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Objective: The tumor microenvironment frequently displays abnormal cellular metabolism, which contributes to aggres-
sive behavior. Metformin inhibits mitochondrial oxidative phosphorylation, altering metabolism. Though the mechanism is
unclear, epidemiologic studies show an association between metformin use and improved outcomes in head and neck squa-
mous cell carcinoma (HNSCC). We sought to determine if metformin alters metabolism and apoptosis in HNSCC tumors.

Study Design: Window of opportunity trial of metformin between diagnostic biopsy and resection. Participants were
patients with newly diagnosed HNSCC. Fifty patients were enrolled, and 39 completed a full-treatment course. Metformin was
titrated to standard diabetic dose (2,000 mg/day) for a course of 9 or more days prior to surgery.

Methods: Immunohistochemistry (IHC) for the metabolic markers caveolin-1 (CAV1), B-galactosidase (GALB), and mono-
carboxylate transporter 4 (MCT4), as well as the Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) apo-
ptosis assay and Ki-67 IHC, were performed in pre- and postmetformin specimens. Exploratory mass spectroscopy imaging
(MSI) to assess lactate levels also was performed in three subjects.

Results: Metformin was well tolerated. The average treatment course was 13.6 days. Posttreatment specimens showed a
significant increase in stromal CAV1 (P < 0.001) and GALB (P < 0.005), as well as tumor cell apoptosis by TUNEL assay (P
< 0.001). There was no significant change in stromal MCT4 expression or proliferation measured by Ki67. Lactate levels in
carcinoma cells were increased 2.4-fold postmetformin (P < 0.05), as measured by MSI.

Conclusion: Metformin increases markers of reduced catabolism and increases senescence in stromal cells as well as
carcinoma cell apoptosis. This study demonstrates that metformin modulates metabolism in the HNSCC microenvironment.
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INTRODUCTION
Head and neck squamous cell carcinoma (HNSCC)
is the sixth most common type of cancer.! Five-year
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recurrence is as high as 50% despite advances in treat-
ment.2 Moreover, current strategies have significant side
effects. Current research efforts are focusing on novel
antineoplastic agents such as immunotherapy or meta-
bolic modulators.®> Metformin (N, N-dimethylbiguanide)
alters cellular metabolism; in epidemiologic studies of
patients with type 2 diabetes mellitus (DM2), it is associ-
ated with improved outcomes and decreased incidence of
HNSCC.*7

Metformin is safe, well tolerated, well character-
ized, and is the most commonly prescribed drug for
DM2.871° It accumulates 100- to 500-fold in mitochondria
and directly inhibits mitochondrial oxidative phosphory-
lation (OXPHOS) complex I (NADH:ubiquinone oxidore-
ductase) decreasing Adenosine Triphosphate (ATP)
generation.''™* It thereby activates the energy sensor
AMP-activated protein kinase (AMPK), which shifts the
cell toward an energy-sparing state with increased gly-
colysis, increased lactate production, and reduced activi-
ty of the citric acid cycle.®'®1® These metabolic effects
may directly impact HNSCC carcinoma cells. Metformin
has been shown to induce cancer cell apoptosis and to
reduce tumor size in mouse models of HNSCC.17-1°
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Metformin also may impact the stromal component of
the tumor in addition to the carcinoma cells.

The tumor microenvironment (TME) is composed of
carcinoma cells and a number of stromal-supporting cells,
such as fibroblasts, macrophages, and other immune cells.
Stromal cells provide nutrients for cancer cells, promoting
resistance to apoptosis and enhancing proliferation, inva-
sion, and metastasis.2®22 This relationship between stro-
mal and cancer cells relies on linked metabolism between
tumor compartments, or multicompartment metabolism
(MCM), to meet the high bioenergetic needs of rapid
tumor growth.2428 In HNSCC, proliferative cancer cells
show an increased uptake of mitochondrial fuels and
OXPHOS, whereas nonproliferative stromal cells have
high rates of glycolysis associated with the export of
monocarboxylates.?2° Low stromal caveolin-1 (CAV1)
expression commonly is found in cancer including
HNSCC, and is a marker of MCM, high fibroblast glycoly-
sis, and the cancer-associated fibroblast phenotype.2%-39-32
Metformin preferentially targets cells with altered glycol-
ysis; thus, cancer associated fibroblasts (CAFs) may be
more susceptible to metformin. Loss of CAV1 in CAFs
induces the upregulation of monocarboxylate transporter
4 (MCT4), which is an exporter of glycolytic byproducts.®°
These byproducts can be used for OXPHOS in prolifera-
tive cancer cells.?” No clinical trials have been performed
to assess the effect of drugs on markers of the metabolic
profile of human tumors. Hence, the purpose of the study
was to assess the effect of metformin on markers of tumor
metabolism.

