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Abstract

Phosphatidylinositol-3-kinase (PI3K) pathway hyperactivation has been associated with the development of cancer and
treatment resistance. PI3K inhibitors are now used to treat hormone receptor-positive (HR+), human epidermal growth
factor receptor-2—negative (HER2-), PIK3CA-mutated advanced breast cancer. Hyperglycemia, a frequently observed
adverse event with PI3K inhibitors (PI3Ki), is regarded as an on-target effect because inhibition of the PI3K pathway has been
shown to decrease glucose transport and increase glycogenolysis and gluconeogenesis. PI3Ki-induced hyperglycemia results
in a compensatory increase in insulin release, which has been shown to reduce the efficacy of treatment by reactivating
the PI3K pathway in preclinical models. Patients with an absolute or relative deficiency in insulin, and those with insulin
resistance or pancreatic dysfunction, may experience exacerbated or prolonged hyperglycemia. Therefore, the effective
management of PI3Ki-associated hyperglycemia depends on early identification of patients at risk, frequent monitoring to
allow prompt recognition of hyperglycemia and its sequelae, and initiating appropriate management strategies. Risk factors
for the development of hyperglycemia include older age (=75years), overweight/obese at baseline, and family history
of diabetes. Consultation with an endocrinologist is recommended for patients considered high risk. The management
of PI3Ki-induced hyperglycemia requires an integrative approach that combines diets low in carbohydrates and glucose-
lowering medications. Medications that do not affect the PI3K pathway are preferred as the primary and secondary
agents for the management of hyperglycemia. These include metformin, sodium-glucose co-transporter 2 inhibitors,
thiazolidinediones, and a.-glucosidase inhibitors. Insulin should only be considered as a last-line agent for PI3Ki-associated
hyperglycemia due to its stimulatory effect of PI3K signaling. Clinical studies show that alpelisib-associated hyperglycemia is
reversible and manageable, rarely leading to treatment discontinuation. Management of PI3Ki-associated hyperglycemia in
patients with breast cancer should focus on the prevention of acute and subacute complications of hyperglycemia, allowing
patients to remain on anticancer treatment longer.
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Introduction catalytic p110a, p110B, and p1105 subunits of class IA,
the PI3K subclass most frequently implicated in human
cancer."* Among the different mutations that can lead to
PI3K pathway activation in breast cancer, phosphati-
dylinositol-4,5-bisphosphate kinase-3 catalytic subunit alpha
(PIK3CA) mutation is the most common alteration of this
pathway.*® Mutation of PIK3CA occurs in approximately

The phosphatidylinositol-3-kinase (PI3K) pathway is an
intracellular pathway that integrates extracellular signals to
regulate a variety of physiological functions including cell
growth, metabolism, survival, angiogenesis, and glucose
metabolism (Figure 1).!® Hyperactivation of this pathway is
associated with almost all human cancers.! In breast cancer,
PI3K pathway hyperactivation has also been implicated in
drug resistance to endocrine therapy, human epidermal growth
factor receptor-2 (HER2) inhibitors, and cytotoxic agents.>’
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Figure 1. Overview of the PI3K pathway.®

Source: Adapted by permission from Kim and Feldman,® Elsevier Ltd, Copyright 201 1.

Abbreviations: AKT, protein kinase B; FOXO|I, Forkhead Box Ol; GLUT4, glucose transporter type 4; GSK3, glycogen synthase kinase-3; InsR, insulin
receptor; mTORCI, mammalian target of rapamycin complex |; p70S6K1, ribosomal protein S6 kinase beta-|; PDKI, pyruvate dehydrogenase kinase;
PI3K, phosphatidylinositol-3-kinase; PIP2, phosphatidylinositol 4, 5-bisphosphate; PIP3, phosphatidylinositol 3, 4, 5-trisphosphate; PTEN, phosphatase

and tensin homolog.

40% of hormone receptor-positive (HR+), HER2—; up to
40% in HER2+; and in up to 14% of triple-negative breast
cancers.'®!> The majority of PIK3CA mutations occur
within the helical (E542K and E545K) and kinase (H1047R)
domains of pl10a.* In a preclinical study, tumors with
novel PIK3CA C-terminal frameshift mutations were shown
to exhibit sensitivity to p110a inhibition. !

Alpelisib is an a-selective PI3K inhibitor (PI3Ki) that is
indicated for the treatment of postmenopausal women and
men with HR+, HER2— PIK3CA-mutated advanced breast
cancer (ABC) who progressed on or after endocrine
therapy.!” In the Phase III SOLAR-1 trial, patients treated
with alpelisib plus fulvestrant (n=169) had longer progres-
sion-free survival (PFS) than those treated with placebo
plus fulvestrant (n=172; 11 months vs 5.7 months; hazard
ratio [HR] 0.65, P<<.001)."® Median overall survival in
patients with lung and/or liver metastases (n=170) was
37.2months versus 22.8 months (HR 0.68; 95% CI, 0.46-
1.00) in the alpelisib plus fulvestrant group compared with

the placebo plus fulvestrant group.'” Hyperglycemia was
the most common (64% of patients) alpelisib-associated
adverse event (AE) reported in that study.'®

Because many clinicians lack experience with PI3Kis,
there is a need for additional guidance on how to prevent,
monitor, and manage this on-target effect of PI3K inhibi-
tion. This review aims to explore the etiology of hypergly-
cemia and provide recommendations for the prevention and
management of PI3Ki-associated hyperglycemia.

