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ABSTRACT

Background: Insulin resistance is a critical cause of metabolic dysfunctions. Metabolic dysfunction is
common in patients with cancer and is associated with higher cancer recurrence rates and reduced
overall survival. Yet, insulin resistance is rarely considered in the clinic and thus it is uncertain how fre-
quently this condition occurs in patients with cancer.

Methods: To address this knowledge gap, we performed a systematic review and a meta-analysis
guided by the Preferred Items for Systematic Review and Meta-Analyses (PRISMA) statement. We
included studies assessing insulin resistance in patients with various cancer diagnoses, using the gold-
standard hyperinsulinemic-euglycemic clamp method. Studies eligible for inclusion were as follows: (1)
included cancer patients older than 18 years of age; (2) included an age-matched control group con-
sisting of individuals without cancer or other types of neoplasms; (3) measured insulin sensitivity using
the hyperinsulinemic—euglycemic clamp method. We searched the databases MEDLINE, Embase, and
Cochrane Central Register of Controlled Trials for articles published from database inception through
March 2023 with no language restriction, supplemented by backward and forward citation searching.
Bias was assessed using funnel plot.

Findings: Fifteen studies satisfied the criteria. The mean insulin-stimulated rate of glucose disposal
(Rd) was 7.5mg/kg/min in control subjects (n=154), and 4.7 mg/kg/min in patients with a cancer
diagnosis (n=187). Thus, the Rd mean difference was —2.61 mg/kg/min [95% confidence interval,
—3.04; —2.19], p<.01). Heterogeneity among the included studies was insignificant (p=.24).
Interpretation: These findings suggest that patients with a cancer diagnosis are markedly insulin
resistant. As metabolic dysfunction in patients with cancer associates with increased recurrence and
reduced overall survival, future studies should address if ameliorating insulin resistance in this popula-
tion can improve these outcomes thereby improving patient care.
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KEY POINTS

e Metabolic dysfunction increases cancer recurrence rates and reduces survival for patients with
cancer.

e Insulin resistance is a critical cause of metabolic dysfunctions.

e To date, no comprehensive compilation of research investigating insulin resistance in cancer
patients has been produced.

e In this meta-analysis, we found that patients with various cancers were markedly insulin-resistant.

Introduction cancer recurrence mortality rates [3,4]. Insulin resistance,
defined as reduced responsiveness to insulin, is a primary
driver of metabolic dysfunction in obesity and type 2 dia-
betes. In insulin-resistant states, more insulin is needed to
obtain a given physiological outcome, such as the lowering
of blood glucose. The resulting hyperinsulinemia can be det-

rimental to patients with cancer, as insulin is proposed to be

Metabolic dysfunction is a common condition in patients
with cancer. It represents a cluster of metabolic abnormalities
including obesity, hypertension, insulin resistance, and dysli-
pidemia. Epidemiological studies have confirmed an associ-
ation between metabolic dysfunction, including obesity, and

the risk of various cancers, encompassing colorectal, breast,
liver, pancreatic, ovarian, and endometrial cancer [1,2]. More
strikingly, once diagnosed with cancer, metabolic dysfunction
associates with poor cancer outcomes, such as increased

an oncogenic factor [5-7]. Potentially managing insulin resist-
ance could be a major leap forward in the treatment of
patients with cancer due to the prognostic impact of meta-
bolic dysfunctions associated with insulin resistance. Yet,
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there is limited evidence regarding whether insulin resistance
occurs in patients with cancer, and it is unknown if insulin
resistance could be a driver of cancer-associated metabolic
dysfunction.

The gold standard for assessing insulin sensitivity in
humans is the hyperinsulinemic-euglycemic clamp method
[8]. This method has been used to identify insulin resistance
in various metabolic conditions such as type 2 diabetes [8,9],
polycystic ovary syndrome [10], non-alcoholic fatty liver dis-
ease [11], and cardiovascular disease [12]. In addition, this
method has been used to assess insulin sensitivity in patients
with various cancers in prior studies. However, to our know-
ledge, no comprehensive collection of available data exists;
therefore, there is a lack of consensus about whether
patients with cancer suffer from insulin resistance. To address
this knowledge gap, the objective of the present investiga-
tion was to determine insulin resistance in patients with can-
cer. To achieve that, we undertook a systematic review and a
meta-analysis of studies assessing insulin sensitivity in
patients with cancer using the gold-standard hyperinsuline-
mic—euglycemic clamp method.