MATERIALS AND METHODS
Trial Design

The clinical trial was registered on ClinicalTrials.gov., Iden-
tifier NCT02083692. Our institutional review board approved
this trial. Eligible patients were HNSCC patients with a biopsy of
their primary lesion and plan for definitive surgical resection,
with a window of at least 9 days between biopsy and surgery for
metformin treatment. Primary lesions were biopsied in the office
or on operative endoscopy; when biopsies had already been per-
formed elsewhere, the tissue blocks were obtained for analysis.
Following biopsy-proven diagnosis of HNSCC, metformin was
started at 500 mg/day and increased to 1,000 mg twice daily by
day 6.

The primary endpoint was immunohistochemistry (IHC)
staining for CAV1 and MCT4 in the tumor stroma from pre- to
postmetformin specimens. Secondary endpoints were IHC for
GALB and Ki-67 THC and tumor cell apoptosis by the terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
assay. We performed an exploratory analysis by mass spectros-
copy imaging (MSI) comparing premetformin and postmetfor-
min carcinoma regions in three subjects.

Immunohistochemistry

Two tissue samples were prepared for IHC analysis for each
patient: one a premetformin and one postmetformin. Tissue sam-
ples were fixed in neutral buffered formalin and then embedded
in paraffin; samples were sectioned at 4-micrometer thickness,
then dewaxed and rehydrated through graded ethanols.

Antigen retrieval was performed in 10-mM citrate buffer,
pH 6.0, for 10 minutes using a pressure cooker. Sections were
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cooled, blocked for endogenous peroxidase with 3% Hy0,, and
blocked for endogenous biotin using the DakoCytomation Biotin
Blocking System (Dako, Carpintera, CA). Sections were next
incubated at room temperature with 10% goat serum for 30
minutes and then incubated at 4°C with primary antibodies for
CAV1, GALB, MCT4, and Ki-67 (Santa Cruz Biotechnologies,
Santa Cruz, CA).

Primary antibody binding was detected by biotinylated
species-specific secondary antibody (Vector Labs, Burlingame,
CA), followed by a streptavidin-horseradish peroxidase conjugate
(Dako). Immunoreactivity was revealed with 3,3 diaminobenzi-
dine (Dako). All sections were counterstained with hematoxylin.

Apoptotic cells were identified using the TUNEL-based
ApopTag Peroxidase In Situ Apoptosis Detection Kit (Millipore,
EMD Millipore, Darmstadt, Germany).

Histochemical grading was performed by two blinded path-
ologists. For CAV1, GALB, and MCT4, strength of staining in the
tumor stroma and for Ki-67 in carcinoma cells was reported on a
continuous percentage scale (eg 5% positive staining). For
TUNEL, number of nuclei with TUNEL staining per high-power
field (HPF) was averaged over five HPF's in each specimen, and
the mean was reported. For each sample, scores from two patholo-
gists were averaged to yield a final score for statistical analysis.

Specimens from 12 patients with surgically treated HNSCC
who had biopsy and resection tissues available for analysis also
were identified as controls. These controls were stained for CAV1,
BGAL, and TUNEL, and scored by two blinded pathologists.
Their results were averaged and compared in the same way as
the specimens from experimental patients.

Collection of Tumor Specimens for Mass
Spectrometry Imaging

Specimens were collected from the tumor and processed,
as previously described.?*%> Briefly, samples were wrapped in
aluminum foil, snap-frozen in liquid nitrogen, and then stored
at —80°C.

