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ABSTRACT

Everolimus has been used widely in cancer patients and is associated with the development of hyper-
glycemia. Due to confounding factors, its specific impact on hyperglycemia has not been well under-
stood. We performed a meta-analysis of randomized controlled trials to determine the risk of
hyperglycemia attributable to everolimus in cancer patients of varying tumor types.

Material and methods: PubMed and American Society of Clinical Oncology conference abstracts up to
June 2015 were systematically searched. Eligible studies included randomized controlled trials (RCTs) in
which everolimus was compared to placebo in cancer patients with or without other agents.
Heterogeneity tests were performed to examine between-study differences in hyperglycemia, and the
incidence and relative risk of all- and high-grade hyperglycemia attributable to everolimus were deter-
mined using both random- or fixed-effects models.

Results: A total of seven phase Ill and two phase Il RCTs with various tumors, encompassing a total of
3879 cancer patients, were included in our analysis. Everolimus significantly increased the risk of all-
grade (RR =2.60, 95% Cl 2.03-3.31, p<0.001) and high-grade (RR =3.0, 95% Cl 1.72-5.23; p < 0.001)
hyperglycemia. The incidences of all- and high-grade hyperglycemia attributable to everolimus were
6.8% (95% Cl 3.4-13.2%) and 2.5% (95% Cl 1.2-4.9%), respectively. The everolimus-specific risk of all-
grade hyperglycemia varied significantly with tumor types (p < 0.001), with the highest incidence seen
in renal cell carcinoma (RCC) (27.2%, 95% Cl 22.2-32.8%) and the lowest in breast cancer (3.3%, 95% ClI
1.3-8.2%). No significant variation was found between everolimus alone or everolimus in combination
with other agents. Similar results were also found for the risk of high-grade hyperglycemia attributable
to everolimus.

Conclusion: The specific risk of hyperglycemia attributable to everolimus may vary significantly with
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tumor types. Close monitoring should be given to patients at high risk, such as RCC.

Everolimus is an orally administered rapamycin analog that
has been approved by the Food and Drug Administration for
the treatment of a number of cancers, ranging from renal cell
carcinoma (RCC) and subependymal giant cell astrocytoma to
hormone-receptor-positive advanced breast cancer (BC) and
pancreatic neuroendocrine tumors [1]. Everolimus was found
to contribute to increased progression-free survival in RCC
(4.0 vs. 1.9 months) [2], carcinoid syndrome neuroendocrine
tumors (16.4 vs. 11.3 months) [3], pancreatic neuroendocrine
tumors (11.0 vs. 4.6 months) [4], HER2-positive BC (7.0 vs. 5.78
months) [5], and hormone-receptor-positive advanced BC (6.9
vs. 2.8 months) [6].

While it is relatively well tolerated, everolimus is associated
with several adverse events including anemia, stomatitis,
infection, pneumonitis, and hyperglycemia. Of particular inter-
est is the link between everolimus and hyperglycemia.
Despite the prolonged progression-free survival conferred by
everolimus, a considerable number of cancer patients receiv-
ing the drug experience hyperglycemia, one of the most
important comorbidities affecting the cancer patient

population. The association of everolimus with hyperglycemia
is especially concerning because glucose is considered a
potentially important driving force in cancer progression [7,8].
A number of recent studies have found that high glucose lev-
els contribute to the proliferation of tumor cell lines corre-
sponding to colon, colorectal, breast, prostate, and bladder
cancers [8,9]. Particularly when hyperglycemia is severe, the
toxicity of high glucose levels in the blood increases the risk
of a myriad of both macrovascular and microvascular dis-
eases, ranging from cardiovascular, cerebrovascular, and arter-
ial pathologies to retinopathy, neuropathy, and nephropathy,
in addition to acute toxicity, such as weight loss, polyuria,
and dehydration [10].

