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Purpose

TypI(la 2 diabetes mellitus (T2DM) is becoming increasingly prevalent worldwide. Epidemiologic data
suggest that T2DM is associated with an increased incidence and mortality from many cancers. The
purpose of this review is to discuss the links between diabetes and cancer, the effects of various
antidiabetic medications on cancer incidence and mortality, and the effects of anticancer therapies
on diabetes.

Design
This study is a review of preclinical and clinical data regarding the effects of antidiabetic medications
on cancer incidence and mortality and the effects of anticancer therapies on glucose homeostasis.

Results

T2DM is associated with an increased risk and greater mortality from many cancer types. Metformin
use has been associated with a decrease in cancer incidence and mortality, and there are many
ongoing randomized trials investigating the effects of metformin on cancer-related outcomes.
However, data regarding the association of other antidiabetes medications with cancer incidence
and mortality are conflicting. Glucocorticoids, hormone-based therapies, inhibitors that target the
phosphatidylinositol 3-kinase-Akt-mammalian target of rapamycin pathway, and insulin-like growth
factor 1 receptor—targeted therapy have been associated with high rates of hyperglycemia. These
agents mediate their deleterious metabolic effects by reducing insulin secretion and increasing
insulin resistance in peripheral tissues.

Conclusion

Studies must be performed to optimize cancer screening strategies in individuals with T2DM. A
greater understanding of the mechanisms that link diabetes and cancer are needed to identify
targets for therapy in individuals with diabetes who develop cancer. Data from clinical studies are
needed to further elucidate the effects of antidiabetic medications on cancer incidence and pro-
gression. As several anticancer therapies alter glucose homeostasis, physicians need to be aware of
these potential effects. Careful patient screening and monitoring during treatment with these agents
is necessary.

J Clin Oncol 34:4261-4269. © 2016 by American Society of Clinical Oncology

with elevated triglycerides (TGs) and low HDL
cholesterol, and hypertension.' The prevalence of
T2DM and obesity has now reached epidemic
proportions worldwide. A number of large-scale
epidemiologic studies and meta-analyses, includ-
ing a recent umbrella review of meta-analyses

Epidemiology
Type 2 diabetes. Type 2 diabetes mellitus
(T2DM) is a chronic progressive disease that is

characterized by years of insulin resistance and
hyperinsulinemia preceding the development of
hyperglycemia. The prediabetes phase may pre-
date the diagnosis of T2DM by up to 10 years.
This potentially modifiable phase is frequently as-
sociated with the metabolic syndrome, a condition
that comprises abdominal obesity, impaired glucose
tolerance or impaired fasting glucose, dyslipidemia

and observational studies, have shown a consis-
tent increase in site-specific cancer incidence
among patients with T2DM.” This includes a
two- to three-fold increase in the incidence rate
of pancreatic cancer, a two-fold increased risk for
hepatobiliary cancers, a 20% increased risk for
breast cancer, a two-fold increased risk for en-
dometrial cancer, and a 50% increased incidence
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of colorectal cancer.” Of note, prostate cancer incidence has been
found to be consistently lower among men with diabetes.” It has
also been demonstrated that patients with T2DM have excess
mortality for a number of cancers, including a 30% to 40%
increase with pancreatic, a 2.5-fold increase with liver, a 30%
increase with endometrial, a 15% to 30% increase with breast
cancer, and a 20% to 50% increase with colorectal cancer.””
Type 1 diabetes. In contrast to T2DM, type 1 DM (T1DM) is
characterized by hyperglycemia and insulin deficiency as a result of
the autoimmune destruction of pancreatic B-cells. It constitutes
5% to 15% of all cases of diabetes. Whereas some studies suggest
that TIDM is associated with an increased risk of overall and site-
specific cancer incidence and mortality,” a review of epidemiologic
evidence has noted no significant link in case-control studies and
mixed results in cohort studies.” Most recently, an analysis of five
nationwide T1DM registries found that T1DM was associated with
a nonsignificant overall elevated incidence of cancer in the total
population and a 7% increase in incidence rate among women
only. However, cancer incidence was increased for stomach, liver,
pancreas, endometrium, and kidney cancers and was reduced for
prostate cancer.” These cancers were mostly detected within the
first year after diagnosis of T1DM, which suggests a detection bias
in those with newly diagnosed T1DM and that long-term hy-
perglycemia or insulin administration were not contributing to
cancer risk. As patients in studies on T1DM tend to be younger
than those in studies of T2DM, further studies with longer follow-

up time are needed to understand if T1IDM is truly associated with
an increase in cancer risk.