Gold-coated matrix-assisted laser desorption/ionization
(MALDI) plates were precoated with o-cyano-4-hydroxycinnamic
acid (CHCA) using an automated sprayer (TM Sprayer, HTX
Technologies, Carrboro, NC). CHCA was prepared as 5 mg/mL
in 90% acetonitrile, and was sprayed at 0.15 mL/min at 100°C
and 700 mm/min plate velocity. Nitrogen was used as the nebu-
lization gas and was set to 10 psig. Four passes were deposited
at 2-mm spacing, alternating horizontal and vertical positions
between passes with a 1-mm offset for the second passes in
each direction. Sections from fresh-frozen tumor tissue were
obtained at 12-um thickness in a cryostat (Leica Biosystems,
Buffalo Grove, IL). The sections were directly thaw-mounted
onto the precoated target plates. The tissues were subsequently
postcoated with 9-aminoacridine matrix, prepared at 5 mg/mL
in 90% methanol, and applied using the same program as for
CHCA on the TM Sprayer (HTX Technologies).

Serial sections were obtained stained with hematoxylin
and eosin (H&E). Carcinoma regions of interest (ROIs) were
determined via histological evaluation of the H&E slides by the
head and neck pathologists. The tissue specimens were ana-
lyzed using a MALDI Solarix 9.4 T FT-ICR mass spectrometer
(Bruker Daltonics, Billerica, MA). Spectra were acquired for
several tissue morphological regions (carcinoma, stroma, and
tumor-associated stroma). Spectra were acquired in negative
ion mode from m/z 50 to 200, and instrument parameters were
optimized to detect lower molecular weight metabolites, includ-
ing lactate. Data were acquired in an ordered array spaced at
100 pym within the ROIs. The laser diameter was 15 um, and
the laser motion was set to raster within a 75-um area, for a
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TABLE I.
Demographics and Pathologic Characteristics.

Demographics (n = 50)

Age 62.3 (35-80)
Gender 37 male/13 female
Smoker (greater than 10 pack-years) 29 (58%)

Mean length of follow-up (days) 388 (4-870)

Days on metformin 10.96 (0-24)
Subsite

Oral cavity 17 (34%) Oropharynx 26 (52%)
Oral tongue 5 Tongue base 8
Floor of mouth 4 Tonsil 15
Gingiva 4 Soft palate 2
RMT 2 PPW 1

Hard palate 2 p16 positive 23/26 (88%)
Larynx 4 (8%) Hypopharynx 1(2%)
Glottis 2 Skin 2 (4%)
Supraglottis 2

T stage N stage

Tis 1(2%) NO 18 (36%)
T 9 (18%) N1 5 (10%)
T2 24 (48%) N2a 6 (12%)
T3 5 (10%) N2b 16 (32%)
T4a 11 (22%) N2c 1 (2%)
T4b 0 (0%) N3 4 (8%)
Path parkers Differentiation

ECE 13 (26%) in situ 1(2%)
Positive margins 4 (8%) Well 5 (10%)
PNI 20 (40%) Moderate 21 (42%)
LVI 18 (36%) Poor 22 (44%)

ECE = extracapsular extension; LVl = lymphovascular invasion; N =
node; PNI = perineural invasion; PPW = posterior pharyngeal wall; RMT =
retromolar trigone; T = tumor.

total of 2,000 laser shots per pixel. Standard lactate was run
prior to the tissues to evaluate instrument performance and
mass accuracy, which was always better than 2 parts per mil-
lion. Average spectra for each region of interest were exported
into mMass,>® and spectra from premetformin ROIs were com-
pared to postmetformin.

Statistical Analysis

Strength-of-staining scores were compared between pre-
and postmetformin samples by a paired, two-tailed Student ¢
test. Linear regression to assess strength of associations
between continuous variables was performed. Significant P val-
ues were considered less than 0.05.

RESULTS

Patients

Fifty patients were enrolled. Average age was 62.3
(range 35-80) in 37 men and 13 women. Nine patients
enrolled in the study and then decided not to take met-
formin; two others had less than 9 days between their
biopsy and definitive resection. Of the 39 patients who
took at least 9 days of metformin, the range was 9 to 24
days and the mean was 13.6 days.
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Most common subsites of disease were oropharynx
(26 subjects, 52%) and oral cavity (17 subjects, 34%),
with tumors also in the larynx, hypopharynx, and skin
(Table I). Of 26 patients with oropharyngeal HNSCC, 23
(88%) were positive for human papillomavirus (HPV).
Staging and additional demographic and pathologic data
are shown in Table I.

