conditions (Warburg Effect) is a common metabolic hallmark of most metastatic tumor
cells. The high-fat low carbohydrate ketogenic diet is a metabolic therapy that lowers blood glucose levels
while elevating levels of the non-fermentable ketone bodies, acetoacetate and D-B-hydroxybutyrate (3-OHB).
The Glucose Ketone Index (GKI) was developed as a quantitative blood biomarker for predicting the efficacy
of anti-cancer metabolic therapies.

Methods: The GKI was used to evaluate systemic organ metastasis and survival in the VM-M3met/
Fluc preclinical mouse model following subcutaneous tumor cell implants. The mice were fed either a
standard high carbohydrate diet or a ketogenic diet in either unrestricted amounts (SD-UR or KG-UR), or
in restricted amounts (SD-R or KG-R) to reduce body weight by 18-20%. Bioluminescence imaging was
used to quantify metastasis of VM-M3met/Fluc tumor cells to lung, liver, spleen, kidney, and brain after
subcutaneous cell implantation.

Results: Linear regression analysis showed that the GKI could predict VM-M3/met/Fluc tumor growth,
metastasis to multiple organs (including brain), and mouse survival. Reduced blood glucose allowed ketone
bodies to reach elevated levels that are therapeutic for normal cells and toxic to tumor cells.

Conclusions: The results validate the use of the GKI as a biomarker for predicting therapeutic success for

managing systemic metastasis including spread to brain.
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Introduction

Metastasis involves dissemination of tumor cells from the
primary tumor to distant tissues (1,2). Metastasis is the
primary cause of death among cancer patients, especially
after the tumor cells metastasize to the brain (3,4). The
VM-M3 is a natural mouse model of human metastatic
cancer. We previously showed that the VM-M3/met tumor

cells grown in their syngeneic VM/Dk mouse host strain
replicate all of the characteristics of the human metastatic
cascade to include local invasion, intravasation, immune
system survival, immunosuppression, extravasation,
secondary tumor formation, and cachexia (2,5-8). Moreover,
the VM-M3met cells express multiple biomarkers of
macrophages, which are considered the cell of origin for
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most metastatic cancers regardless of the involved tissue
(2,9). Hence, the VM-M3/met is an excellent model for
testing therapies against cancer metastasis.

A defining feature of most cancer cells is their
dependence on glucose and glutamine fermentation for
adenosine triphosphate (ATP) production (10,11). No cell
can survive without ATP including cancer cells. Glucose
carbons are used for the synthesis of growth metabolites,
while glutamine nitrogen and carbons are used for the
synthesis of nitrogen-containing metabolites and ATP (10).
Defects in the number, structure, and function of tumor cell
mitochondria produce respiratory insufficiency thus causing
a shift in ATP synthesis from respiration to fermentation
(10,12). Like most cancers, the VM-M3/met cells also
suffer from respiratory insufficiency due to abnormalities
in the content and composition of cardiolipin, a cristae-
enriched phospholipid that regulates the electron transport
chain (10,13). These cardiolipin abnormalities are linked to
reduced activity of electron transport chain activities and
a dependency on fermentation metabolism. Consequently,
therapeutic strategies that target fermentation should be
effective in reducing metastasis (11,12).

Ketogenic metabolic therapy (KMT) reduces glucose-
dependent lactic acid fermentation (Warburg effect) in
cancer cells while elevating the non-fermentable ketone
bodies, D-B-hydroxybutyrate (-OHB) and acetoacetate.
Ketone bodies can replace glucose in cells with normal
mitochondria and can also be toxic to tumor cells (12).
Moreover, ketone body metabolism enhances the AG’ATP
hydrolysis in normal cells from -56 to -59 kJ/mole, thus
providing normal cells with an energetic advantage over
tumor cells (14-16).

We described the Glucose Ketone Index (GKI) as a
biomarker for cancer management by tracking glucose
and ketone levels in the blood (12,17). In this study, data
are presented showing that high GKI values are linked to
rapid VM-M3/met/Fluc tumor growth, extensive organ
metastasis, and reduced overall survival, whereas low GKI
values are linked to slower tumor growth, reduced organ
metastasis, especially to brain, and extended survival. Our
objective was to determine if low GKI values could be
linked to reduced systemic metastatic cancer in the VM-
M3/met syngeneic mouse model cancer. We present the
following article in accordance with the ARRIVE reporting
checklist (available at https://lecm.amegroups.com/article/
view/10.21037/lcm-21-43/rc)
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Methods
Mice

Mice of the VM/Dk (VM) inbred strain mice were obtained
as gifts from H. Fraser (University of Edinburgh, Scotland)
and from G. Carlson (McLaughlin Research Institute,
Great Falls, Montana). Housing and breeding of the mice
used for this study were done in the Boston College Animal
Care Facility, utilizing husbandry conditions described
elsewhere (6). Experiments were performed under a project
license (No. A3905-01) granted by the Institutional Animal
Care Committee of Boston College, in compliance with the
National Institute of Health Guide for the Care and Use of
Laboratory Animals.