Potential Mechanisms Linking Diabetes and Cancer

A number of factors have been proposed to contribute to the
increased risk of cancer development and mortality in the setting of
obesity and T2DM. These include hyperglycemia, insulin re-
sistance, hyperinsulinemia, increased insulin-like growth factor-1
(IGE-1) levels, dyslipidemia, inflammatory cytokines, increased
leptin, and decreased adiponectin.® These mechanisms are sum-
marized in Figures 1 and 2.

Several studies have reported an increased incidence of breast,
endometrial, and colorectal cancers that is most significant within
the first months after T2DM diagnosis” and even in the prediabetes
phase.'®"" These results suggest that hyperinsulinemia, rather than
hyperglycemia, in diabetes is associated with an increased risk of
cancer. Endogenous hyperinsulinemia and high C-peptide levels—a
marker of insulin secretion—are associated with breast and co-
lorectal cancer progression, recurrence, and mortality.'*"’

Insulin is a key member of the IGF family, which consists of
the ligands, IGF-1, IGF-2, and insulin, and the tyrosine kinase
receptors, insulin receptor (IR) and IGF-1 receptor (IGF-1R; Fig 2).
In addition, there are six IGF-binding proteins (IGFBP) that bind to
IGF-1 and IGF-2, but not insulin. These binding proteins protect
IGFs from degradation, but IGFs bound to IGFBP are not free to
bind to the receptors. IGF-1 levels are higher in overweight
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Fig 1. Systemic effects of type 2 diabetes and insulin resistance that potentially promote tumor development and progression. Insulin resistance in metabolic tissues, such as
fat, liver, and skeletal muscle, result in increased production of insulin from pancreatic B-cells, which leads to circulating hyperinsulinemia. Pancreatic B-cells eventually
decompensate and hyperglycemia develops. Hyperglycemia also develops as a result of increased hepatic glucose production secondary to insulin resistance in the liver and
decreased uptake into skeletal muscle and adipose tissue. Endogenous insulin acting on the liver increases insulin-like growth factor-1 (IGF-1) synthesis and leads to decreased
concentrations of IGF-binding proteins (IGFBPs) 1 and 2, thus potentially increasing local concentration of bioavailable IGF-1. Adipose tissue inflammation occurs with insulin
resistance with production of cytokines and changes in the circulating concentrations of adipokines, such as increased leptin and decreased adiponectin. Excess adiposity may
lead to increased local aromatization of androgens to estrogens, which together with a decrease in the hepatic production of sex hormone—binding globulin (SHBG) caused by
insulin resistance in the liver, may lead to an increase in levels of bioavailable estrogen. Insulin resistance is also associated with lipid abnormalities, including elevated
triglycerides (TGs) and decreased HDL cholesterol. IL, interleukin; TNF, tumor necrosis factor.
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Fig 2. Effects of hyperinsulinemia on the tumor cell microenvironment and intracellular signaling that contribute to tumor growth and progression. The schematic depicts
the potential direct and indirect effects of insulin on tumor growth. Insulin and insulin-like growth factors 1 and 2 (IGF-1 and IGF-2) bind to the two insulin receptor (IR)
isoforms (IR-A, IR-B), IGF-1 receptor (IGF-1R), and IR/IGF-1R hybrid receptors (IR-A/IGF-1R, IR-B/IGF-1R) with different affinities. Solid arrows indicate strong affinity for the
receptor, and dashed arrows represent weak affinity for the receptor. IGF-binding proteins (IGFBP) 1 and 2 are decreased by insulin and may result in increased bioavailable
IGF-1 and IGF-2. Binding of insulin to IR primarily activates the phosphoinositide 3-kinase (PI3K)-Akt—-mammalian target of rapamycin (mTOR) signaling pathway. Binding of
IGF-1 and IGF-2 to IGF-1R stimulates the PI3K-Akt-mTOR and Ras-Raf-MAPK pathways. Increased local production of estrogen may occur as a result of increased
expression of aromatase, activating estrogen receptor a in tumor cells. Inflammation in the tissue microenvironment may also be increased by hyperinsulinemia, which
leads to local cytokine production and activation the Jak-Stat signaling pathway in the tumor. Erk, extracellular regulated kinase; IL, interleukin; IRS1/2, insulin receptor