Methods

This systematic review and meta-analysis was guided by the
Preferred Items for Systematic Review and Meta-Analyses
(PRISMA) statement [13](see Appendix 1 for the PRISMA
checklist).

Search strategy

The databases MEDLINE (via Ovid), Embase (via Ovid), and
Cochrane Central Register of Controlled Trials (CENTRAL)
were searched from inception until 5 March 2023. The search
was developed around three concepts: (1) cancers in
humans, (2) hyperinsulinemic-euglycemic clamp method,
and (3) insulin sensitivity or resistance, using a combination
of subject terms from the available controlled vocabularies
(Medical Subject Headings and Emtree) as well as free-text
terms. No restrictions were applied to publication type or
language. The final search string was constructed for
MEDLINE and subsequently translated to Embase and
CENTRAL (see Appendix 2) by an information specialist
(O.N.). In addition, the reference lists of the included studies
were screened (backward citation) as well as studies citing
the included studies (forward citation) using the online tool
Citation Chaser [14].

Eligibility criteria

Studies eligible for inclusion were as follows: (1) included
cancer patients older than 18 years of age, (2) included an
age-matched control group consisting of individuals without
cancer or other types of neoplasms, and (3) measured insulin
sensitivity using the hyperinsulinemic—euglycemic clamp
method.

Studies were excluded if: (1) participants were taking anti-
diabetic medications within 24 h prior to the study inclusion
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or undergoing interventions or treatments that affect insulin
sensitivity; (2) participants were diagnosed with a confound-
ing medical condition, such as diabetes; (3) insulin sensitivity
data were not numerically provided, (4) studies were reusing
data from the same patient, or (5) study subjects were
animals.

Study selection

To determine the literature to be assessed further, three
authors (M.C., JM.M.P., and L.S) independently double-
screened the titles and abstracts of all identified records for
eligibility. Full-text reports of the remaining studies were
retrieved for double-screening by three authors (J.M.M.P.,
M.C., and L.S). Discrepancies were resolved through discus-
sions and consensus. The screening process was carried out
in EPPI-Reviewer Web [15].

Data extraction

A standardized form (initially piloted on 10 included studies)
was used for data extraction of characteristics of all included
studies. Three study authors (JM.M.P, S.H.R. and L.S)
extracted the following data from included studies: study
type, methods, participants, number of subjects, rate of glu-
cose disposal (Rd) numerical values (mg/kg/min), insulin
dose used, etc.

Risk of bias assessment

Two review authors independently assessed the quality of
the included studies using risk of bias assessment via the
Newcastle-Ottawa Scale. All eligible studies were included
regardless of quality and risk of bias. A funnel plot was used
to assess heterogeneity between the studies.

Data analysis

As the studies provided the means of continuous outcomes,
the mean difference (MD) in insulin sensitivity between can-
cer cases and controls were used as summary statistics.
Insulin sensitivity was reported as the Rd (mg/kg/min), which
is the rate of whole-body glucose disposal and reflects the
amount of exogenous glucose necessary to fully compensate
for hyperinsulinemia while maintaining euglycemia [16].
Under steady-state plasma glucose conditions, Rd matches
the amount of glucose metabolized. It was assumed that
hepatic glucose production is fully inhibited by the high-
physiological insulin concentrations obtained during the
clamp procedure, which was indeed confirmed in several
[17-22], of the included studies.

We used random effects models with inverse variance
weighting to pool the estimates from the different studies
since heterogeneity between the studies was anticipated.
The results of the two meta-analyses are presented as forest
plots. Analyses were conductedin R (4.1.1) using the meta
package (R Foundation for Statistical Computing, Vienna,
Austria).
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Results
Eligible studies

Our search yielded 304 records after the removal of 45 dupli-
cates Figure 1. After a screening of titles and abstracts, 50
records remained for full-text screening. One report was writ-
ten in a language (Japanese) that the authors do not under-
stand and was subsequently screened in full-text by a native-
speaking colleague. It was possible to retrieve all full-text
articles. Thirty-seven reports were excluded for not meeting
our eligibility criteria (see reasons for exclusion in Appendix
3). Additionally, two reports were identified through citation
searching. In total, 15 studies covering 20 cancer patient
cohorts reporting measures of insulin sensitivity using the
hyperinsulinemic—euglycemic clamp and the association with
cancer were included in the meta-analysis.