Adverse Events

Fourteen patients reported metformin-related adverse
events, with five patients reporting more than one symptom
(Table II). Toxicities were graded using National Cancer
Institute (NCI) Common Terminology Criteria for Adverse
Events (CTCAE) version 4.0. The most common toxicity was
grade 1 diarrhea, occurring in 10 patients. Two patients
experienced grade 2 toxicities: one with grade 2 diarrhea
and hemorrhoids, and one with grade 2 nausea. No patients
experienced grade 3 or grade 4 toxicities. No patients had
perioperative glucose abnormalities or lactic acidosis.

Immunohistochemistry

Of the 39 patients with a full-treatment course, 33
had evaluable samples for both pre- and posttreatment
specimens; the remaining six patients had a premetformin
sample that either was unavailable from an outside insti-
tution or was of inadequate quantity for immunohisto-
chemistry staining. Thirty-one showed increased CAV1
staining after metformin, whereas two had a decrease. Of
the patients completing a full-treatment course, average
staining intensity of stromal CAV1 was 25.7% on pretreat-
ment specimens and increased to 62.8% on posttreatment
specimens (P < 0.001) (Fig. 1A). There was no difference in
CAV1 staining between biopsy and resection specimens for
12 control patients (41.1% vs. 41.4%, P = 0.97). No associa-
tions were noted between CAV1 and TUNEL or between
CAV1 and GALB staining patterns. There was no signifi-
cant change in stromal MCT4 after metformin (P = 0.44).

Average staining intensity of stromal GALB, which
is a marker of senescence, increased from 32.4% to

TABLE II.

Toxicity in Metformin in HNSCC Clinical Trial as per NCI
CTCAEV4.0 Scoring.

Metformin-Related Toxicity

Toxicity Grade n

Diarrhea
Nausea
Fatigue
Weakness
Dizziness
Increased ALT
Diarrhea
Nausea

=4 4 a4 4O 4O a a o

N NN 2 4 4 a4 a4

Hemorrhoids

ALT = alanine aminotransferase; CTCAE = Common Terminology
Criteria for Adverse Events; HNSCC = head and neck squamous cell carci-
noma; NCI = National Cancer Institute.
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Fig. 1. (A-B). Effect of metformin on stromal CAV1 and GALB expression in HNSCC. CAV1 and GALB immunostaining were performed on
paired premetformin (A and B, respectively) and postmetformin HNSCC samples, and a representative example is shown. Note that there
is a postmetformin increase in CAV1 and GALB stromal staining. Original magnification: 40X. Waterfall plot of the change in CAV1 and
GALB intensity between pre- and postmetformin samples also is shown. CAV1 = caveolin-1; GALB = beta galactosidase; HNSCC = head

and neck squamous cell carcinoma.

50.2% after treatment with metformin (P = 0.005) (Fig.
1B). Only five subjects had tumors with reduced GALB
staining after metformin. There was no difference in
BGAL staining between biopsy and resection specimens
for 12 control patients (40.4% vs. 37.9%, P = 0.84).

There was increased carcinoma cell apoptosis upon
metformin exposure. Pretreatment specimens from
patients receiving a full-treatment course had an aver-
age of 4.53 apoptotic nuclei per HPF, and increased to
12.6 per HPF on posttreatment specimens on TUNEL
assay (P < 0.001) (Fig. 2). Seven subjects had reduced
TUNEL staining upon metformin exposure. There was
no difference in TUNEL staining between biopsy and
resection specimens for 12 control patients (4.20 vs.
9.06, P = 0.59). There was no significant change in the
Ki67 proliferation assay between pretreatment and post-
treatment specimens (P = 0.76).

There was an association between number of days on
metformin and higher GALB expression (12 = 0.129, P <
0.05). Also, higher GALB induction was associated with
higher apoptosis in carcinoma cells by TUNEL staining
(r? = 0.239, P < 0.05). Lack of GALB stromal upregulation
upon metformin exposure was associated with perineural
invasion when all patients were considered (P < 0.05).
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The observed changes in stromal CAV1, stromal
GALB, and carcinoma cell TUNEL were not different
between HPV-positive and HPV-negative tumors (P =
0.21, 0.74, 0.22, respectively).