Origin of VM-M3met tumor

The VM-M3 tumor arose spontaneously in the cerebrum
of adult VM/Dk mouse, as we described previously (6).
The tumor was classified as a glioblastoma (GBM) based
on histological appearance and invasive growth behavior in
brain (18). The VM-M3 tumor cells also display metastasis
to multiple organ systems when given access to extra neural
sites (5). The extraneural metastasis seen for the VM-M3
tumor cells is similar to what has been documented for human
GBM cells that gain access to extra-neural sites (19-23).
The VM-M3 cell line was transduced with a lentivirus
vector containing the firefly luciferase gene under control
of the cytomegalovirus promoter (VM-M3/Fluc), as we
previously described (6). The VM-M3 cells that metastasize
from subcutaneous sites to multiple organ systems are labeled
as VM-M3/met, and are labeled as “VM-M3/met/Fluc”
when expressing bioluminescence. VM-M3/met/Fluc cells
express all of the characteristics of the metastatic cascade that
has been described for human metastatic cancer (1,2,7).

Subcutaneous implants

VM/Dk mice were anaesthetized with isoflurane to reduce
any pain or distress (obtained from Halocarbon, River Edge,
NJ, USA). Small VM-M3met/Fluc tumor fragments (about
1 square mm) were implanted subcutaneously into the
right flank in 0.2 mL PBS using a 1.0 cc tuberculin syringe
attached to an 18-gauge needle, as we described previously (6).
Mice were returned to their cages after recovering from the
surgical procedure.
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Transduction of cell lines and bioluminescent imaging

The VM-M3/met cell line was transduced with a lentivirus
vector containing the firefly luciferase gene under the
control of the cytomegalovirus promoter (VM-M3/met/
Fluc) as we previously described (5,6). Briefly, for in vivo
imaging, mice received an i.p. injection of d-luciferin
(50 mg/kg) in phosphate buffered saline (PBS) and isoflurane
(5% in oxygen). Imaging times ranged from 1 to 5 min,
depending on the time point. For ex-vivo imaging, organs
were removed and imaged in 0.3 mg d-luciferin in PBS. The
IVIS Lumina cooled CCD camera system was used for light
acquisition (xenogen imaging). Data acquisition and analysis
was performed with Living Image software (Caliper LS).

Diets

The VM/Dk mice received a nutritionally complete
standard high carbohydrate PROLAB mouse chow diet (SD)
(Agway Inc., NY) that contained carbohydrate, fat, protein,
and fiber comprised 62 g, 6 g, 27 g of 100 g of the total diet,
respectively. KetoGen ketogenic diet (KG) and vitamin and
mineral mix (NanoVM) was a gift of Nancy Moore (Medica
Nutrition, Canada, 877-667-6522). The KG contained
2.54 g, 74 g, and 15.17 g of carbohydrate, fat, and protein
for 100 g of the total diet, respectively (information
provided with personal communication). NanoVM vitamin
mix (9.0 g in H,0) was added to 91 g of KetoGen powder
to make the complete formula in the form of a paste. No
signs of vitamin or mineral deficiency were observed in the
R-fed mice according to standard criteria for mice (24).
These findings are consistent with the well-recognized health
benefits of mild to moderate caloric restriction in rodents (25),
and support our previous findings that both the ketogenic
diet and a moderate CR are well tolerated by mice (26-28).