Despite the dangers of hyperglycemia in cancer patients,
our understanding of everolimus-induced hyperglycemia at
the clinical level remains limited. While a strong relationship
has been found between hyperglycemia and the usage of
related mTOR inhibitors, such as sirolimus in the non-cancer
patient population (e.g. transplant recipients) [11], a wide vari-
ation in hyperglycemia incidence has been reported in
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everolimus clinical trials for cancer patients, with hypergly-
cemia incidence rates ranging from as low as 1-5% [12,13] to
as high as 50% [2]. Research is thus needed to examine the
underlying causes of the heterogeneity observed in the ever-
olimus-hyperglycemia association. Such a relationship could
be due to many confounding factors, such as comorbidities,
concurrent medications, tumor types, everolimus doses, or
everolimus’ combination with other agents. In addition, most
clinical studies to date have reported the overall hypergly-
cemia incidence rates associated with everolimus and have
not examined the risk of hyperglycemia specifically attribut-
able to the drug, thus potentially overestimating everolimus’
contribution to hyperglycemia.

In order to understand the heterogeneity of drug-
associated hyperglycemia in cancer patients, we have per-
formed a systematic review and meta-analysis of randomized
controlled trials (RCTs) to determine the risk of hyperglycemia
specifically attributable to everolimus. In conducting a sub-
group analysis based on tumor type, everolimus dose, and
everolimus therapy type (combination vs. single agent), our
study has analyzed the risk factors of everolimus-specific
hyperglycemia. The results of this analysis have the potential
to help clinicians to identify high-risk patients and improve
outcomes in patients taking mTOR inhibitors.

Material and methods
Data source

The PubMed database (www.pubmed.gov) was searched for
all results up to 14 June 2015 using the key words “everoli-
mus” or “RAD001” and “cancer”. In addition, all abstracts pre-
sented at American Society of Clinical Oncology (ASCO)
conferences up to June 14, 2015 were searched using the
same keywords. We reviewed all selected abstracts and publi-
cations for information on drug safety and efficacy. We conse-
quently verified them to ensure that the versions identified
were up-to-date and complete.

Study selection

We sought to include all placebo-RCTs in which hypergly-
cemia incidence rates were directly compared between
patients who received everolimus and those who did not
receive the drug. We excluded all non-RCTs, which includes
preclinical studies, phase | trials, phase |-l trials, single-group
phase Il studies, observational studies, commentaries, review
papers, meta-analyses, case studies, pilot studies, research
proposals, and letters. Trials that were phase Il or Ill prospect-
ive RCTs examining cancer patients (diagnosed with any type
of cancer) receiving everolimus were included for analysis.
Studies without data comparing hyperglycemia between
patients who received and did not receive everolimus were
excluded. All included studies had mandatory blood glucose
monitoring as part of study protocol.

Even though the RCTs selected for this study used other
cancer therapeutics besides everolimus, we were careful to
select studies in which the everolimus and non-everolimus
treatment conditions were identical with the sole exception
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of everolimus receipt. For example, in one selected study [12],
exemestrane was given to patients in addition to everolimus.
As exemestrane was given to both the everolimus and
non-everolimus  groups  (everolimus + exemestrane  vs.
exemestrane by itself), we did not need to worry about
exemestrane’s confounding of everolimus’ treatment effects.

In order to assess study quality, we used the seven-item
Jadad Scale. The Jadad Score uses a seven-item scale with
scores that range from 0 to 5. Points are given for studies
that specify randomization, denote the specific method of
randomization, mention double-blind trial design, explain
appropriateness of double blinding, and describe the study’s
dropouts and withdrawals [14]. Our interpretation of study
quality using the Jadad score is consistent with meta-analyses
in the literature [15,16].

Clinical end points and statistical analysis

The clinical outcome variable for this study was hypergly-
cemia, measured by the number of patients presenting with
symptoms of both all-grade (G1-G4) and high-grade (G3-G4
only) hyperglycemia, as defined by the Common Terminology
Criteria for Adverse Events (CTCAE) version 4.0 [17]. Grade 1
was defined as upper limits of normal (ULN) < 160 mg/dl or
8.9mmol/l, grade 2 as ULN 160-250 mg/dl or 8.9-13.9 mmol/I,
grade 3 as ULN 250-500mg/dl or 13.9-27.8 mmol/l, and
grade 4 as ULN 500+ mg/dl or 27.8 +mmol/l or acidosis. All
included studies used CTCAE version 3.0 for reporting of
adverse effects, whose criteria for hyperglycemia were identi-
cal to that of CTCAE version 4.0. No differences in study
protocol surrounding the monitoring of glucose were found
among included studies.