'
Records identified from
é MEDLINE: 283 Records removed before screening
8 Embase: 11 > Duplicate records removed: 45
:'é CENTRAL: 54 Records removed for other reasons: 0
3 Other sources: 1 (n = 45)
(n =349)
—
) l
Records screened Records excluded
(n=304) (n=254)
Reports sought for retrieval Reports not retrieved
(n=50) (n=0)
oo
(=
c
()]
<
A Reports excluded
Not using HI-EG clamp 4
- No control group: 7
Reports assessed for eligibility N Confounding medical condition: 3
(n = 50) Benign cancer: 15
No numerical insulin sensitivity data: 5
Overlapping subjects: 3
(n=37)
—
'
Reports included from citation search
Studies included in review Backward citation: 362
B (n=15) Forward citation: 496
i §——— Duplicates: -37
E Reports of included studies Reports screened: 821
(n=15) Reports excluded: -819
(n=2)
—

Figure 1. Flow diagram of study selection.

Study characteristics

Figure 1 summarizes the main characteristics of the included
studies. Of the 15 studies included (n = 187 cancer patients,
154 controls), one cohort included pancreatic cancer
[19], two cohorts included stomach cancer [28,30], two
cohorts included various gastrointestinal cancers [23,29],
three cohorts included colorectal cancer [24,28,30], one
cohort included thyroid cancer [25], three cohorts included
lung cancer [22,28,30], two cohorts included head and neck
cancer [17,21], and one cohort included lymphoma [20]. For
five studies, various cancer sites were mixed [26-28,31,32].
For two studies of the last category [28,30], data were pro-
vided separately for each cancer site and therefore were
included in the analysis treated as separate cohorts. Thus, 15
studies with 20 different patient cohorts were included in

n =
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Table 1. Basic characteristics of the included studies.
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First author Control, Control, Patient, Patient,
(reference) Year Country Cancer site n (M/F) age, mean (SD) n (M/F) age, mean (SD) Insulin dose
Byerley 1991 USA Head and neck 10 (10/0) 57 (£2) 6 (6/0) 62 (£5) 0.9 mU/kg/min
et al. [17]
Cersosimo 1991 USA Pancreatic 6 (3/3) 57 (£3) 6 (3/3) 62 (£5) 1 mU/kg/min
et al. [19]
Cersosimo 1991 USA Gastrointestinal (3 pancreatic, 5 (NS) 48 (+6) 5(3/2) 52 (£5) 1 mU/kg/min
et al. [23] 1 stomach,
1 esophageal)
Copeland 1987 UK Colorectal 5 (NS) 68 (+6) 5 (NS) 68 (+5) 40 mU/m%/min
et al. [24]
de Melo 2018  Brazil Thyroid 20 (0/20) 30.8 (+8.5) 20 (0/20) 36.8 (+10.2) 40 mU/m*/min
et al. [25]
Dodesini 2007  ltaly Mixed (2 lung, 1 stomach, 10 (7/3) 55 (+8) 5(3/2) 61 (£17) 1 mU/kg/min
et al. [26] 2 ovary)®
Heslin 1992 USA Mixed (5 lung, 3 stomach, 10 (5/5) 53 (£3) 16 (11/5) 58 (£3) 1 mU/kg/min
et al. [27] 3 esophageal, 2 pancreatic,
1
stomach, 2 colon)®
Makino 1998  Japan Mixed (1 6 (2/4) 57 (NS) 23 (15/8) 62 (£1.7) 40 mU/m?/min
et al. [28] esophageal, 12 stomach, 4
colon,
6 lung)®
McCall 1992  Australia  Gastrointestinal (9 colorectal, 1 10 (6/4) 60 (£3.8) 11 (6/5) 67 (£3.1) 20 mU/m*/min
et al. [29] pancreatic, 1 stomach)
Minn et al. [20] 1994  Finland Lymphoma 6 (6/0) 29 (+2) 6 (5/1) 61 (+5) 1 mU/kg/min
Tayek [21] 1995 USA Head and neck 8 (8/0) 52 (£2) 7 (6/1) 59 (+2) 1 mU/kg/min
Winter 2012 Canada Lung 10 (NS) 63 (£2) 10 (NS) 66 (+2) 1.34 mU/kgLBM/min
et al. [22]
Yoshikawa 2001  Japan Mixed (17 stomach, 7 6 (NS) (NS) 32 (NS) (NS) 40 mU/m?/min
et al. [30] colorectal, 8 lung)®
Yoshikawa 1999  Japan Mixed (10 stomach, 5 lung, 3 5(3/2) 51.8 (£13.8) 19 (16/3) 59.4 (£8) 40 mU/m?/min
et al. [31] colorectal, 1 esophageal)
Yoshikawa 1994  Japan Mixed (6 stomach, 3 breast, 3 3 (NS) 50 (+9) 17 (NS) 58 (+9) 40 mU/m%/min
et al. [32] lung, 2 colorectal, 1