Dietary feeding regimens, body weight, and food intake

measurements

The dietary feeding regimen that we use for in vivo analysis
of tumor growth was designed to provide the highest degree
of precision for accurate data interpretation. Approximately
1-2 days before the tumor implantation, adult female and
male VM/Dk inbred mice (60-120 days old) were separated
and placed in filter-toped plastic cages with Sani-Chip
bedding (P.J. Murphy Products Corp., Montville, NJ). Food
intake and body weight measurements were performed and
recorded daily. Tumor fragment implantation took place on
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day zero, as we previously described (6). After confirming
the presence of a tumor by xenogen imaging, mice were
separated into body-weight matched groups, 2-3 days after
tumor implantation. All mice were fasted for 18 hr. before
diet initiation. Mice on calorie restriction (SD-R or KD-R),
received 40-60% of their food intake at around 10:00 hr. In
order to reach 18-20% body weight reduction compared
to their initial weight, for the total duration of the study.
Unrestricted (UR) mice received food ad libitum of their
corresponding diet. Daily body weight measurements for all
mice were performed prior to food administration.

Measurement of plasma glucose, f-bydroxybutyrate and
calculation of GKI

Blood collection from mice was performed prior to sacrifice
and tumor resection on the last day of the metastasis
study, and on day 14 for the survival study. In order to
stabilize blood glucose levels, the mice were fasted for 3 hr.
before blood collection, as we previously described (29).
Mice were anesthetized with isoflurane (obtained from
Halocarbon, NJ) and blood was collected by submandibular
bleeding into heparinized tubes. Plasma was collected
from whole blood that was centrifuged at 1,500 xg for
10 minutes, and was stored at 80 °C until assayed. The
StanBio® Enzymatic Glucose Assay kit (1075-102), and a
modification of the Krebs ez 4/., enzymatic procedure was
used to spectrophotometrically measure plasma glucose and
B-hydroxybutyrate concentrations, respectively (30). For
blood ketone body analysis, only B-hydroxybutyrate levels
were measured since it is the major blood ketone body in
plasma (30,31). The GKI was calculated by dividing the
glucose value (mM) by the B-hydroxybutyrate level (mM),

as we described previously (17).

Experimental design

VM/Dk mice were implanted subcutaneously with the
VM-M3/met/Fluc tumor fragments on Day 0. Mice were
fasted for 18 hours on Day 3, and diet was initiated at Day
4 (Figure 1). The tumor growth and metastasis experiment
was terminated when mice in the control (SD-UR) group
showed signs of morbidity, i.e., lethargy and sudden body
weight loss. Diet restricted mice received 40-60% less food
compared to unrestricted groups, and reached about 82%
of their initial body weights 2-3 days after diet initiation
(about 18% body weight reduction). Blood was collected
on termination day for analysis of tumor growth and
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Figure 1 Experimental design for the analysis of diet influence on VM-M3/met/Fluc flank tumor growth and metastasis. VM/Dk mice were

implanted with tissue fragments of the VM-M3/met/Fluc tumor on day 0, as described in Methods. Mice were fasted for 18 hours on day 3
before the initiation of the diet on day 4. Mice were fed either with the unrestricted standard diet (SD-UR), the restricted standard diet (SD-R),
the unrestricted KetoGen diet (KG-UR), or the restricted KetoGen diet (KG-R). Food was restricted in the SD-R and the KG-R groups

to achieve a similar body weight reduction of 18%. All mice were imaged 7z vivo, and the organs and the tumors were collected and imaged

ex vivo at the time of termination.

metastasis, whereas blood was collected on day 14 for the
survival study.

Statistical analysis

The non-parametric Mann-Whitney U test was used for
calculating significance of organ metastasis with photons/
sec values, and glucose, ketone and GKI. The survival
studies were plotted on a Kaplan-Meir curve using Graph
Pad Prizm software and significance was determined using
the log-rank test. Pearson correlation and linear regression
analysis was done using IBM SPSS 2.1 software. Linear
regression was used to determine the relationships among
GKI, tumor growth, and metastasis, and overall mouse
survival (32).

Results

Influence of diet on body weight and circulating levels of
glucose, p-OHB, and GKI in tumor-bearing VM/Dk mice

Tumor-bearing VM/Dk mice in the two unrestricted food
groups (SD-UR and KG-UR) returned to their initial
body weight 2-3 days after diet initiation (Figure 2A4).

© Longhua Chinese Medicine. All rights reserved.

Body weights and blood glucose levels were similar and
significantly lower in the SD-R and KG-R groups than in the
SD-UR and KG-UR groups, respectively (Figure 24,2B).
Circulating B-OHB levels were significantly higher in the
SD-R and KG-R groups than in the SD-UR group (Figure 2C).
The p-OHB levels were also significantly higher in KG-R
group than in the SD-R and KG-UR groups. The GKI was
calculated, as described in methods. The GKI values were
significantly lower in the SD-R and the KG-R groups than
in the SD-UR group. The GKI values in the KG-R group
were significantly lower than those of all other groups
(Figure 2D). The findings indicate that food restriction
lowers blood glucose levels to a similar degree in the SD-R
and the KG-R groups, but food restriction increases blood
B-OHB levels to a much greater degree in the KG-R group
than in the SD-R group. These findings explain how GKI
values are lowest in the KG-R group.