Statistical analyses were performed using Comprehensive
MetaAnalysis program version 2.0 (Biostat, Englewood, NJ, USA).
We entered collected data into a Microsoft Excel sheet. For each
study, the hyperglycemia (all- and high-grade) incidence rate
was calculated. The relative risk of hyperglycemia, along with an
associated 95% confidence interval (Cl), was calculated.

As the RCTs selected in this meta-analyses were designed to
have a control group, we also calculated risk of hyperglycemia
specifically attributable to everolimus (attributable event rate-
=event rate with everolimus minus event rate with control).
Fixed-effects (weighted with inverse variance) or random-
effects models were used to examine summary results.
Cochran’s Q statistic and I* were calculated to assess the
assumption of heterogeneity among the studies included in
this meta-analysis. The assumption of homogeneity was consid-
ered invalid for the p-value of Cochran’s Q statistic <0.1, and
consequently results from the random-effects model were
reported; results from fixed-effects models were reported other-
wise. Publication bias was assessed by the Begg's test. A two-
tailed p-value of <0.05 was considered statistically significant.

Results
Search results

Our literature search culminated in a total of 2263 potentially
relevant studies of everolimus as a cancer therapeutic (Figure 1),
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2,263 Potentially relevant publications
on everolimus as a cancer therapeutic

A 4

A 4

34 Phase Il and Il RCTs

2,229 Excluded:

+556 Reviews

+582 Basic science studies

*88 Commentaries/mini-reviews

+136 Case reports

=5 Pilot studies

+156 Studies with data from phase 1 trials

*31 Studies with data from phase 1-2 trials without data
on hyperglycemia

*41 Studies with data from single-group phase 2 trials
»182 Studies with data from phase 2 trials without data
on hyperglycemia

+81 Studies with data from phase 3 trials without data
on hyperglycemia

«271 Observational studies

*61 Meta-analyses

+28 Letters to the editor

=11 Research proposals / ongoing studies

A 4

v

2 Phase Il RCTs included

Excluded:

* 11 Phase 2 RCTs with two arms whose treatment regimens
differ by more than receipt of everolimus.

* 14 Phase 3 RCT studies with data that are redundant with the
RCTs selected

7 Phase Il RCTs included

Figure 1. Selection of randomized controlled trials (RCTs) included in the meta-analysis. RCTs: randomized controlled trials.

of which 34 phase Il and Il RCTs were identified. Ultimately,
two phase Il RCTs [18,19] and seven phase lll RCTs [2-6,12,13]
were included in our final analysis. Figure 1 details our criteria
for exclusion.

Based on an independent review that we conducted, six of
the nine studies selected received the highest Jadad score of
a 5. The Huober et al. 2013 and Baselga et al. 2012 studies
received a score of 3. One study (Besse et al. 2014) received a
Jadad score of a 2 because although randomized, it was an
open-label study. The results of our analysis were consistent
across studies of varying Jadad scores.

Patients

A total of 3879 cancer patients were available for our
analysis, including 1954 (50.3%) patients who had BC, 546
(14.1%) HCC, 836 (21.6%) neuroendocrine tumors, 133
(3.4%) non-small cell lung cancer, and 410 (10.6%) RCC.
In total 2223 patients (57.3%) received everolimus, while
1656 patients (42.7%) were included in the control
condition.

Of those who received everolimus, 1313 patients (59.1%)
received everolimus at dose 10mg per day, 548 (24.7%) at
dose 5mg per day, and 362 (16.3%) at dose 7.50 mg per day.
Of those who received everolimus, 841 patients (37.8%)

received it as a single agent, and 1382 patients (62.1%)
received everolimus as a combination therapy.

Relative risk of hyperglycemia

As seen in Figures 2 and 3, a total of 280 from 2223 patients
receiving everolimus presented with the events of all-grade
hyperglycemia, and 84 of 2021 patients receiving everolimus
presented with high-grade hyperglycemia. Overall, the relative
risks of hyperglycemia were significantly higher in the everoli-
mus treatment group in comparison to the control group for
both all-grade (p <0.0001, RR =2.60, 95% Cl 2.03-3.31) and
high-grade (p <0.0001, RR =3.0, 95% Cl 1.72-5.23). Using a
fixed-effects model, tests for heterogeneity revealed no differ-
ences among the studies with regards to the relative risks of
all-grade (Q =843, 1’=0.05, p=0.39) and high-grade hyper-
glycemia (Q=28.10, I’=0.14, p=0.32).