Physiologic Control of Blood Glucose
Levels: Insulin and the PI3K Pathway

Glucose homeostasis is regulated by insulin and glucagon,
produced by the - and a-cells of the pancreas, respectively.
Insulin functions to lower blood glucose (BG), whereas glu-
cagon is responsible for increasing BG. Insulin secretion is
mainly regulated by BG concentrations. After meals, insu-
lin secretion increases. Other factors that stimulate insulin
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Figure 2. Role of insulin and the PI3K pathway in normal glucose homeostasis.?'
Source: Adapted by permission from Drullinsky and Hurvitz,2' Springer Nature Customer Service Centre, Copyright 2020.
Normally, insulin secreted from the pancreas causes glucose to be stored as glycogen in the liver, and, glucose is taken up by skeletal muscle and

adipose tissue.?’

Abbreviations: AKT, protein kinase B; FOXO|, Forkhead Box O1; GLUT4, glucose transporter type 4; GSK3, glycogen synthase kinase-3; HIF-1a,
hypoxia-inducible factor la; IRSI, insulin receptor substrate |; mTORCI, mammalian target of rapamycin complex |; PFK2, phosphofructokinase-2;
PI3K, phosphatidylinositol-3-kinase; PIP2, phosphatidylinositol 4, 5-bisphosphate; PIP3, phosphatidylinositol 3, 4, 5-trisphosphate; PTEN, phosphatase

and tensin homolog.

secretion are increased levels of certain amino acids, post-
prandial release of glucagon-like peptide-1 (GLP-1) and
gastric inhibitory polypeptide (GIP) from the gut, and para-
sympathetic stimulation. Initially, preformed insulin is
released into the bloodstream. This is followed by increased
insulin synthesis and subsequent release in response to
increased BG.?

Insulin exerts its actions through binding to the insulin
receptor (IR) on the cell surface, thereby activating intracel-
lular pathways such as the PI3K pathway (Figure 2).2-??
The p110a isoform of PI3K mediates insulin responses in
muscle, liver, and adipose tissues (as shown in the anima-
tion [Supplemental File 1]).* The PI3K pathway can also be
activated by other mitogens, including insulin-like growth
factor (IGF) and epidermal growth factor (EGF), through
binding to IGF receptor 1 (IGF-1R) and EGF receptor
(EGFR), respectively.?

Upon PI3K activation, protein kinase B (AKT) induces
the translocation of glucose transporters GLUT1 and
GLUT4 to the plasma membrane to facilitate glucose
uptake.’ Intracellularly, AKT promotes glycolysis by stim-
ulating hexokinase and phosphofructokinase-2, and pro-
motes glycogenesis by inhibiting glycogen synthase kinase
3 (GSK3) resulting in glycogen synthase activation.?'-?3
AKT also prevents the nuclear localization of the

transcription factor FoxOl1, leading to inhibition of gene
transcription needed for gluconeogenesis.??> In addition,
insulin-PI3K signaling stimulates protein synthesis in skel-
etal muscle, and both protein synthesis and lipogenesis in
adipose tissue. Activation of AKT also leads to activation
of mammalian target of rapamycin complex 1 (mTORC1),
which upregulates lipogenesis, protein synthesis, and glu-
cose metabolism through various downstream effectors
including hypoxia-inducible factor 1c.2>%

Mechanism of PI3Ki-Associated
Hyperglycemia and Incidence in
Preclinical and Clinical Studies

PI3K inhibitors result in hyperglycemia through inhibition
of the intracellular response to insulin,?! leading to decreased
glucose transport and increased glycogenolysis and gluco-
neogenesis (as shown in the animation [Supplemental
File 1]).8222% Glucose transport capacity, glycogen synthe-
sis, and glycolysis are reduced to approximately 60% in the
presence of a PI3Ki.?* Hence, hyperglycemia can be consid-
ered an expected “on-target” effect of PI3K inhibition.?’

In a preclinical study of mice treated with either
alpelisib, buparlisib, or taselisib, a significant increase in
BG was observed in PI3Ki-treated mice compared with
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vehicle-treated mice.”® The PI3K-induced hyperglycemia
then triggered a compensatory massive release of insulin
(insulin feedback) from the pancreas. This hyperinsulin-
emic state led to partial reactivation of PI3K signaling and
glucose uptake into the tumor and the metabolic tissues that
restore glucose homeostasis.?>2° In addition, the increase in
insulin secretion can activate not only IR, but also IGF-1R,
providing a mechanism for survival of tumor cells.**
Blocking the release of insulin using therapeutic strategies
(diet or drugs) that control PI3Ki-induced hyperglycemia
improved the efficacy of the PI3Kis.?>2

Baseline glucose control may impact severity and dura-
tion of PI3Ki-induced hyperglycemia. In an insulin-resis-
tance mouse model (MKR mice), mice treated with
buparlisib experienced significant hyperglycemia after
2 weeks of treatment. Hyperglycemia was more pronounced
in MKR than wild-type mice. Mice treated with buparlisib
also experienced hyperinsulinemia, but the increase was
higher in MKR than wild-type mice (10- vs 7-fold).?’