substrate; TNF, tumor necrosis factor.
individuals,'* and high insulin levels inversely correlate with
IGFBP-1 and -2 levels, which potentially leads to more free IGF-1
at tissue and cellular levels. A number of epidemiologic studies
have shown that higher IGF-1 levels in the normal population
correlate with an increased risk of breast, lung, prostate, and
colorectal cancers.'® Furthermore, IGF-1R is overexpressed in
a number of cancers, including liver, colorectal, breast, and
prostate.'” Although insulin and IR signaling was traditionally
thought to activate metabolic pathways, it has emerged that
insulin and IR signaling can also have mitogenic effects. There are
two subtypes of IR, named IR-A and IR-B. Whereas IR-B has
mostly metabolic effects and is highly expressed in metabolic
tissues, including the liver, IR-A is mainly expressed in fetal and
cancer tissues.'® Both insulin and IGE-1 bind to the IR-A isoform,
although the affinity of IGF-1 for IR-A is 60-fold lower than human
insulin'® (Fig 2). As a result of the structural similarity of IGF-1R
and IR, hybrid receptors also exist, which are made up of one half
of an IR and one half of an IGF-1R (IR-A/IGF-1R and IR-B/IGF-
IR). IGF-1, but not insulin, binds to these hybrid receptors.'®
Unlike normal tissues, human breast cancers do not downregulate
IR in the presence of hyperinsulinemia.'” In fact, IR expression is
frequently upregulated relative to IGF-1R in breast cancer.'®
Therefore, in cancers that overexpress IGF-1R or IR, chronically
elevated endogenous insulin and/or IGF-1 levels such as are present
in the setting of prediabetes may lead to mitogenic signaling and
increased tumor growth and metastasis.

Www.jco.org

T2DM can be controlled by either oral or injectable hypoglycemic
medications, whereas T1DM requires insulin treatment (Table 1).
A number of studies have examined how medication used to treat
diabetes may increase or decrease the risk of cancer development
and/or mortality (Table 1). More recently, there has been a greater
interest in the effects of cancer therapy on insulin resistance and
hyperglycemia (Table 2).

Metformin and Cancer

Metformin is an oral biguanide that is well established as the
first-line treatment of T2DM. Metformin lowers blood glucose
by promoting hepatic adenosine monophosphate kinase phos-
phorylation, which thus inhibits hepatic gluconeogenesis and,
secondarily, decreases circulating insulin levels** (Table 1). In-
creased adenosine monophosphate kinase phosphorylation has
been proposed to be cancer protective.®’ There are two main
hypotheses to explain the antineoplastic effects of metformin:
indirect and direct mechanisms, as shown in Table 1. To date,
most in vitro studies and animal models that demonstrate the
antineoplastic effects of metformin involve doses that are sub-
stantially higher than those indicated for treatment of T2DM.®
Therefore, it is unclear if metformin can exert direct effects on
tumors in patients.

© 2016 by American Society of Clinical Oncology 4263
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Table 1. Mechanisms of Diabetes Medications and Potential Risks and Benefits in Oncology Patients

Mechanism of
Action

Drug Class (available in the
United States)

Preclinical Evidence of Effects

Clinical Evidence of Potential Effects

on Cancer on Cancer

Biguanides (metformin) | HGP

| Insulin resistance

Sulfonylureas (glipizide, glimepiride, glyburide) 1 Insulin secretion
TZDs (rosiglitazone, pioglitazone) | Insulin resistance

GLP-1 RA (exenetide, liraglutide, albiglutide,
dulaglutide)

DPP-IV inhibitors (sitagliptin, linagliptin,
saxagliptin, alogliptin)

| Appetite
| Insulin resistance

1 Insulin secretion

| HGP
| Glucagon
secretion
SGLT2 inhibitors (dapagliflozin, canagliflozin, 1 Urinary glucose
empagliflozin) excretion CRC*®
Insulin analogs (glargine, detemir, degludec, 1 Insulin

aspart, lispro, glulisine)

Indirect effects

| Circulating insulin??

| Glucose levels??