Mass Spectroscopy Imaging

MSI was performed on samples from three subjects
to compare lactate levels in carcinoma regions between
premetformin and postmetformin samples. At least three
carcinoma regions were delineated to perform MSI (Fig.
3A). Lactate levels increased 2.4-fold in carcinoma cells
postmetformin (P < 0.05) (Fig. 3B). Lactate is the end
product of glycolysis or metabolism of glucose in the
cytosol. Lactate production increases when mitochondri-
al OXPHOS activity is reduced, which is a mechanism of
action of metformin.

DISCUSSION

The current trial demonstrates that metformin has
anticancer effects in HNSCC by inducing apoptosis and
altering stromal markers of metabolism and senescence
with increased CAV1 and GALB expression. This is the
first trial to study the anticancer effects of metformin in
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Fig. 2. Effect of metformin on TUNEL staining in HNSCC. TUNEL was performed on paired premetformin and postmetformin HNSCC sam-
ples, and a representative example is shown. Note that there is a postmetformin increase in TUNEL staining in carcinoma cells. Original
magnification: 40X. Waterfall plot of the change in GALB intensity between pre- and postmetformin samples also is shown. HNSCC =

head and neck squamous cell carcinoma; TUNEL = terminal deoxynucleotidyl transferase dUTP nick end labeling.

*p<0.05
A  carcinoma Carcinoma 2.4 fold*
c g 37
€ £ ;25 -
ro .9 <
(=] h—t 0 2 1
b= 2 :
[) E & 15 4
£ oL o1
] w d
o o 8 os
a o ‘
o 4
Pre-Rx  Post-Rx
B Lactate signal m/z 89.0244
5 Patient 3
Patient 1 Patient 2
- w-é b " 554
3 g vk
60 = ] 40
503 6 35
30 1 204
203 7] 154
] 3
B e ma ma A B R o A 00+
890230 89 0240 890250 890260 89,0230 $9.0240 89.0260 89 0260 89,020 59,0240 890250 89.0260
i Black= pre-metforminincarcinoma - "
Red= post-metformin in carcinoma
C Carcinoma Metformin Fibroblasts

Fig. 3. (A-C) Mass spectroscopy imaging (MSI) comparing carcinoma regions premetformin and postmetformin. Hematoxylin and eosin
staining was performed on HNSCC samples, and carcinoma regions were marked in pre- and postmetformin samples. Original magnifica-
tion: 40X (A). Carcinoma cells have a 2.4-fold reduction in lactate levels postmetformin (post-rx) compared to premetformin (pre-rx) in all
samples (P < 0.05). Lactate levels were measured by MSI in the carcinoma regions pre- and postmetformin, and results were compared
for each patient (B). Note that the black lines are the tracings for the premetformin samples and the red lines for the postmetformin sam-
ples. Effects of metformin on the tumor microenvironment of HNSCC (C). The current clinical trial demonstrates in HNSCC that metformin
has anticancer activity. Metformin in carcinoma cells increases apoptosis, as measured by terminal deoxynucleotidyl transferase dUTP nick
end labeling, and increases lactate levels. Metformin also alters metabolic markers in stromal cells. The tumor stroma after metformin expo-
sure has increased CAV1 and GALB expression, which are markers of reduced catabolism and increased senescence. CAV1 = caveolin-1;
GALB = beta galactosidase; HNSCC = head and neck squamous cell carcinoma; MSI = mass spectroscopy imaging; rx = treatment.



HNSCC and is among few clinical trials in other tumor
types to have assessed its effects on apoptosis.>"° The
presence of a mechanistic link between these effects will
require further study; however, we suspect that altera-
tions in tumor metabolism may disrupt cancer cell
metabolism as well as interrupt metabolic systems
between the tumor cell and stromal cells, such as multi-
compartment metabolism (MCM).

Resistance to apoptosis is a hallmark of cancer cells
and is fundamental to carcinogenesis.?® In this study, the
TUNEL assay showed a significant increase in apoptosis
after treatment (P < 0.01). Metformin inhibits mitochon-
drial complex I, which decreases ATP production and
increases activation of AMPK increasing glycolysis and
lactate production, inducing metabolic stress. The MSI
performed in a limited subset of tumors did demonstrate
increased lactate production spatially located within can-
cer cells after metformin therapy. This supports the notion
that the doses of metformin in the trial can directly impact
tumor metabolism. In vitro and in vivo HNSCC models
have shown that metformin also inhibits tumor cell prolif-
eration and induces apoptosis.® 32541747 Purther, hypoxia
seen in HNSCC tumors may make some cell populations
more susceptible to the effect of metformin.2"*#5° The
results of our study suggest for the first time that such
effects can be seen in human HNSCC.