Risk of all-grade hyperglycemia attributable to
everolimus

In order to determine the everolimus-specific impact on
hyperglycemia, we determined the absolute risk attributable
to everolimus. The overall attributable risk was 6.8% (95% ClI
34-13.2%), as seen in Figure 4. Using a random-effects
model, significant differences among the studies in terms of
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relative risk

Model Studyname Outcome Statistics for each study Events/ Total Risk ratio and 95% ClI
Risk Lower Upper
ratio  limit limit p-Value Intervention Control
Andreeta 2014  allgrade 1798 0955  3.387 0069 25/280 14/282 —R—
Motzer etal 2008 allgrade 2209 1585 3.080 0000 135/272 31/138 B
Yaoet al 2011 allgrade 2942 1419 6.100 0004 27/207 9/203 —_—
Baselgaetal 2011 allgrade 3210 0730 14108 0123  13/482 2/238
Zhuet al 2014 allgrade 3389 1020 112% 0046  20/382 3/184
Baselgaet2009  allgrade 4336 1507 12474 0007  18/137 4/132 —_—
Huoberetal 2013  allgrade 4975 0240 102988 0299 21202 0/201
Pawel et al 2011 adlgrade 6379 2265 17.965 0000 26/215 4/211 i
Besseetd 2013  allgrade 7106 1680 30055 0.008 14/66 2/67 —_—
Fixed 2505 203 3307 0000 280/223 69/165% ’
0.0 01 1 10 100
Control Everolimus

=8.42, 12 = 0.05, P=0.39

Figure 2. Relative risk of all-grade hyperglycemia. Cl: confidence interval; RR: relative risk. RR of all-grade hyperglycemia was calculated using fixed-effects models.
The RR and 95% Cl for each trial and the final combined results are demonstrated numerically on the left and graphically as a forest plot on the right. For individual
trials: filled-in square, relative risk; lines, 95% Cl; diamond plot, overall results of the included trials.

relative risk

Model Study name Statistics for each study

Risk Lower

ratio  limit  limt pValue
Besseetal 2013 highgrade 0508 0.047 5464 0576 1/66
Andre etal 2014 highgrade 1511 0431 5296 0519 6/280
Znuetal 2014 highgrade 2203 0636 7632 0213 13/362
Yaoetal 2011 highgrade 2697 0873 8331 0085 11/207
Baselga et al 2011highgrade 4453 0241 82376 0316  4/482
Mbtzeret al 2008 highgrade 7.864 1.910 32377 0004 31/272
Pawel etal 2011 highgrade 10.795 1406 82881 0022 11/215
Baselgaet 2009 high grade 14457  0.834 250619 0066  7/137

Fired 2995 1716 5226 0000 84/2021

Events / Total

Risk ratio and 95% Cl

Intervention Control

2/67 -
4/282 —til—
3/184 —|—
4/203 —B—
0/238
o .- R
1/211
0/132
1671455 <
0.01 041 1 10 100
Control Everdimus

Q=8.10, I> = 0.14, P=0.32

Figure 3. Relative risk of high-grade hyperglycemia. CI: confidence interval; RR: relative risk. RR of high-grade hyperglycemia was calculated using fixed-effects mod-
els. The RR and 95% Cl for each trial and the final combined results are demonstrated numerically on the left and graphically as a forest plot on the right. For individ-
ual trials: filled-in square, relative risk; lines, 95% Cl; diamond plot, overall results of the included trials.

all-grade hyperglycemia were revealed by a heterogeneity
test in the risk attributable to hyperglycemia (Q=143.09,
1’=0.94, p<0.001). We further determined the underlying
causes of the heterogeneity. There was significant variation
among different tumor types, as shown in Table 1. While the
attributable risk of hyperglycemia due to everolimus was
3.3% (95% Cl 1.3-8.2%) in the BC group and 3.9% (95% ClI
2.3-6.5%) in the HCC group, the risk was 9.4% (95% ClI
7.0-12.6%) in the neuroendocrine tumor group, 18.2% (95%
Cl 10.6-29.4%) in the non-small cell lung cancer group, and
27.2% (95% Cl 22.2-32.8%) in the RCC group.