Direct effects

1 AMPK activation?®

| Signaling via mTOR?®

1 Cancer cell glycolysis?’

| Hexokinase activity and tumor cell glucose
uptake?®

| Inflammatory signals in cancer cells?®

No direct mitogenic activity found®°

1 Lung tumor size in a rodent model®®

1 Thyroid C-cell hyperplasia and calcitonin
secretion in rats*°

1 Small and large bowel tumor growth?*'

Overexpressed in pancreatic,*® PC,*® and
< Mammary tumors (dapagliflozin

1 Renal tubules, adrenal glands, and testicular
Leydig cell tumors (canagliflozin

1 Proliferation of breast cancer cell lines
(insulin AspB10)*°

< Mammary gland neoplastic lesions
development (glargine)®?

| Pancreatic cancer,'® HCC,'®?° lung
cancer,?° CRC,?° and breast cancer?'

| Cancer-related mortality and all-cause
mortality in cervical cancer,?® PC,?* and
CRC?®

11 Overall cancer incidence®'-3?

| PSA levels in PC**

| CRC with rosiglitazone and breast cancer
with pioglitazone®®

1 Bladder cancer®®*° (conflicting data)

No evidence in humans for thyroid C-cell
hyperplasia and calcitonin secretion?®

< Pancreatic cancer®?44

< Overall cancer rates (dapagliflozin)*’

)48 < Bladder, breast, renal, and malignant
adrenal tumors (canagliflozin)*’

)49

< Cancer incidence (glargine)®’

sodium glucose cotransporter 2; TZD, thiazoledinedione.

Abbreviations: AMPK, adenosine monophosphate kinase; CRC, colorectal cancer; DPP-IV, dipeptidyl peptidase IV; GLP-1 RA, glucagon-like peptide-1 receptor agonist;
HCC, hepatocellular carcinoma; HGP, hepatic glucose production; mTOR, mammalian target of rapamycin; PC, prostate cancer; PSA, prostate-specific antigen; SGLT2,

Meta-analyses of epidemiologic studies have supported the
proposed association between metformin use and lower incidence
of pancreatic,'” hepatocellular,'**° lung,* colorectal,”® and breast
cancer”' in patients with diabetes; however, as metformin is a first-
line agent for diabetes and until recently was contraindicated in the
US in patients with mild-moderate renal impairment, patients on
metformin therapy alone are likely to have fewer comorbidities,
which may confound these results.”> Other observational studies
and meta-analyses have failed to report a lower incidence of
prostate, lung, breast, and colorectal cancers among metformin
users.®* The role of metformin in cancer-specific mortality has also
been extensively studied. In a retrospective study of women with
T2DM and cervical cancer, metformin use was associated with
a 21% lower rate of cancer-related mortality and all-cause mor-
tality.”” Metformin use was also associated with a 24% lower rate of
prostate cancer—specific mortality and all-cause mortality among
men with T2DM.** A meta-analysis of observational studies found
that metformin was associated with a 35% reduction in all-cause
and cancer-specific mortality for colon cancer, but no significant
mortality reduction was reported for breast or prostate cancer.”
Furthermore, a Canadian population-based retrospective analysis
showed no significant association between cumulative duration of

4264 © 2016 by American Society of Clinical Oncology

metformin use and overall as well as cancer-specific mortality among
patients with breast cancer and recently diagnosed T2DM.®® As
metformin has few adverse effects and is inexpensive, its use as an
antineoplastic agent is intriguing. Currently, there are more than 200
ongoing trials,”® many of which are randomized control phase IT and
III trials investigating the effects of metformin on cancer-related
outcomes, including all-cause mortality and cancer-related mor-
tality. The largest of these studies is the MA.32 study,’” which is
a phase III randomized trial of metformin versus placebo examining
recurrence and survival in early-stage breast cancer. Other smaller
trials are assessing the effects of metformin on several end points,
including tumor proliferation markers, mTOR activity, and clinical
end points, such as disease progression and changes in serum cancer
biomarkers, among patients with prostate, hepatobiliary, lung, and
colorectal cancer. The results of these trials will help guide clinicians
in selecting the appropriate patients who may benefit from met-
formin as an adjuvant antineoplastic agent.