esophageal, 1 liver, 1
thyroid)

M/F: male/female; SD: standard deviation; NS: not stated; LBM: lean body mass.

Studies in which data were provided separately for each cancer site.

PThe study where data were separated into weight-maintaining and weight-losing patients.

the analysis. The insulin doses used in the included studies
ranged from 0.9 mU/kg/min to 1.34 mU/kg LBM/min, and
from 20 mU/m?/min to 40 mU/m?*/min and resulted in insu-
lin concentrations within the high physiological range (Table
1). When glucose disposal measurements at different concen-
trations of insulin were reported, only values at an insulin
dose of 1 mU/kg/min were included.

The sample size in each cohort ranged from 4 to 20
patients. Cancer cases were identified by histopathology or
cytology in two of the studies, whereas no information
regarding this was provided in the remaining 13 studies.

Quality assessment and publication bias

The results of the quality and risk of bias assessment of the
included studies using the Newcastle-Ottawa Scale are
shown in Appendix 4. The funnel plot did not suggest the
presence of publication bias (Supplementary Figure 1) since
it was reasonably symmetric. We observed insignificant het-
erogeneity between the studies (P =17%, t°=0.2498,
p = .24) [33,34].

Meta-analyses

The mean insulin-stimulated glucose disposal was
7.5 mg/kg/min in control subjects and 4.7 mg/kg/min in
patients with a cancer diagnosis when exposed to the same
insulin rate. Glucose disposal (n = 347) was significantly
lower in patients with cancer than control subjects without
cancer (MD —2.61 mg/kg/min [95% confidence interval (Cl),
—3.07; —2.13], p < .01; Figure 2).

Discussion

Our meta-analysis demonstrated marked insulin resistance in
patients with cancer. This observation has an important
impact because insulin resistance could be a primary driver
of cancer-associated metabolic dysfunction, which in turn
elevates the risk of cancer recurrence and risk of cancer
death. To our knowledge, this is the first systematic review
and meta-analysis to assess insulin resistance in patients with
cancer. Thus, by compiling data obtained using the gold-
standard hyperinsulinemic—euglycemic clamp to assess insu-
lin sensitivity, we identified insulin resistance in patients with
cancer. The mean insulin-stimulated glucose disposal was
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7.5 mg/kg/min in control subjects, whereas glucose disposal
was 4.7 mg/kg/min in patients with a cancer diagnosis at the
same insulin infusion rate. Thus, on average, glucose disposal
was 2.61 mg/kg/min lower in patients with cancer compared
to control subjects. Remarkably, the mean level of insulin
resistance in patients with cancer was similar to or even
higher than insulin-resistant patients diagnosed with type 2
diabetes [8].

Insulin resistance increases the risk of developing type 2
diabetes [9] because insulin is the major hormone respon-
sible for maintaining glycemic control by increasing glucose
uptake into peripheral tissues while inhibiting hepatic glu-
cose production [35]. Thus, our results are in line with recent
epidemiological data showing that patients with a cancer
diagnosis have an increased risk of developing new-onset
diabetes [36,37]. Our data corroborate the growing evidence
that impaired glucose homeostasis is a hitherto overlooked
co-morbidity in patients with cancer. The importance of
addressing insulin resistance, which is the leading cause of
hyperinsulinemia, is illustrated in a recent 28-year follow-up
study, showing that a high daily insulin dose in patients with
type 1 diabetes is associated with a fourfold increased risk of
developing cancer compared to patients on a low daily insu-
lin dose [6]. This is perhaps why type 2 diabetes [36] and
metabolic dysfunction are proven negative prognostic factors
for outcomes including survival in various types of cancers
[3,4,38]. Insulin resistance is a well-recognized contributing
factor to the development of many diseases/conditions
including type 2 diabetes [9], dyslipidemia [39], cardio-vascu-
lar disease [40], cancer-associated muscle wasting (cachexia)
[41], and sarcopenia [42]. Our present study emphasizes the
need for a better understanding of how cancer and insulin
resistance are intertwined, and to what degree insulin

resistance contributes to metabolic dysfunction in patients
with cancer.