The perturbations of glucose homeostasis observed in
mice have also been found in humans treated with PI3Kis.
In SOLAR-1, the incidence of all-grade and grade =3
hyperglycemia was 64% and 37%, respectively.'® This was
higher than the incidence of grade =3 hyperglycemia in
clinical trials of buparlisib, taselisib, pictilisib, and sera-
belisib (ranging from 5.5% to 15%), which all stalled in
their clinical development except for serabelisib.?®3?
Similarly, other targeted therapies that affect the PI3K path-
way are also associated with hyperglycemia including
IGF-1R (cixutumumab, all grade 17%-100%, grade =3 up
to 46%; dalotuzumab, all grade 19%-100%, grade =3 up to
32%), dual IGF-1R/IR (linsitinib, all grade 3%-37%, grade
=3 up to 5%), and EGFR (gefitinib, grade =3 up to 5%;
panitumumab, all grade up to 5%, grade =3 up to 5%)
inhibitors.?>** As predicted by the mouse models, hyperin-
sulinemia has also been observed in subjects treated with
alpelisib and other PI3Kis in clinical trials and in clinical
practice.’*3’

Similar to the findings from the MKR mice,?” a higher
incidence of hyperglycemia was reported in SOLAR-1 sub-
jects who were prediabetic at baseline compared with those
with normal baseline glycemic status.® Along the same
lines, the rates of grade 3/4 hyperglycemia (fasting glucose
>250mg/dL or >13.9 mmol/L) were higher in the first half
of SOLAR-1 compared with the second half, when the
glycosylated hemoglobin (HbA1c) enrollment criterion was
<8.0% instead of <6.5%.3 These data suggest that patients
with an absolute or relative insulin deficiency are particu-
larly prone to PI3Ki-induced hyperglycemia.

Results from SOLAR-1 have shown that alpelisib-
associated hyperglycemia is reversible, with a median time
to onset of 15days (grade =2: fasting glucose [fasting
plasma or blood glucose] >160mg/dL), and a median time
to improvement by =1 grade of 8 and 6 days for grade =2
and =3 (fasting glucose >250mg/dL), respectively.!”>®

Prevention and Monitoring of PI13Ki-
Associated Hyperglycemia

Baseline Assessment and On-treatment
Monitoring

Perform a thorough history and physical examination in
patients prior to starting PI3Ki to identify risk factors associ-
ated with hyperglycemia (Figure 3A).* In SOLAR-1, a
higher incidence of hyperglycemia was observed in elderly
patients (=75years) and patients who were overweight and
obese at baseline treated with alpelisib.*® According to the
American Diabetes Association (ADA), other risk factors
associated with the development of diabetes include family
history of diabetes, race/ethnicity (African American, Latino,
Native American, Asian American, Pacific Islander), history
of prediabetes, cardiovascular disease, hypertension, poly-
cystic ovarian syndrome or gestational diabetes, high-density
lipoprotein (HDL) cholesterol <35mg/dL (0.9 mmol/L) and/
or triglyceride >250mg/dL (2.82mmol/L), sedentary life-
style, and other conditions associated with insulin resistance
(such as acanthosis nigricans).* Additional indications that
the patient is at high risk for developing hyperglycemia
include pre-existing prediabetes (fasting glucose 100-125 mg/
dL or HbAlc 5.7%-6.4%) or diabetes (fasting glucose
=126mg/dL or HbAlc =6.5%). Other potential markers
include fructosamine >230uM and glycated albumin (GA)
>13.35%.

The ADA diagnostic criteria for diabetes are included in
Figure 3A.%° In the elderly (=65 years) population of the
United States, approximately 25% of people have diabetes
and nearly half are estimated to have prediabetes.*’
Approximately 30% of patients with breast cancer have dia-
betes; pre-existing diabetes was associated with a 49%
increased risk of all-cause mortality among patients with
breast cancer.*! Furthermore, diabetes is associated with an
increased risk of various cancers, including breast cancer.>”

Test fasting plasma glucose (FPG), HbAlc, and optimize
BG at baseline. There are insufficient safety data on the use
of PI3Kis in patients with type I or uncontrolled type II dia-
betes; hence, PI3Ki should not be initiated in patients with-
out good glycemic control.!” Patients with HbAlc =6.5%
(diabetes) were initially allowed to enter SOLAR-1, but the
protocol was subsequently amended to exclude patients
with HbAlc >6.5% and FPG >140mg/dL due to the
increased risk of developing severe hyperglycemia in
patients with HbAlc 6.5% to 8%.'® In addition, patients
who were prediabetic or diabetic at baseline treated with
alpelisib had greater increases in FPG compared with
normoglycemic patients.3® Educate all patients on possible
signs and symptoms of hyperglycemia such as excessive
thirst, frequent urination, blurry vision, and increased
appetite with weight loss.

If administering alpelisib, monitor fasting glucose (FPG
or fasting BG) at least once a week for the first 2 weeks,
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Educate patient on hyperglycemia

!