Influence of diet on subcutaneous growtb and distant organ
metastasis of VM-M3/met/Fluc tumor cells

Primary tumor size was significantly smaller in the SD-

R, KG-UR and KG-R groups than in the control (SD-
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Figure 2 Influence of diet on body weight, blood glucose and B-hydroxybutyrate levels of VM-M3/met/Fluc subcutaneous tumor bearing
mice. Mice were fed as described in Figure 1. (A) Restricted groups received 40-60% less food in order to reach 18% body weight reduction.
Body weights were monitored daily. Prior to treatment, the body weights of all mice were averaged for a single value. Values represent the
average = SEM. Mice were sacrificed 20-25 days post-implantation. Blood was collected for the analysis of glucose (B), p-OHB (C), and
Glucose Ketone Index values (D). All data are represented as mean + SEM with n=5-8 mice/group. The Mann-Whitney U test was used to
evaluate differences between groups. The ketone and GKI value was significantly different between SD-UR vs. KG-R at P<0.0007**; KG-
UR vs. KG-R at P<0.004*; and SD-R vs. KG-R P<0.0007**. The glucose value was significantly different between KG-UR vs. KG-R at
P<0.0173*. SD-UR, standard diet unrestricted; SD-R, standard diet restricted; KG-UR, KetoGen unrestricted; KG-R, KetoGen restricted,

SEM, standard error of the mean.

UR) group (Figure 34,3B). Also, primary tumor weight was
significantly lower in the KG-R group than in the SD-R and
KG-UR groups. Metastasis of the VM-M3/met/Fluc tumor
cells to liver, lung, spleen and kidney was significantly less
in the KG-R group than in SD-UR and SD-R groups (Figure
4). SD-R or KG-UR groups did not reduce the metastasis
to organs compared to control SD-UR mice (Figure 4).

Influence of diet on survival of VM-M3/met tumor
bearing mice

The time to morbidity (lethargy and sudden body weight
loss) after tumor implantation occurred between 18-22 days
post implantation in the SD-UR group (Figure 5). Mice in
the KG-R group survived longer than mice in the SD-R
and KG-UR groups. No mouse survived beyond 35 days

© Longhua Chinese Medicine. All rights reserved.

after implantation.

GKI predicts tumor growth and survival

To determine whether the GKI values were predictive of
tumor growth and overall mouse survival, we analyzed the data
using simple linear regression, as previously described (26).
The simple linear regression analysis showed that the GKI
was predictive of tumor growth and survival (Figure 64,6B).
In each regression analysis, the GKI was designated as the
independent (causative) variable and tumor growth (weight)
and mouse survival (days) were designated as the dependent
variables. Low GKI values obtained with low glucose and
high ketone values delivered the best therapeutic outcome.
The GKI had a significant positive association with
tumor growth; meaning that lower GKI values predicted
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Figure 3 Influence of diet on the weight of VM-M3/met/Fluc subcutaneous tumor. Visual representation (A) and quantitative assessment
(B) of tumor growth in VM/Dk mice that were fed with either the SD-UR, the SD-R, the KG-UR or the KG-R. All values in (B) are

represented as mean = SEM of weight measurements. The dashed circle illustrates the margin of the subcutaneous tumor. The * indicates

that values were significantly different from those of the control (SD-UR) group at P<0.01. The ** indicates that the KG-R values were
significantly different from those of the SD-UR, the SD-R and the KG-UR groups at P<0.05. SD-UR, standard diet unrestricted; SD-R,
standard diet restricted; KG-UR, KetoGen unrestricted; KG-R, KetoGen restricted; SEM, standard error of the mean.
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Figure 4 Influence of diet on distant organ metastasis of the VM-
M3/met/Fluc tumor. Mice were fed as described in Figure 1. At
the time of sacrifice, the organs were removed and imaged ex vivo,
as described previously (6). Organ bioluminescence values were
plotted on a log scale. All values represent the mean = SEM. The
* indicates that the KG-R values were significantly different from
those of the SD-UR and the SD-R groups at P<0.05. SD-UR,
standard diet unrestricted; SD-R, standard diet restricted; KG-UR,
KetoGen unrestricted; KG-R, KetoGen restricted; SEM, standard

error of the mean.