No significant differences (p=0.26) were found regarding
the attributable risk of all-grade hyperglycemia among vary-
ing everolimus doses (5.0, 7.5, and 10mg per day); in

addition, there was no significant difference between single
agent everolimus and its combination with other anti-cancer
agents (p=0.41). Tests for publication bias regarding all-
grade hyperglycemia were negative (Begg’'s test, two-tailed
p=0.251).

Risk of high-grade hyperglycemia attributable to
everolimus

As shown in Figure 5, the overall attributable risk to everoli-
mus was 2.5% (95% Cl 1.2-4.9%). Using a random-effects
model, heterogeneity tests also revealed significant
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attributable risk

Model Study name Qutcome Event rate and 95% Cl
Event Lower Upper
rate limit limit Total
Huober et a 2013 al gade 0010 0003 0030 2/202
Baselgaetd 2011 dl gade 0019 0010 0036 9/482
Zhu et al 2014 dl gade 0039 0023 0085 14/382
Ancre et d 2014 dl gade 0040 002 0070 11/280
Yaoet al 2011 dl gade 008 0055 0133 18/207 ]
Baselga et 20009 dl gade 0101 0081 0164 14/137 [ ]
Pavel et a 2011 dl grade 0102 008 0150 22/215 [ ]
Besse et al 2013 dl gade 0182 0108 024 12/66 B
Votzer et al 2008 dl gade 0272 022 0328 74/272 [ |
Random 0068 004 0132 176/2223 ’
-1.00 -0.50 0.00 0.50 1.00
Control Everolimus
Q=143.09, 12 = 0.94, P<0.001

Figure 4. Attributable risk of all-grade hyperglycemia. ClI: confidence interval. Attributable risk of all-grade hyperglycemia was calculated using random-effects models.
The attributable risk and 95% Cl for each trial and the final combined results are demonstrated numerically on the left and graphically as a forest plot on the right.
For individual trials: filled-in square, attributable risk; lines, 95% ClI; diamond plot, overall results of the included trials.

Table 1. Attributable risk of all-grade (top panel) and high-grade hyperglycemia by cancer type, dosing, and everolimus formulation.

All-grade hyperglycemia

High-grade hyperglycemia

Attributable risk, % (95% Cl) p-Value Attributable risk, % (95% Cl) p-Value
Cancer type <0.001 <0.001
Breast 3 (1.3-8.2) 1.2 (0.3-4.4)
RCC 272(222 32.8) 100(70 14.2)
HCC 9 (2.3-6.5) 0 (1.0-4.1)
NSCL 182(106 29.4) 07(0 10.8)
NET 9.4 (7.0-12.6) 4.0 (2.5-6.4)
Everolimus dosing 0.26 0.02
5.0 mg/day 4.8 (1.1-19.0) 0.6 (0.2-1.8)
7.5 mg/day 3.9 (2.3-6.5) 2.0 (1.0-4.1)
10.0 mg/day 9.1 (3.8-20.2) 5.8 (4.4-7.4)
Everolimus formulation 0.41 0.20
Single drug 10.3 (2.8-31.2) 42 (1.4-11.9)
Combination 56 (2.7-11.3) 1.7 (0.6-4.1)

HCC: hepatocellular carcinoma; NET: neuroendocrine tumor; NSCL: non-small cell lung cancer; RCC: renal cell carcinoma.

differences among the studies in terms of high-grade hyper-
glycemia (Q =48.72, 1’=0.84, p < 0.001).

Likewise, significant variation with tumor types was also
found with regards to high-grade hyperglycemia attributable
to everolimus treatment (p <0.001), as shown in Table 1.
While the attributable risk of high-grade hyperglycemia
due to everolimus was 1.2% (95% Cl 0.3-4.0%) in the BC
group, 0.7% (95% Cl<0.1%-10.8%) in the non-small cell
lung cancer group, 2.0% (95% Cl 1.0-4.1%) in the HCC group,
and 4.0% (95% Cl 2.5-6.4%) in the neuroendocrine tumor
group, the risk was 10.0% (95% Cl 7.0-14.2%) in the RCC
group.