Thiazolidinediones and Cancer

There are two thiazolidinediones (TZDs) in current clinical use,
rosiglitazone and pioglitzone. TZDs are peroxisome proliferator-
activated receptor-y (PPAR-y) agonists. PPAR-y is a transcription

JOURNAL OF CLINICAL ONCOLOGY
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Table 2. Oncologic Therapies That Frequently Affect Glucose Metabolism

Main Potential Mechanism of Glucose Dysregulation

1 Insulin resistance by
1 Circulating fatty acids and liver fat accumulation®®
1 Insulin-mediated glucose uptake in skeletal muscle®
| Levels of osteoblast-derived peptide osteocalcin®
THGP%®
1 Insulin resistance via elevating circulating GH levels®®
1 Insulin resistance by impairing insulin signaling in metabolic
tissues®®
| Insulin secretion by reducing pancreatic B-cell mass and
function®’

| Insulin secretion via inhibition of antiapoptotic effects of
estradiol on pancreatic p-cells®®

1 Insulin resistance via elevated triglyceride levels and increase
in incidence of fatty liver®®

1 Insulin resistance by modulation of androgen and androgen
receptor signaling pathways in hepatocytes and
adipocytes®

Medication Effect on Glucose

Glucocorticoids 1 Glucose
IGF-1 and IGF-1R-targeted therapies 1 Glucose
PI3K-Akt-mTOR inhibitors 1 Glucose
Hormone-based therapies

Antiestrogens 1 Glucose

Antiandrogens 1 Glucose

mammalian target of rapamycin; PI3K, phosphoinositide 3-kinase.

Abbreviations: GH, growth hormone; HGP, hepatic glucose production; IGF-1, insulin-like growth factor-1; IGF-1R, insulin-like growth factor-1 receptor; mTOR,

factor that is predominantly expressed in adipocytes. Activation
of PPAR-y by TZDs leads to adipocyte differentiation, increased
adiponectin production, increased glucose uptake, and decreased
inflammatory cytokines, which leads to improved insulin sen-
sitivity and decreased circulating insulin levels.®®

The role of TZDs in cancer treatment and prevention is
uncertain (Table 1). TZDs have been shown to be associated with
approximately 20% to 40% lower prostate-specific antigen levels
among patients with prostate cancer’* and regression of lung
tumor size in a rodent model.”” In a meta-analysis of randomized
trials, rosiglitazone was associated with a significantly lower risk of
colon cancer and pioglitazone was associated with a significant
reduction in breast cancer.”> Other studies have failed to cor-
roborate their antineoplastic effect in colorectal and breast
cancer.®””° Furthermore, there are concerns of increased incidence
of bladder cancer associated with pioglitazone use,’*>” which may
be related to a detection bias, but should be addressed by well-
designed clinical studies.

Incretin-Based Drugs and Cancer

Incretin-based therapies are a relatively new class of medi-
cations to treat T2DM. Incretin therapies fall into two broad
groups, glucagon-like peptide-1 (GLP-1) receptor agonists (GLP-
1RAs) and dipeptidyl peptidase-4 (DPP4) inhibitors. GLP-1 is
a hormone secreted from intestinal r-cells in response to food
intake and activates the GLP-1 receptor.”" Circulating GLP-1 is
rapidly degraded by the enzyme DPP4.”*> In individuals with
T2DM, the incretin effect is blunted, which makes it desirable to
administer GLP-1RA or increase the activity of endogenous GLP-1
by inhibiting its degradation by using DPP4 inhibitors. These
incretin-based therapies work by several mechanisms to reduce
blood glucose (Table 1). Several drugs from both classes have been
approved for treatment of T2DM. In 2011, an analysis by the US
Food and Drug Administration (FDA) Adverse Events Reporting
reported increased rates of pancreatic cancer with incretin-based
drugs compared with other hypoglycemic agents.”* However, the

WWW.jco.org

FDA Adverse Events Reporting report had several methodologic
shortcomings, including reporting biases and lack of information
regarding other well-established risk factors for pancreatic cancer.
A recent analysis of FDA and European Medicine Agency databases
provided no compelling evidence for an increased risk of pan-
creatic neoplasia with incretin-based therapy.** Large-scale clinical
trials that evaluated the efficacy and safety of DPP4 inhibitors did
not identify an increased risk for pancreatic cancer.***’ Concerns
have also been raised regarding the effects of GLP-1RA on thyroid
C-cell hyperplasia and the development of medullary thyroid
cancer; however, whereas GLP-1RA has been shown to increase
calcitonin secretion and stimulate C-cell hyperplasia in rodents,
a similar effect was not found for humans.*” The effects of incretin
therapy on colonic epithelia are not entirely clear: it was previously
suggested that GLP-1RA and DPP4 inhibitors have the capacity to
decrease growth and survival of colon cancer cells’*; however, more
recent preclinical data indicate that GLP-1RA agonists may pro-
mote small and large bowel tumor growth.*' Of interest, an in-
creased risk of colorectal cancer has been reported after bariatric
surgery, which has been proposed to be the result of increased
incretin secretion.””