Support from stromal cells is required for cancer cell
survival, and most TME studies have focused on prosur-
vival growth factors and cytokines; however, metabolic
interactions in the TME also may drive resistance to apo-
ptosis in carcinoma cells.®® This trial attempted to assess
impact of the metabolic changes induced by metformin on
tumor—stroma interactions by quantifying the expression
of CAV1, MCT4, and GALB on cancer-associated fibro-
blasts. CAV1 is the principal structural protein coating
caveolae in the plasma membrane; it functions as a scaf-
folding protein.® Downregulation of CAV1 in CAF's indu-
ces signaling through transforming growth factor beta,
nuclear factor kB, and hypoxia inducible factor, increasing
catabolism, which results in increased tumor aggressive-
ness, invasion, and metastasis.?®*?52 Loss of CAV1 in
CAF's is sufficient to drive the glycolytic phenotype in the
stromal compartment and mitochondrial metabolism in
cancer cells, and is a marker of MCM.%2° It has been pro-
posed that metformin should be an effective agent in
tumors with MCM,?3 and it has been shown to restore
CAV1 expression in CAFs in vitro.?® Further, GALB
expression in stromal cells is a marker of senescence.?*~>7
Senescence also is associated with reduced catabolism and
increased anabolism.?®%° GALB expression is induced by
Cavl, resulting in senescence and reduced glycoly-
sis.5%61:62 Fiproblasts with high GALB reduce tumorigen-
esis in SCC.3%-63

Monocarboxylate transporter 4 (MCT4) is an export-
er of glycolytic byproducts such as pyruvate and lac-
tate.?° Low stromal staining for CAV1 and high MCT4
are markers of aggressive disease in HNSCC, and high
stromal MCT4 predicts poor outcomes for patients across
many types of cancer.2”3%%* In experimental models,
manipulating CAV1 alters the expression of MCT4. Our
study showed no effect on MCT4 expression, which may
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be due to a variety of factors but could be due to the
short treatment window or drug dosing.

This trial demonstrates that standard metformin
doses (1,000 mg twice daily) have potentially beneficial
pharmacodynamic effects on HNSCC tumors. There is
controversy concerning whether higher doses of metfor-
min should be used in oncology clinical trials.51437:65.66
Those who favor using higher doses of metformin base
this on the fact that, in many in vitro and in vivo experi-
mental cancer models, higher doses are required to dem-
onstrate anticancer activity.>'*% The dose used here is
lower than the highest recommended dose in patients
with diabetes mellitus (2,500 mg daily), and no patient
experienced severe toxicity (grade 3 NCI CTCAEv4.0).
The low observed toxicity is consistent with previous
clinical trials in diabetes mellitus and in oncology and
the pharmacovigilance data, which has detected very lit-
tle toxicity despite common use of metformin®’; thus,
this may be a reasonable dose for phase II clinical trials.
However, higher doses may be more efficacious and will
need to be evaluated.

Metformin or similar antimetabolic drugs may have
clinical impact on treatment of HNSCC. Metformin has
been shown to synergize with the effect of radiotherapy
and drugs that cause DNA damage and oxidative
stress.*?>®” In addition to targeting tumor metabolism,
metformin also may impact immune interaction in the
microenvironment. Immune exhaustion, a state in which
T cells become functionally inept, is a common feature of
many tumors, including HNSCC.8° Similarly to immune
checkpoint inhibitors such as pembrolizumab, metformin
has been shown to reverse immune exhaustion.”®"* Inter-
estingly, metformin has been shown to potentiate the anti-
cancer effects of other drugs, including antimetabolites
and tyrosine kinase inhibitors.”>"

CONCLUSION

In sum, this pilot trial shows that metformin is safe
and has biological activity in HNSCC. It also shows that
conventional antidiabetic doses of metformin are suffi-
cient to induce apoptosis of carcinoma cells and to alter
markers of stromal metabolism consistent with reduced
catabolism and increased senescence. Future clinical tri-
als will need to be performed to test if metformin is clini-
cally beneficial and whether other metabolic modulators
are effective in HNSCC.
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