Significant variation with different doses was found in the
risk of high-grade hyperglycemia (p=0.02) attributable to
everolimus. Suggestive of a dose-response relationship,
patients with doses of 5mg per day had a 0.6% (95% Cl
0.2-1.8%) risk of high-grade hyperglycemia compared to 2.0%
(95% Cl 1.0-4.1%) and 5.8% (95% Cl 4.4-7.4%) for the 7.5mg
per day and 10 mg per day everolimus groups, respectively.

No differences were found with regards to the attributable
risk of all-grade (p =0.41) and high-grade (p =0.20) hypergly-
cemia among studies that used everolimus in combination
therapy, as opposed to single agent therapy. Tests for publi-
cation bias regarding high-grade hyperglycemia were nega-
tive (Begg's test, two-tailed p=0.175).

Discussion

Our study has demonstrated that everolimus significantly
increased the overall risk of hyperglycemia in cancer patients.
We found that the risks of all- and high-grade hyperglycemia
increased in the everolimus treatment group in comparison
to the control group with relative risks of 2.60 (95% Cl
2.03-3.31) and 3.0 (95% Cl 1.72-5.23), respectively. More
importantly, we have shown that the risk of hyperglycemia
attributable to everolimus varied substantially by tumor types,
with the highest seen in RCC and the lowest seen in BC. In
particular, we observed heterogeneity in everolimus’
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attributable risk

Model Study name Outcome Event rate and 95% Cl
Event Lower Upper
rate limit limit Total
Huoaber et a 2013 high grade 0002 0000 0038 0/202
Andre et d 2014 high grade 0007 0002 0028 2/280
Besse et d 2013 high grade 0007 0000 0108 0/66
Baselgaet 4 2011 high grade 0008 0003 0021 4/43
Zhu et d 2014 high grade 0020 0010 0041 7/362
Yao et al 2011 high grade 0033 0016 0088 7/207
Pavel et a 2011 high grade 0046 0025 0084 10/215
Baselga et 2009 high grade 0051 0024 0103 7/137
Motzer et al 2008 high grade 0100 0070 0142 27/272 [ |
Random 0025 0012 0049 64/2223 ’
-1.00 0.50 0.00 0.50 1.00
Control Everolimus

Q=48.72, 12 = 0.84, P<0.001

Figure 5. Attributable risk of high-grade hyperglycemia. Cl: confidence interval. Attributable risk of high-grade hyperglycemia was calculated using random-effects
models. The attributable risk and 95% Cl for each trial and the final combined results are demonstrated numerically on the left and graphically as a forest plot on the
right. For individual trials: filled-in square, attributable risk; lines, 95% Cl; diamond plot, overall results of the included trials.

hyperglycemic effects such that RCC patients had much
higher attributable risks for both all-grade and high-grade
hyperglycemia than BC, HCC, and NET patients. To our know-
ledge, this is the first study to illustrate tumor-dependent het-
erogeneity in the relationship between everolimus and
hyperglycemia. This study will help us to identify cancer
patients at high risk for hyperglycemia while undergoing
everolimus therapy and provide a basis for close monitoring.
Optimal control of high blood sugar levels will reduce the
morbidity of hyperglycemia and reduce the interruption and
discontinuation of everolimus use associated with high-grade
hyperglycemia.

While the exact mechanism of everolimus-associated
hyperglycemia in cancer patients is not clear, our study’s find-
ing of a robust hyperglycemia-everolimus relationship is con-
sistent with previous literature showing that the activation of
the PI3K/AKT/mTOR pathway culminates in the inhibition of
gluconeogenesis by insulin [20]. A considerable body of
research has found that mTOR signaling pathways are upre-
gulated in cancer, contributing to a decrease in PI3K signaling
via the inactivation of insulin-response sequence proteins by
the mTOR target p70S6K [21,22]. It is likely that dysregulation
of insulin signaling thus contributes to hyperglycemia upon
patients’ receipt of everolimus.