Presence of risk factors associated
with developing hyperglycemia?
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* Recommend home FSBG
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continuous interstitial glucose
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Dexcom continuous glucose
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v
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!
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« Prediabetic/diabetic patients:
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every 2 weeks
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« Prediabetes: FPG 100-125 mg/dL
(5.6-6.9 mmol/L), HbA1c 5.7%-6.4%
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« Diabetes: FPG 2126 mg/dL (7.0 mmol/L),
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Figure 3. (A) Patient education and baseline assessment and (B) hyperglycemia management (see text and Table 2 for dosing

recommendations).*’

Abbreviations: 1/2/3L, first/second/third line; ADA, American Diabetes Association; FG, fasting glucose; FPG, fasting plasma glucose; FSBG, fingerstick
blood glucose; GA, glycated albumin; HbA I c, glycosylated hemoglobin; IV, intravenous; OGTT, oral glucose tolerance test; PG, plasma glucose; PI3Ki,
phosphatidylinositol-3-kinase inhibitor; SGLT2i, sodium-glucose co-transporter 2 inhibitor; SU, sulfonylurea; ULN, upper limit of normal.

then at least once every 4 weeks and monitor HbAlc every
3 months. More frequent monitoring may be recommended
as clinically indicated.!” For patients who are considered
high risk for developing hyperglycemia, if feasible, recom-
mend home fingerstick blood glucose (FSBG) monitoring
daily or home continuous interstitial glucose monitoring
(eg, Freestyle Libre or Dexcom continuous glucose moni-
tors) especially during the first 2weeks of treatment.
Collaborative management with an endocrinologist is

highly recommended. Glycated albumin and fructosamine
(total glycated serum proteins), which are alternative mark-
ers of glycemia that reflect short-term metabolic alterations,
may be monitored every 2 weeks for prediabetic or diabetic
patients at baseline.*?

If a patient develops hyperglycemia, monitor fasting glu-
cose at least twice a week and as clinically indicated until
hyperglycemia resolves. Home glucose monitoring should
be considered for any patient who develops hyperglycemia
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in order to help titrate medication. The frequency of moni-
toring may vary for each patient depending on the severity
of hyperglycemia. Depending on the patient’s clinical situ-
ation, FSBG should be measured 2 to 4 times daily (eg,
once before breakfast and dinner [or before each meal] and
at bedtime) or via home continuous interstitial glucose
monitoring. For patients already undergoing daily FSBG
monitoring, advise to continue at least until hyperglycemia
resolves. While on antidiabetic medication, continue fasting
glucose monitoring at least daily for 8 weeks (in addition to
FSBG monitoring if available), then twice a week thereafter
once glucose levels are stable and as clinically indicated.

Hyperglycemia Prevention and Mitigation
Strategies: Lifestyle and Dietary Interventions

All patients initiating PI3Ki treatment should be advised to
follow ADA and other dietary guidelines at least a week
prior to starting PI3Ki treatment. For patients without active
gastrointestinal complaints or unintentional weight loss,
restrict carbohydrate intake to 130 g/day, and avoiding con-
sumption of foods with added sugar, sugar-sweetened bev-
erages, foods with high glycemic index, and alcohol (<1
drink/day for women, <2 drinks/day for men). Encourage
intake of nutrient-dense carbohydrate foods that are high in
fiber and/or protein. Further carbohydrate restriction to
<100 g/day may be necessary for some patients to prevent
hyperglycemia. Advise consultation with a dietitian or
nutritionist familiar with low-carbohydrate meal planning.

For PI3Ki-treated patients with significant hyperglyce-
mia who are in relatively good health, more aggressive car-
bohydrate restriction can be considered. We advocate
consideration of a ketogenic diet (<50g carbohydrate/day)
because of its beneficial effects on glucose and because it
decreases insulin levels and PI3K activation. This diet has
been previously demonstrated to decrease glucose levels,
and it lowers insulin quickly—particularly when insulin
resistance is present.’®*-# In the fasting state, hepatic glyco-
gen is the main source of glucose, and prolonged fasting or
the ketogenic diet depletes glycogen stores (Figure 4).23-2646
In a preclinical study, mice that fasted for 16 to 20hours
showed >90% depletion of liver glycogen. Subsequent
treatment with a PI3Ki resulted in minimal increase in BG.*°
Preclinical evidence demonstrates that the ketogenic diet
reduces blood glucose and insulin levels in mice, without
altering body weights.*’ In addition, the ketogenic diet has
been demonstrated in mice to decrease spikes in insulin and
glucose after treatment with a PI3Ki better than metformin
pretreatment.?

In addition to its effect on glucose, some dietary restric-
tions have also been shown to influence tumor growth. A
seminal study of tumor metabolism in 1926 demonstrated
that tumors mainly metabolize glucose anaerobically
(known as the Warburg effect) and are therefore sensitive to

glucose concentration.***? As a result, implementation of a
ketogenic diet may inhibit tumor growth by restricting car-
bohydrates.*® In a murine model of breast cancer, mice on a
ketogenic diet had significantly smaller tumor volumes and
had longer median survival than those on standard diet.
Mice on a ketogenic diet also had reduced lung metastasis.*’
The ketogenic diet also improved responses to PI3Kis in
various preclinical models of cancer, including P/IK3CA-
mutated breast cancer.?

A pilot study was previously done to evaluate the feasi-
bility and safety of a carbohydrate-restrictive diet to inhibit
insulin secretion in patients with advanced, incurable, glu-
cose-dependent cancers. The study hypothesized that inhib-
iting insulin secretion restricts tumor growth. Patients with
prior rapid disease progression who achieved stable disease
or partial remission exhibited a 3-fold increase in dietary
ketosis compared with patients who continued to have a
progressive disease. Ketosis was found to be inversely asso-
ciated with serum insulin. Calorie deficit and weight loss
were not found to be correlated with stable disease or partial
remission.>

However, there is also some preclinical evidence that
shows increased tumor growth with the ketogenic diet in
certain tumor types such as in melanoma (BRAF V600-
expressing) and tuberous sclerosis.®*? Overall, there is a need
for well-designed clinical trials to further evaluate the effect of
the ketogenic diet on outcomes in cancer patients; further
studies, including patients treated with a PI3Ki, are ongoing
(clinicaltrials.gov identifiers NCT03285152, NCT05090358,
NCT04231734, NCT04691960, NCT04750941).33