The mechanisms underlying insulin resistance in patients
with cancer could be due to the direct effects of cancer per
se, the oncological treatment, and co-occurring risk factors.
Tumors might directly influence the host metabolism, as
they are known to secrete various factors, including tumor
necrosis factor alpha, interleukin 6, activin A, and HIF-1,
which have all been implicated in metabolic regulation
and/or insulin resistance [41,43]. Furthermore, cancer causes
metabolic rewiring of fatty acid metabolism, which also con-
tributes to the development of insulin resistance in preclin-
ical models of cancer [44,45]. These direct cancer effects
might contribute to the insulin resistance observed in the
studies included in the current systemic review and meta-
analysis.

Moreover, treatment with chemotherapy agents may
induce insulin resistance [46], and anti-estrogen treatment,
mTOR-inhibitors, 5-fluorouracil, and L-asparaginase may cause
hyperglycemia [47]. Patients with cancer are often treated
with glucocorticoids to alleviate side effects of chemother-
apy, such as emesis, anorexia, or as pain management or to
treat cerebral edema [48]. Glucocorticoids are known to
result in hyperglycemia in at least 30% of patients with can-
cer receiving >100 mg prednisolone/day for 12 days [49].
Unfortunately, the papers included in our study offered lim-
ited information regarding treatment with chemotherapy
and glucocorticoids and, therefore, we cannot shed light on
whether these treatments may have contributed to the
development of insulin resistance.

Finally, insulin resistance in patients with cancer could be
due to common risk factors for cancer and insulin resistance,
such as obesity, physical inactivity, unbalanced diet, smoking,

Cancer Control

Study Total Mean SD Total Mean SD Mean Mean 95%-Cl  Weight

N Rd N difference difference
Dodesini et. al. (2007) Various 5 3.28 1.50 10 7.01 1.04 —&— -3.73  [-5.19; -2.27] 5.8%
Yoshikawa et. al. (1994) Various 17 450 5.44 3 811 097 —— -3.61 [-6.42; —-0.80] 2.0%
Yoshikawa et. al. (1999) Various 19 530 7.41 5 770 313 ——+—F— -2.40 [-6.72; 1.92] 0.9%
Heslin et. al. (WL) (1993) Various 8 3.66 0.30 10 5.87 1.90 —— -2.21 [-3.41; -1.01] 7.5%
Heslin et. al. (1992) Various 8 391 1.70 10 5.87 1.90 — -1.96 [-3.63;-0.29] 4.8%
De Melo et. al. (2018) Thyroid 20 4.20 1.56 20 580 1.70 ‘e -1.60 [-2.61;-0.59] 9.0%
Yoshikawa et. al. (2001) Stomach 17 560 6.97 6 833 1.74 ——— -2.73 [-6.32; 0.86] 1.3%
Makino et. al. (1998) Stomach 12 6.10 1.38 6 823 0.79 - -2.13  [-3.13;-1.13] 9.1%
Cersosimo et. al. (1991) Pancreas 6 550 0.73 6 8.80 1.96 —8— -3.30 [-4.97; -1.63] 4.8%
Minn et. al. (1994) Lymphoma 6 3.06 1.32 6 6.84 1.88 -3.78 [-5.61;-1.95] 4.2%
Yoshikawa et. al. (2001) Lung 8 438 3.96 6 833 174 ———— -3.95 [-7.03;-0.87] 1.7%
Winter et. al. (2012) Lung 10 6.33 1.55 10 9.99 240 ——— -3.66 [-5.43;,-1.89] 4.4%
Makino et. al. (1998) Lung 6 4.87 1.27 6 823 0.79 —=- -3.36  [-4.56; -2.16] 7.5%
Tayek et. al. (1995) Head and Neck 7 524 112 8 7.07 214 — -1.84 [-3.54;-0.13] 4.7%
Byerley et. al. (1991) Head and Neck 6 6.00 294 10 7.50 1.90 — 1 -1.50 [-4.13; 1.13] 2.3%
Cersosimo et. al. (1991) Gastrointestinal 5 5.30 0.67 5 870 1.79 — -340 [-5.07;-1.73] 4.8%
McCall et. al. (1992) Gastrointestinal 11 2.80 0.66 10 4.30 1.27 - -1.50 [-2.38;-0.62] 10.4%
Copeland et. al. (1987) Colorectal 5 3.02 0.90 5 5.87 0.60 - -2.84  [-3.79; -1.90] 9.7%
Yoshikawa et. al. (2001) Colon 7 4384 442 6 833 1.74 -3.49 [-7.05; 0.07] 1.3%
Makino et. al. (1998) Colon 4 527 184 6 823 0.79 -2.96 [-4.87;-1.05] 3.9%