Much recent progress has been made in elucidating the
molecular mechanisms underlying the everolimus and hyper-
glycemia relationship, and numerous theories have been pro-
posed to explain the everolimus-hyperglycemia association.
On one hand, studies have found that mTOR inhibitors, such
as everolimus, can suppress insulin output via AMP-activated
protein kinase (AMPK)/c-Jun N-terminal kinase (JNK)/FoxO sig-
naling [23]. Another body of research has found evidence of
mTOR inhibitors’ induction of peripheral insulin resistance,
suggesting that long-term exposure to rapamycin may cause

impairment of insulin-receptor substrate signaling [24]. Finally,
there has been considerable evidence indicating that mTOR
inhibitors may modulate the positive feedback of insulin-
stimulated insulin release [25].

Our study’s discovery of heterogeneity among tumor
types, culminating in higher hyperglycemia risk attributable
to everolimus among patients with RCC, constitutes a novel
and intriguing finding at the clinical level. While future stud-
ies should seek to clarify the role that dosing and treatment
duration may play in the relationship between hyperglycemia
risk and RCC, the dosing of everolimus provided to RCC
patients (10 mg per day) and duration of treatment (95 days)
in our study was consistent with that provided to patients
who had other tumor types. It is possible that destruction to
the kidney’s tubules and interstitium stemming from RCC
[26], may contribute to dysfunctional reabsorptive processes
and concomitant hyperglycemia. In addition, while the role
that the kidney plays in the excretion of everolimus is minor
[27], the majority of RCC patients in our study had undergone
nephrectomies [2], raising the possibility of impaired renal
elimination of everolimus. The mechanisms underlying the
unfavorable hyperglycemic outcomes seen in this study
remain unclear and undoubtedly necessitate further study.

In comparison to the worsened hyperglycemic outcomes
in patients with RCC, patients with BC and HCC tended to
have lower risks of hyperglycemia attributable to everoli-
mus. The finding of relatively low hyperglycemia among
patients with HCC is especially consistent with the past lit-
erature that has found a loss of liver cell mass from hep-
atic metastasis  compromising glucose production
(gluconeogenesis, glycogenolysis) and ultimately leading to
hypoglycemia [28].

Our study’s finding of increased high-grade hyperglycemia
among patients with RCC has significant implications for
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patients using everolimus. While there is limited research on
specific interventions to treat hyperglycemia among cancer
patients, patients using everolimus who experience grade 3
hyperglycemia have been advised to undergo a temporary
dose interruption, while those who experience grade 4 hyper-
glycemia have been recommended to discontinue everolimus
[29]. While patients receiving everolimus who experience low-
grade (grade 1 and 2) hyperglycemia may likely benefit from
interventions ranging from diet adjustment, physical exercise,
and medical therapies to counter high blood sugar, research
is needed to elucidate the efficacy of such interventions in
the cancer population.

Our study has several limitations. First, a limitation of our
study is that its finding of increased hyperglycemia among
patients with RCC is based on the results of one study that
had relatively high statistical power in our analysis (N=410)
[2], illustrating the need for more research to specifically
examine the relationship between RCC and hyperglycemia.
The cancer types examined were not equally represented,
contributing to larger sample sizes and greater statistical
power for some cancers relative to others. In addition, our
meta-analysis literature search was limited to studies that
had data comparing patients who received everolimus and
those who did not. Consequently, a number of studies exam-
ining astrocytomas and lung cancers—which did not have
hyperglycemia constitute a primary endpoint—were excluded
from the study, limiting our analysis’ generalizability. In
addition, because our meta-analysis provides a retrospective
examination of published prospective trials that did not
intend for hyperglycemia to be a primary endpoint, we
were not able to examine the role that tumor staging and
preexisting comorbidities that may confound the hypergly-
cemia-everolimus relationship; data on such preexisting
comorbidities and tumor staging were not published in the
original clinical trials. Future analyses should consider multi-
variate analyses in controlling for such mediating and
confounding variables in the everolimus-hyperglycemia
relationship.

In conclusion, we have demonstrated that everolimus sig-
nificantly increased the risk of hyperglycemia in cancer
patients. Suggestive that tumor type may be a risk factor for
hyperglycemia stemming from everolimus, our study finds
that the increased risk of both all- and high-grade hypergly-
cemia is much more evident in patients with RCC and several
other tumors. It is likely that patients of certain tumor types,
such as RCC, would benefit from close monitoring and
management of their hyperglycemia.
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