When starting patients on a ketogenic diet, consider the
use of a point-of-care (POC) B-hydroxybutyrate (BHB)
capillary meter to monitor for ketoacidosis (given case
reports of this complication in some patients following a
ketogenic diet)***3 (Table 1). Ketoacidosis results in dehy-
dration, high anion gap metabolic acidosis and a hyperos-
molar state, which should be monitored.’®*’ If POC BHB
capillary meters are unavailable, determining the presence
of ketones in serum and urine using nitroprusside test may
be considered. However, this test is semiquantitative and
may underestimate ketoacidosis severity as it cannot detect
BHB, the main metabolic product in ketoacidosis. The pre-
ferred method for the diagnosis of ketoacidosis is still the
direct measurement of serum BHB.’

Patients should be encouraged to engage in moderate to
vigorous aerobic physical activity for =150 minute, divided
into =3 days/week. Muscle strengthening exercises are rec-
ommended to younger patients whereas flexibility and bal-
ance training may be recommended to adults greater than
65years old.* Exercise has been studied in patients with
advanced cancer and is feasible in some patients. It enhances
glucose transfer into skeletal muscle through either an
insulin-dependent or insulin-independent mechanism.%
Although PI3Kis block the insulin-dependent mechanism of
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Figure 4. (A) Role of PI3K pathway in glucose metabolism in the liver and in tumors and (B) effect of the ketogenic diet and SGLT2
inhibitors on glucose metabolism in the presence of a PI3K inhibitor.?

Source: From Goncalves et al,> Copyright © 2018 Massachusetts Medical Society. Reprinted with permission from Massachusetts Medical Society.
Abbreviations: PI3K, phosphatidylinositol-3-kinase; SGLT2, sodium-glucose co-transporter 2.

glucose transport, they do not inhibit contraction-induced
glucose transport.*® Exercise has also been shown to enhance
insulin sensitivity and increase insulin-stimulated glucose
uptake, even in insulin-resistant conditions.’* Exercise may
also help promote weight loss, which is recommended for
overweight or obese patients with prediabetes or diabetes.

Pharmacologic Management of
PI3Ki-Associated Hyperglycemia

For management of hyperglycemia, multiple oral agents will
often be required and, if needed, can be combined with insu-
lin. When choosing an antihyperglycemic agent, consider
possible side effects and onset of action (Table 2),3%61:62 as

well as any adverse effects the patient may be experiencing
with alpelisib and fulvestrant treatment.

Metformin as First-Line Agent

Metformin acts to suppress hepatic gluconeogenesis, which
is up-regulated in patients with diabetes.”>”® It does not
lead to increased insulin synthesis, but rather improves
insulin sensitivity in peripheral tissues (as shown in the
animation [Supplemental File 1]).7>7* In skeletal muscle,
metformin increases IR tyrosine kinase activity and
GLUT4 transporters, leading to improved glucose uptake.”
In adipose tissue, metformin inhibits lipolysis and pro-
motes esterification of free fatty acids, improving insulin
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Table |I. Monitoring for Ketoacidosis Using POC BHB Capillary Meter.

For Patients on a Ketogenic Diet

BHB, mM>8 Recommendations
>3.0 e Assess for signs and symptoms of dehydration or acute illness

e Alert dietitian and review daily carbohydrate content with the patient

e Encourage additional 3L of oral hydration daily and continue to monitor daily POC BHB
>3.5 e Assess for signs and symptoms of dehydration or acute illness

e Alert dietitian and review daily carbohydrate content with the patient
e |f concerning signs and symptoms present, obtain basic metabolic panel to assess for presence of gap metabolic

acidosis

o If HCO,” <I8mEq/L with anion gap > 16, hold alpelisib, and refer to acute care medical facility
o If HCO,” >18mEq/L, encourage additional 3L of oral hydration daily, reduce carbohydrate restriction by 10g

daily, and continue daily POC BHB monitoring

For Patients Receiving an SGLT?2 Inhibitor

BHB, mM?%®

Recommendations

>1.5

Assess for signs and symptoms of dehydration or acute illness

e If concerning signs and symptoms present, obtain basic metabolic panel to assess for presence of gap metabolic

acidosis

o If HCO,” <I8mEq/L with anion gap > 16, hold canagliflozin and alpelisib. Encourage consumption of 3L of oral
hydration and refer to acute care medical facility
o If HCO,” >18mEq/L, encourage additional 3L of oral hydration daily and continue daily POC BHB monitoring

>3.0 e Hold SGLT2 inhibitor

e Refer to acute care medical facility to rule out ketoacidosis

Abbreviations: BHB, B-hydroxybutyrate; POC, point-of-care; SGLT2, sodium-glucose co-transporter 2.

sensitivity.” It is typically low-cost, widely available, does
not cause hypoglycemia, and physicians, including oncolo-
gists, are familiar with its use.3>’* However, metformin
may take weeks to work. In addition, in a study of 6 high-
risk patients who were treated with alpelisib and subse-
quently developed hyperglycemia, metformin monotherapy
was found to be insufficient in achieving glycemic
control.”” It is contraindicated in patients with severe renal
dysfunction (estimated glomerular filtration rate [eGFR]
<30mL/min/1.73 m?). Potential side effects include diar-
rhea and nausea, which are also common adverse events
associated with alpelisib therapy (any-grade diarrhea=58%
and any-grade nausea=45% in the SOLAR-1 trial).!8:3%:6!
However, in patients receiving alpelisib in SOLAR-1, sim-
ilar incidence of diarrhea was observed in patients who did
and did not receive metformin (49% vs 50%).%® Treatment
with metformin can also potentially lead to Vitamin B12
deficiency (Table 2).3%-61:62