As these incretin-based agents are increasingly used in
the treatment of T2DM, their potential antineoplastic and
procarcinogenic effects must be further addressed in clinical
studies.

Insulin Analogs and Cancer

Recombinant human insulin (HI) analogs have different al-
terations in the insulin amino acid sequence, which results in
variable pharmacokinetics and tumor-promoting properties. In-
sulin AspB10 is an insulin analog that is not in clinical use and has
been shown to increase proliferation in breast cancer cell lines.”®
Whereas it was initially hypothesized that its mitogenic effect is
mediated by its higher affinity to IGF-1R than HI, it has relatively
low affinity to IGF-1R compared with IGF-1.>° Preclinical studies
have demonstrated that mitogenic effects of AspB10 may instead be

© 2016 by American Society of Clinical Oncology 4265
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mediated by its greater affinity for IR and prolonged phosphor-
ylation of IR and the downstream signaling cascade.”® Theoreti-
cally, insulin glargine, a long-acting insulin analog, is more likely to
have increased mitogenic action compared with HI as a result of its
higher affinity to IGF-1R than HI; however, studies in rodents have
failed to demonstrate any significant effect of glargine injections on
mammary gland tumor development.”> Epidemiologic studies
have raised concerns for increased cancer rates among insulin
users, particularly for insulin glargine users’®; however, meth-
odologic limitations have been identified in these studies,”” and
meta-analyses have shown inconsistent results.”®”” To date, the
only prospective randomized trial that assessed the effect on insulin
glargine among dysglycemic patients reported a neutral association
with cancer incidence.

In summary, whereas in vitro studies have raised concerns
regarding the mitogenic effects of insulin analogs, particularly
glargine, the relevance of these in vitro studies to humans is
questionable. There is no compelling evidence that any insulin
analog in clinical use increases cancer risk or cancer-related
mortality.

Sulfonylureas and Cancer

Sulfonylureas (SUs) are among the oldest drug classes avail-
able for the treatment of T2DM. SUs increase insulin secretion
from pancreatic B-cells.”® Although SUs have been in clinical use
for many years, their associations with cancer remains uncertain.
In an observational study, treatment with the SU glibenclamide
was associated with a 20% to 25% increased risk of overall cancer
incidence, but with no single cancer type.”’ However, others re-
ported either a neutral or protective effect of SU on overall cancer
incidence.”” No direct tumorigenic activity of glibenclamide has
been found in preclinical studies.*

Sodium-Glucose Cotransporter Type 2 Inhibitors and
Cancer

Sodium-glucose cotransporter type 2 (SGLT2) inhibitors
block renal glucose reabsorption, thereby causing glycosuria,*’
lowering blood glucose levels. There are currently three FDA-
approved SGLT2 inhibitors for the treatment of T2DM. SGLI2
has been found to be overexpressed in pancreatic,*® prostate,*” and
colon cancer,*® and SGLT?2 inhibitors were found to reduce tumor
growth and increase survival of pancreatic adenocarcinoma in
a rodent model.*’

Concerns have been raised with regard to dapagliflozin use and
its association with increased rates of bladder and breast cancer’’;
however, observational studies found no overall difference in rates of
malignancies between patients treated with dapagliflozin and either
placebo or other hypoglycemic medications.*” In preclinical studies,
rats exposed to high-dose dapagliflozin did not exhibit an increased
incidence of mammary tumors.*® Human database analyses found
that the overall incidence of bladder, breast, renal, and malignant
adrenal tumors was not increased in patients treated with the SGTL2
inhibitor, canagliflozin, compared with nonusers.*” Whereas can-
agliflozin has been associated with increased neoplasms of renal
tubules, adrenal glands, and testicular Leydig cell tumors among
rats,* the proposed underlying mechanism is canagliflozin-induced
carbohydrate malabsorption and disrupted calcium homeostasis,

4266 © 2016 by American Society of Clinical Oncology

which are not observed in humans who are exposed to canagli-
flozin.*” As SGLT?2 inhibitors are relatively new in clinical practice,
their effects on cancer incidence and mortality should be further
delineated in large-scale, controlled studies with longer durations of
follow-up.