© Longhua Chinese Medicine. All rights reserved.

—SD-UR
-- SD-R
100 win KG-UR
-+ KG-R
80
[0)
g
S 60
o
9]
Q
s
< 40
5
(]
20
0

0 5 10 15 20 25 30 35 40
Days post implantation

Figure 5 Influence of diet on the survival of VM-M3/met/Fluc
tumor bearing mice. Mice were fed as described in Figure 1.
VM mice were implanted with the VM-M3/met/Fluc tumor as
described in Materials and Methods. Mice in the control (SD-UR)
group reached morbidity 19-22 days after tumor implantation. The
* indicates that survival was significantly longer in the mice from
the KG-R group than in the mice from the SD-UR (P<0.0001),
from the SD-R (P<0.008) and from the KG-UR group (P<0.025)
(n=9-10 mice/group). SD-UR, standard diet unrestricted; SD-R,
standard diet restricted; KG-UR, KetoGen unrestricted; KG-R,
KetoGen restricted.
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Figure 6 GKI predicts tumor growth and survival. Linear

regression analysis of GKI and VM-M3/met/Fluc tumor growth

(A), and GKI and survival (B) of VM-M3/met/Fluc tumor-bearing

mice. Mice in both standard diet and ketogenic diet groups were

included (n=38). The linear regression was significant at P<0.001.

The R’ values are 0.4467 and 0.2576 respectively.

reduced tumor growth (weight) while high GKI values
predicted faster tumor growth (Figure 64). On the other
hand, the GKI had a significant negative association with
overall survival (days); meaning that low GKI values were
associated with longer survival while high GKI values were
associate with shorter survival (Figure 6B). A correlation
analysis also showed that the degree of metastasis to liver,
lung, spleen, and kidney was less in mice with low GKI
values than in mice with high GKI values (Table 1).

Influence of diet on metastasis of VM-M3/met/Fluc tumor
cells to the brain

Brain bioluminescence was significantly lower in mice fed
the KG-R than in the mice fed SD-UR (Figure 7). The
other groups were not included in this separate study that
involved 6 mice/group. The blood glucose (mM), f-OHB

© Longhua Chinese Medicine. All rights reserved.

Page 7 of 11

(mM), and GKI values (+ SEM) for the mice in the SD-UR
group were 11.1+0.4, 0.21+0.08, and 52.8+4.51, respectively.
The blood glucose (mM), p-OHB (mM), and GKI values
(+ SEM) for the mice in the KG-R group were 8.75+0.4,
3.4+0.2, and 2.6£1.9, respectively. These data show that
metastasis of the VM-M3/met/Fluc tumor cells to the brain
and GKI levels were significantly lower in the mice fed the
KG-R than in mice fed the SD-UR. Study data are available

upon request.

Discussion

Cancer kills more people than heart disease in every age
group except in the 65+ years group. Despite decades of
extensive research, only a 2.4-month increase in overall
survival has been achieved using approved drugs for
advanced cancers (33). Most conventional therapies, such
as radiation and chemotherapy, are unacceptably toxic and
do not target tumor cells specifically. Immunotherapies
can cause hyperaggressive disease accelerating the death
of some cancer patients (34,35). Since most cancer cells
express increased glucose and glutamine fermentation due
to defective OxPhos, success in managing cancer can come
from therapeutic strategies that target the availability of
glucose and glutamine (10,12,36).

In this study, we analyzed the influence of diet on the
growth and metastasis of VM-M3/met/Fluc tumor cells
grown in their natural syngeneic VM/Dk host strain. The
diets included a standard high-carbohydrate mouse chow
diet (SD) and a low-carbohydrate, high-fat ketogenic diet
(KG). The diets were fed to the mice in unrestricted amounts
(SD-UR, KG-UR) or in restricted amounts (SD-R, KG-R)
to achieve similar body weights within groups. Body weight
matching within dietary groups is essential for accurate data
interpretation in dietary studies (26,29,37). The most rapid
tumor growth, the shortest overall survival, and the greatest
organ metastasis was seen in the mice fed the SD-UR. On
the other hand, the slowest tumor growth, longest overall
survival, and the least organ metastasis was seen in the mice
fed the KG-R. The therapeutic benefit of the KG-R was
linked directly to the GKI, which was lower in this group
than in the other diet groups. Simple linear regression
analysis also showed that the GKI could predict tumor
growth and mouse survival. Low GKI values were also linked
to reduced VM-M3/met/Fluc tumor cell metastasis to the
brain. This is important, as secondary metastasis to the brain
is linked to the poorest overall survival in cancer patients (3,4).