Second-Line Agents

Sodium-glucose co-transporter 2 inhibitors (SGLT2is). Sodium-
glucose co-transporter 2 inhibitors decrease renal reabsorp-
tion of glucose (as shown in the animation [Supplemental
File 11),%! and have a quick onset of action. In a preclinical
study, mice treated with an SGLT2i in addition to a PI3Ki
had decreased hyperglycemia and reduced insulin that was

released in response to PI3K inhibition.?® In SOLAR-1, 6
patients who had baseline risk factors for the development of
hyperglycemia were treated with an SGLT2i. None of these
patients discontinued treatment due to hyperglycemia, and
the median duration of exposure to alpelisib was longer in
these patients (range, 9.5-46.5months) than the median
observed in the overall population (5.5 months).”” Check a
patient’s renal status prior to initiating SGLT2is; although
they have recently been shown to protect against declines in
renal function, the glycemic-lowering efficacy of SGLT2is
decreases in patients with renal dysfunction, and they are
contraindicated with GFR <30 mL/min. Due to their mecha-
nism of action (loss of glucose in the urine), these agents
often cause substantial weight loss—this should be moni-
tored in cancer patients struggling to maintain body weight.
There is a small but significant associated increased risk for
genitourinary infections (most commonly yeast infections in
women; up to 14.5% with canagliflozin)’® and, case reports
of Fournier’s gangrene have led to a U.S. Food & Drug
Administration warning.”” Volume depletion and hypoten-
sion may occur in patients with poor hydration or in patients
taking diuretics, angiotensin-converting enzyme inhibitors,
or angiotensin receptor blockers.?* Furthermore, providers
should monitor the anion gap [Na*—(HCO, + CI")], blood/
urinary ketones, and/or serum bicarbonate at each visit while
the patient is on treatment, as the combination of an SGLT2i
and a PI3Ki resulted in euglycemic ketoacidosis in a case
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Table 2. Recommended Antihyperglycemic Agents.

Recommended Drug and Dosage™

Other Treatment Considerations3%¢'

Agents That Do Not Affect the PI3K Pathway®?

Biguanide
e Metformin 500-2000 mg AC QD

SGLT2 inhibitors

e Ertugliflozin I15mg PO OD

e Dapagliflozin I0mg PO OD

e Empagliflozin 25mg PO OD
e Canagliflozin 300mg PO OD

Thiazolidinediones
e Pioglitazone 45 mg PO OD
e Rosiglitazone 4mg PO OD to BID

o-Glucosidase inhibitors
e Acarbose 100mg PO OD to TID

Onset of action: glucose control observed in |-2weeks, maximal effect in

2-3 months®?

Risk of modest weight loss

Gl AEs are common (diarrhea, nausea)

Potential for Vitamin B12 deficiency

Onset of action: 2 hours, improved variation in blood glucose by | week®*

Risk of weight loss

Other associated AEs: DKA (assess for ketoacidosis at each visit),

genitourinary infections, hypotension, volume depletion

o For DKA, monitor the anion gap [Na*—(HCO?" + CI")], blood/urinary
ketones, and/or serum bicarbonate at each visit

Hold SGLT2 inhibitor if with poor hydration and/or concurrent illness

Hold SGLT2 inhibitor 5 days prior to surgery or colonoscopy

Onset of action: within 2 weeks, maximal effect in 3 months®®

Risk of weight gain

Use with caution in patients with or at risk for congestive heart failure

Associated with risk of fluid retention and bone fractures, bladder cancer

Onset of action: | hour®®

Gl AEs are common

Agents That Affect the PI3K Pathway®?

GLP-1 receptor agonists

e Exenatide (extended release) 2mg powder for
suspension or pen SC once a week

Exenatide 10pg pen SC OD to BID
Dulaglutide 1.5/0.5mL pen SC once a week
Semaglutide | mg pen SC once a week
Liraglutide 18 mg/3mL pen 1.8 mg SC OD

DPP-4 inhibitors

e Alogliptin 25mg PO OD

e Saxagliptin 5mg PO OD

e Linagliptin 5mg PO OD

e Sitagliptin 100mg PO OD
Sulfonylureas

Glimepiride 1-8mg PO OD
Glipizide 5-40mg PO (OD or split dose BID)
Glipizide XR 5-20mg PO
Glyburide 2.5-20mg OD
Glyburide micronized 3-12mg OD
Meglitinides

e Nateglinide 60-120mg AC

e Repaglinide 0.5-4mg AC

Basal insulin

e Insulin glargine 0.2 units/kg/day SC
e Insulin detemir 0.2 units/kg/day SC
Increase dose to achieve goal FSBG <160 mg/dL
Rapid-acting insulin

e Insulin aspart

e Insulin lispro

e Insulin glulisine

Risk of weight loss

Onset of action: glycemic improvement after 2-4 weeks with long-acting
agents; greater reduction in postprandial rather than fasting glucose
observed for short-acting agents®’

Gl AEs are common (nausea, vomiting, diarrhea)