Glucocorticoid-Induced Insulin Resistance and
Hyperglycemia

Glucocorticoids (GCs) are a cornerstone of treatment of
virtually all hematologic malignancies and are also used in several
solid tumors, such as prostate cancer and Kaposi’s sarcoma.® In
addition, GCs are commonly used as supportive treatment of brain
metastases—induced cerebral edema, emesis, pain, and cancer-
related cachexia.’® As many as 30% of patients treated with
GCs will develop hyperglycemia, with even higher rates in in-
dividuals with chronic exposure, on higher doses, and receiving
more potent GCs.*"* In a retrospective analysis of patients with
multiple myeloma, GC-induced hyperglycemia was found to be
a predictor of lower overall survival.*’ It has also been shown
in vitro that hyperglycemia decreases the antineoplastic effects of
GCs, whereas hypoglycemia enhances GC-mediated cell death.”®
The mechanisms of GC-induced hyperglycemia are shown in
Table 2. Further studies are needed to determine if individuals who
develop insulin resistance and hyperglycemia as a result of GC
therapy have a worse prognosis than those who do not.

Hormone-Based Therapy—-Induced Insulin Resistance
and Hyperglycemia

Androgens are an important determinant of male body
composition, promoting lean mass and suppressing visceral adi-
posity.®® Epidemiologic studies and meta-analyses have shown that
low testosterone levels in men are associated with the development
of insulin resistance and metabolic syndrome.*** Androgen-
deprivation therapy (ADT), accomplished by either surgical or
chemical castration, is the backbone of treatment of advanced
prostate cancer. Insulin resistance has been reported as early as
3 months after starting ADT treatment—proposed mechanisms
are shown in Table 2.°° In addition, men who undergo long-term
ADT show significantly higher rates of insulin resistance and
T2DM than do controls.®” Selective androgen receptor modulators
are an emerging class of drugs that display tissue-selective acti-
vation of androgen receptors and have been shown to improve lean
body mass and physical function in clinical trials.®” Compared with
traditional ADT, selective androgen receptor modulators may
provide metabolic benefits to men with prostate cancer.

Estradiol also plays a central role in metabolic homeostasis. It
has beneficial effects on insulin resistance in preclinical studies®®
and in humans.?” Selective estrogen modulators (SERMs) are
an important drug class in the treatment of estrogen receptor
(ER)—positive breast cancer. SERMs exhibit either antagonist or
agonist effects on the ER in a tissue-specific pattern.”® Tamoxifen is
one of the first-generation SERMs, and it acts as an ER antagonist
in mammary tissue and as a partial agonist in the endometrium. In
clinical studies, tamoxifen has been shown to have detrimental
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metabolic effects, including increased T2DM incidence,*® lower
insulin sensitivity, and higher TG levels®® (Table 2).

Raloxifene, another SERM, has fewer adverse metabolic effects than
tamoxifen.” New-generation SERMs, such as bazedoxifene—mainly
used in the treatment of menopausal symptoms—are associated with an
improved metabolic profile, including attenuated weight gain, lower TG
and LDL, higher HDL, lower fasting glucose, and superior insulin
sensitivity compared with older-generation SERMs.”

Given the potential for hormonal-based therapy—induced
metabolic derangements, patients should be educated regarding
lifestyle modification and should be screened for diabetes or
prediabetes before starting and during hormonal-based treatment.

Phosphoinositide 3-Kinase-Akt-Mammalian Target of
Rapamycin Inhibitors—Induced Insulin Resistance and
Hyperglycemia

The phosphoinositide 3-kinase (PI3K)-Akt-mammalian tar-
get of rapamycin (mTOR) signaling pathway plays a pivotal role in
cell proliferation, differentiation, and survival.®® Mutations along
this pathway are frequently found in human cancers. Multiple
agents have been developed that target specific components of this
signaling cascade.®

mTOR inhibitors, which were initially developed as immuno-
suppressors, are increasingly used as antineoplastic therapy.” In
randomized control trials, hyperglycemia is frequency reported in
patients, ranging between 12% and 50%.” Clinical trials have shown
that PI3K inhibitors are associated with hyperglycemia in > 30% of
patients.”®®® PI3K and Akt inhibitors are currently at different stages
of clinical development.* The specificity for PI3K and Akt isoforms
differs between drugs and seems to affect their propensity to induce
insulin resistance and hyperglycemia.”® The PI3K-Akt-mTOR path-
way is a major insulin and IR signaling pathway (Fig 2), and mTOR
complex 1 is also a positive regulator of pancreatic 3-cell mass and
function.”” Therefore, PI3K-Akt-mTOR inhibition not only increases
insulin resistance, but may also impair insulin secretion (Table 2).