Our findings of a therapeutic effect of reduced glucose

Longhua Chin Med 2022;5:12 | https://dx.doi.org/10.21037/lcm-21-43
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Table 1 Correlation analysis of GKI versus metastasis of VM-M3/met/Fluc tumor cells to liver, lung, spleen and kidney

GKI Liver Lung Spleen Kidney
Pearson correlation 0.58 0.72 0.721 0.79
Sig (2-tailed) 0.03* 0.004* 0.004* 0.001*
*, P<0.05. GKI, Glucose Ketone Index.
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Figure 7 Influence of diet on metastasis of VM-M3/met/Fluc tumor cells to the brain. Visual representation and quantitative assessment of
tumor growth in VM/Dk mice that were fed with either the SD-UR (n=6) or the KG-R diet (n=6). As bioluminescence was greater in the
body than in the brain, a piece of black paper was placed over the body so bioluminescence could be visualized more clearly in the brain.
The * indicates that the significance is at P<0.05 level. SD-UR, standard diet unrestricted; KG-R, KetoGen restricted.

and elevated ketones on systemic metastasis in this model
are also in agreement with our previous findings in other
preclinical models of brain cancer (38-40). Our findings
are also consistent with the recent findings of the Hagihara
et al. group showing that low GKI values are linked to
better survival and quality of life for patients with various
cancers than are higher GKI values (41). We found that
reduced glucose and elevated ketones not only kills tumor
cells, but also reduces tumor angiogenesis and inflammation
in the tumor microenvironment (39,40,42,43). We predict
that similar findings will be seen in the tumors of cancer
patients that can maintain low GKI values (44).

The GKI was recently associated with improved survival
in patients with glioblastoma, but further studies with larger
patient numbers would be required to determine if the GKI
could be predictive of improved survival in GBM patients
(14,45). Due to differences in basal metabolic rate in mice
and humans, a 40% calorie restriction in mice is comparable
to water-only fasting in humans (46). We suggested that
GKI values in the range of 2.0 or below would be best for

© Longhua Chinese Medicine. All rights reserved.

managing human cancers (14,17). These values can be
achieved with either calorie restricted KG or with water-
only fasting for at least 5-7 days. It is important to recognize
that blood glucose can be reduced to very low levels (0.5
mM or 9 mg/dL) as long as ketone bodies are elevated (47).
Ketone body elevation becomes more therapeutic when
total calories become restricted. Therapeutic outcome is
best under low glucose levels and elevated ketone levels,
which also reduces systemic inflammation (42). The GKI
captures the therapeutic value of both reduced glucose and
elevated ketone bodies. Low GKI values might be difficult
to achieve for many cancer patients, however, especially
for those treated with glucose-elevating steroids or with
toxic therapies that increase systemic inflammation. KMT
used with lower doses of chemotherapy has demonstrated
improved survival over traditional standard of care for
breast cancer and lung cancer (48-51). Further clinical
studies will be needed to determine if low GKI values can
be linked to improved progression free and overall survival
for patients with most types of cancers.
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The mechanism by which low GKI values can
manage cancer has been described (12). A limitation of
the present study involves a single syngeneic model of
systemic metastatic cancer. Nevertheless, it is well known
that reduced glucose levels will target aerobic glycolysis
(Warburg effect), which drives the growth of most malignant
cancers (10,52). Glucose carbons are essential for metabolite
synthesis in cancer cells. As ketone bodies and fatty acids are
non-fermentable, they cannot serve as alternative fuels to
glucose and glutamine for tumor growth (10). Importantly,
ketone body metabolism enhances respiratory energy
efficiency in cells with normal mitochondria (16). Calorie
restriction will reduce angiogenesis and inflammation in
the tumor microenvironment, as referenced above. Impaired
mitochondrial respiration prevents efficient metabolism of
ketone bodies in tumor cells. Elevated ketone bodies will further
reduce glucose levels and can indirectly target the glutaminolysis

pathway that is necessary of ATP synthesis (11,14).

Conclusions

As there is no known cancer drug that can target tumor
cells, while also reducing systemic inflammation and
enhancing the energy efficiency of normal cells, the GKI
becomes a compelling biomarker for managing a broad
range of metastatic and invasive cancers.
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