Gradual dose up-titration required to minimize Gl AEs

Injection-site reactions

Do not initiate in patients with history of acute pancreatitis

Onset of action: unknown, but peak plasma levels achieved in |-4hours®®
Typically well tolerated

Do not initiate in patients with history of acute pancreatitis

Onset of action: 30 minutes, peak response within 2-3 hours®

Potential AEs include hypoglycemia, weight gain

Onset of action: |5-30 minutes”
Potential AEs include hypoglycemia, weight gain

Onset of action: 2 hours”"

Potential AEs include hypoglycemia and weight gain

Onset of action: 5-15minutes, peak effect at 45-75 minutes’'
Potential AEs include hypoglycemia and weight gain

Abbreviations: AC, before meals; AE, adverse event; BID, twice daily; DKA, diabetic ketoacidosis; DPP-4, dipeptidyl peptidase-4; FSBG, fingerstick
blood glucose; Gl, gastrointestinal; GLP-1, glucagon-like peptide-1; LDL, low-density lipoprotein; OD, once daily; SC, subcutaneous; SGLT2, sodium-

glucose co-transporter 2; TID, thrice daily.
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Table 3. Glycemic Treatment Goals.*

Treatment goal

HbAlc

Preprandial Glucose Bedtime Glucose

Patients with good prognosis
Patients with limited life expectancy

<7.5% (58 mmol/mol)
<8.5% (69 mmol/mol)

90-130mg/dL (5.0-7.2 mmol/L)
100-180 mg/dL (5.6-10mmol/L)

90-150 mg/dL (5.0-8.3 mmol/L)
110-200mg/dL (6.1-11.1 mmol/L)

Abbreviation: HbA ¢, glycosylated hemoglobin.

report; ketoacidosis is not common with alpelisib, observed
only in 2 (0.7%) patients during SOLAR-1 and postmarket-
ing experience.!”> A POC BHB capillary meter may also be
used to monitor ketoacidosis (Table 1). Patients should be
aware of possible symptoms of ketoacidosis, which include
nausea, vomiting, and fatigue.®*® Physicians should have a
high index of suspicion for ketoacidosis in these patients, as
(1) diagnosis may be missed because these might overlap
with alpelisib-associated AEs and (2) the glucose level may
be normal (euglycemic diabetic ketoacidosis).!® Ketoacido-
sis may also be triggered by physiologic stress such as ill-
ness, infection, trauma, or surgical and medical procedures
such as colonoscopy.*

Thiazolidinediones. Thiazolidinediones inhibit hepatic glu-
coneogenesis, and maximal effect may take approximately
6 weeks.?? Use with caution in patients with renal dysfunc-
tion due to increased risk of fluid retention, often mani-
fested by worsening peripheral edema. These agents are
also associated with increased risk of congestive heart fail-
ure, fractures, and bladder cancer.>

o-Glucosidase inhibitors. o-Glucosidase inhibitors impair
intestinal absorption of carbohydrates.?>®! They have a
quick onset, but weak efficacy. Their use is commonly asso-
ciated with gastrointestinal side effects.®!

Glucagon-like peptide | receptor agonists (GLP-1 RA) and dipeptidyl
peptidase-4 (DPP-4) inhibitors. GLP-1 RA and DPP-4 inhibi-
tors stimulate the release of incretins from the gut, subse-
quently leading to the release of insulin from the pancreas,
and also affect the PI3K pathway.?>%? These agents have a
quick onset of action. Glucagon-like peptide 1 receptor ago-
nists are associated with risk of gastrointestinal side effects
(nausea and vomiting) and increased satiety often leading
to substantial weight loss; they are not to be used in patients
with a history of pancreatitis.*® Dipeptidyl peptidase-4
inhibitors are extremely well-tolerated drugs but have
weaker efficacy than GLP-1 RA; they are also not to be
given to patients with history of acute pancreatitis, and
some of these agents have been associated with a small
increase (3.5%-3.9%) in risk for congestive heart failure,
particularly in patients with pre-existing heart or kidney
disease.?8!

Third-Line Agents

Meglitinides and sulfonylureas. Meglitinides and sulfonyl-
ureas are insulin secretagogues that stimulate pancreatic
insulin secretion independent of glucose levels.?>3!
These agents have a quick onset of action and good
potency. Both meglitinides and sulfonylureas are associ-
ated with hypoglycemia risk and weight gain.®! However,
sulfonylureas are also associated with an increased risk of
cardiovascular mortality—the relevance of this finding to
advanced cancer patients is uncertain. Certain sulfonyl-
ureas such as glyburide should not be initiated in patients
with renal impairment.*’

Insulin as Last Line of Therapy

Certain chemotherapeutic agents, corticosteroids, and
mTOR inhibitors have been associated with the develop-
ment of hyperglycemia by directly decreasing the produc-
tion and release of insulin or causing insulin resistance. In
most cases, administering insulin constitutes the main strat-
egy for rapidly establishing glycemic control.®? In PI3Ki-
associated hyperglycemia, insulin should only be
recommended as a last-line antihyperglycemic agent. This
is because insulin has been shown to partially reactivate the
PI3K pathway, despite treatment with a PI3Ki, in various
tumor cell lines, leading to cellular proliferation.? Insulin is
associated with an increased risk of hypoglycemia and
weight gain.®!