Given the high risk of insulin resistance and hyperglycemia as-
sociated with these medications, a 2012 Task Force of the National
Cancer Institute Investigational Drug Steering Committee convened an
interdisciplinary expert panel and issued a consensus statement re-
garding screening, monitoring, and management of hyperglycemia in
patients treated with PI3K-Akt-mTOR inhibitors.”! It is recommended
that all patients who are treated with these agents undergo baseline
screening assessment for prediabetes or diabetes with fasting glucose
and/or hemoglobin Alc and be monitored periodically thereafter.”"
The threshold for starting treatment in nondiabetic patients who are
hyperglycemic depends on whether the hyperglycemia is transient, that
is, resolves before a subsequent dose, and also on the level of hy-
perglycemia. The steering committee recommends that if a patient’s
fasting glucose is 125 to 160 mg/dL, once daily home glucose mon-
itoring should be initiated; if 160 to 500 mg/dL, home glucose
monitoring should be performed twice daily; and if > 500 mg/dL,
referral should be made to an endocrinologist or diabetes specialist.”"

IGF-1R-Targeted Therapy—-Induced Insulin Resistance
and Hyperglycemia

Binding of IGF-1 and IGF-2 to the IGF-1R has been shown to
stimulate a number of oncologic pathways, including the PI3K-
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Akt-mTOR and MAPK pathways’* (Fig 2). On the basis of the
proposed importance of the IGF-1 and IGF-I1R signaling pathway
in carcinogenesis, it was postulated that IGF-1R blockade may be
an effective antineoplastic therapy. Several anti-IGF-1R thera-
peutic agents have been developed, including monoclonal anti-
bodies and small-molecule tyrosine kinase inhibitors (TKIs);
however, whereas early trials showed promising results, subsequent
larger clinical studies have failed to show significant benefit in
many cancers.”> An important factor that underlies the failure of
some of these drugs in clinical trials is potentially a result of in-
creased circulating IGF-1, which leads to activation of IR, par-
ticularly the IR-A isoform, and may be more sensitive to IGF-1 in
the presence of IGF-1R blockade.”* This effect may be more
common with monoclonal antibodies that target IGF-1R rather
than TKIs, as—because of the similarity between the tyrosine
kinase domains of IR and IGF-1R—TXKIs block activation of both
receptors. In addition, IGF-1R blockade also disrupts the normal
inhibitory feedback at the hypothalamic-pituitary level, which
results in increased circulating growth hormone levels, which may
activate the growth hormone receptor on tumors, in addition to
exacerbating insulin resistance and further increasing circulating
IGE-1 levels® (Table 2).

Hyperglycemia is a frequently reported adverse effect in many
patients who are treated with IGE-1R inhibitors.>> The overall
incidence of severe hyperglycemia can be as high as 20% to 25%.°
The highest incidence of hyperglycemia has been reported for the
combination of anti-IGF-1R and mTOR inhibitors, reaching al-
most 72% in a single study.”® Patients with preexisting glucose
intolerance and concomitant corticosteroid treatment seem to be
more prone to develop hyperglycemia.”> Whether the develop-
ment of metabolic adverse effects from these agents is impor-
tant in therapeutic resistance—or development of other adverse
events—remains to be determined.

With the escalating prevalence of diabetes, the significantly in-
creased risk of cancer and cancer-related mortality is causing great
concern internationally. The possible role of metformin as an
antineoplastic agent is being extensively studied and we await the
outcomes of large-scale randomized prospective studies. There is
currently no definitive evidence for a mitogenic effect of any
antidiabetic therapeutics; however, given the novelty of some of
these agents and conflicting study results, future well-designed
prospective trials are needed to further elucidate their neoplastic or
antineoplastic effects.

Many antineoplastic agents have been found to have deleterious
metabolic effects, although it is unclear if these effects alter response
to therapy or cancer-related mortality. Current recommendations
advocate screening for diabetes and prediabetes in patients who
begin therapy with an agent that is known to have deleterious
metabolic effects, with periodic monitoring. In all patients with
T2DM, without contraindications, metformin is recommended as
first-line therapy. Hemoglobin Alc goals in patients with T2DM and
cancer have been traditionally based on the burden of diabetes
treatment, preventing symptomatic hyperglycemia, and the pre-
dicted life expectancy of the patient. However, research is needed to
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determine if more stringent management of insulin resistance and
hyperglycemia in patients with cancer improves their response to

oncology treatments and overall survival.
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