Management Recommendations

Management differs based on the severity of hyperglycemia.
A detailed management algorithm is provided in Figure 3B.%
Oncologists should consider consultation with an endocri-
nologist for hyperglycemia co-management. Glycemic
treatment goals (Table 3) should be individualized based on
age, life expectancy, and presence of other comorbidities.*
Preprandial and bedtime glucose levels should be 90 to
130mg/dL (5.0-7.2mmol/L) and 90 to 150mg/dL (5.0-
8.3mmol/L), respectively, for patients with good progno-
ses; for those with limited life expectancies, these levels
should be 100 to 180mg/dL (5.6-10mmol/L) and 110 to
200mg/dL (6.1-11.1 mmol/L), respectively. However,
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fluctuation in these levels above and below these targets are
common and of no concern. Metformin is the recommended
first-line antihyperglycemic agent, due to its wide availabil-
ity and safety profile. For any degree of fasting hyperglyce-
mia (fasting glucose =100mg/dL), regardless of baseline
glycemic status, start metformin at 500 mg premeal once
daily, increasing dose by 500 mg/day weekly up to a maxi-
mum dose of 2000mg/day. For grade 2 hyperglycemia
(fasting glucose >160-250mg/dL or >8.9-13.9mmol/L or
random BG/FSBG >200mg/dL), addition of a second-line
antihyperglycemic agent (eg, SGLT2i) is recommended. If
after 5days, fasting glucoses remain >160mg/dL (persis-
tent grade 2 hyperglycemia), addition of a tertiary oral anti-
hyperglycemic agent (eg, meglitinides, sulfonylureas) is
recommended. Addition of a tertiary oral antihyperglyce-
mic agent is also recommended for grade 3 hyperglycemia
(>250-500mg/dL or >13.9-27.8 mmol/L or random BG/
FSBG >300mg/dL). Alternatively, for persistent grade 2 or
for grade 3 hyperglycemia, consider changing second-line
antihyperglycemic agent. Insulin is generally not recom-
mended due to its effect on the PI3K pathway, but it may be
recommended for severe hyperglycemia (persistent grade
=3). Insulin should be administered subcutaneously either
as once-daily basal insulin (starting at 0.2 units/kg/day) or
prandial rapid-acting insulin sliding scale.

In patients with persistent grade =2 hyperglycemia
despite appropriate treatment with antihyperglycemic medi-
cations for 1 week, reduce alpelisib dose to 250mg/day. For
grade =3 hyperglycemia, alpelisib dose interruption and sub-
sequent dose reduction or permanent discontinuation (if per-
sistent grade =2 despite adequate antihyperglycemic therapy)
isrecommended to improve glycemic control. Discontinuation
of alpelisib therapy may be necessary in patients who do not
respond to various antihyperglycemic medications and/or
who are at high risk of developing hyperglycemia-related
complications. Continue glucose monitoring when alpelisib
is discontinued; consider discontinuing initiated antihyper-
glycemic medications to avoid hypoglycemia.

Concluding Remarks

Hyperglycemia arising from cancer treatment is not unique
to PI3Kis. However, the management of PI3Ki-associated
hyperglycemia requires additional considerations because,
theoretically, treatment with insulin or insulin-secreta-
gogues (sulfonylureas, etc) may curb antitumor activity.
Selection of appropriate antihyperglycemic medication
remains at the discretion of the managing physician, but it
is important to consider the effect of the drug on endoge-
nous insulin or the PI3K pathway, and subsequently on the
tumor. Hyperglycemia occurs within the first few weeks of
alpelisib treatment, and with adequate management, rarely
leads to treatment discontinuation.'”'®3% Importantly, acute

hyperglycemia does not cause acute toxicity (a glucose
level of 500 mg/dL is not acutely equivalent to a lab abnor-
mality such as severe hyperkalemia, which can cause
arrythmia), but needs to be detected and acted upon. Early
identification of high-risk patients and close monitoring
while on treatment are critical to reducing onset and sever-
ity of hyperglycemia.

In most patients with diabetes, the goal of treatment is to
prevent long-term complications of hyperglycemia, restore
quality of life, and avoid hypoglycemia and weight gain.®!
In contrast to the goal in patients with diabetes, the goal of
treatment of transient hyperglycemia in patients with cancer
shifts from preventing long-term complications to prevent-
ing acute and subacute complications such as catabolic
weight loss and dehydration.®®> Although seemingly rare,
diabetic ketoacidosis is a life-threatening complication that
has been reported in the context of PI3Ki treatment.?*343>
The aim of managing these complications is to prevent the
patient from discontinuing anticancer therapy, thereby max-
imizing the duration of treatment while weighing patient
needs and quality of life.®3

Since most randomized clinical trials do not fully repre-
sent the patient population and management of PI3Ki-
associated hyperglycemia is evolving, there are ongoing
trials focused on investigating the effect of antihyperglyce-
mic management on PI3Ki therapy. The Targeting Insulin
Feedback to Enhance Alpelisib (TIFA) trial is examining
the efficacy and safety of 3 different interventions that tar-
get insulin feedback in patients treated with alpelisib (clini-
caltrials.gov identifier NCT05090358). In TIFA, patients
are randomly assigned to receive alpelisib and fulvestrant
with either a ketogenic diet (<50 g/day), a low-carbohydrate
diet (<100 g/day), or an SGLT2i. The ongoing Phase II
METALLICA study (clinicaltrials.gov identifier NCT04
300790) is assessing the rate of grade =3 hyperglycemia
and tumor response in patients with and without fasting
glycemia who receive alpelisib, fulvestrant, and metformin.
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