187 154 < -2.61 [-3.04; -2.19] 100.0%

Random effects model
Heterogeneity: 12 = 17%, 12 = 0.2498, p = 0.24

[ T T T T T 1

-6 4 -2 0 2 4 6

Figure 2. Forest plot for the studies assessing the Rd (rate of disposal; mg/kg/min) during an hyperinsulinemic—euglycemic clamp. Mean difference (MD), standard

deviation (SD), and confidence interval (Cl).



and excess alcohol consumption. If obesity was driving the
insulin resistance in patients diagnosed with cancer, we
would expect insulin resistance to be particularly pro-
nounced for obesity-related cancers, such as colorectal,
breast, uterus, ovary, and kidney cancer [50].

Our study highlights an important aspect regarding insu-
lin resistance in patients with cancer that warrants further
investigation. Potentially managing insulin resistance could
be a major leap forward in the treatment of patients with
cancer due to the prognostic impact of metabolic dysfunc-
tions associated with insulin resistance [3,4,38]. Yet, assessing
insulin resistance is challenging in the clinic. Still, some sim-
ple methods, from which insulin resistance indices can be
derived, have been validated, e.g.,, homeostasis model assess-
ment (HOMA), quantitative insulin sensitivity check index
(QUICKI), and Matsuda that could be used in the clinic to
inform oncologists. Since the risk of cancer recurrence and
new-onset cancers are also increased in patients with meta-
bolic dysfunction [3,4], managing insulin resistance could
also be advantageous for cancer patients following
treatment.

The significance of insulin resistance in cancer patients
may have been overlooked in the past, particularly in rela-
tion to the management of the disease. A safe non-pharma-
cological intervention may already exist in the form of
exercise [51], which is a well-described intervention to pre-
vent insulin resistance [52]. Concurrently, while the efficacy
of exercise still needs to be investigated across different can-
cer diagnoses, multiple international organizations have
already implemented recommendations regarding exercise
interventions during and after cancer treatment [53].

Limitations of the present study include the low number
of subjects in the studies that met the inclusion criteria.
Moreover, some heterogeneity was observed between the
study populations and patients within the studies. The major
contributors to this heterogeneity include various treatment
regimens, doses, and durations. Unfortunately, the potential
use of glucocorticoids, the use and/or type and duration of
chemotherapy, or when during the cancer treatment the
hyperinsulinemic-euglycemic clamp was performed, was not
reported in the majority of the included studies. It should
also be considered that the majority of included studies ori-
ginated from Western countries, and extrapolation of our
results to other populations warrants further investigation.
Moreover, our study also did not identify the underlying
cause of insulin resistance in patients with cancer, which is
an area ripe for further investigation. A critical factor for insu-
lin resistance is low activity levels and low fitness level [54].
Patients with cancer are typically 30% less physically active
than the general population [55], which could partially
explain the observed insulin resistance as physical activity
levels were not controlled in the included studies.

Experimentally, insulin increases glucose disposal in a
dose-dependent manner. Thus, glucose disposal depends on
the amount of circulating insulin, which in turn depends on
the infusion dose and hepatic clearance of insulin. The insu-
lin dose used in the included studies was similar between
studies, resulting in plasma insulin concentrations within the
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high physiological range. However, two of the studies found
elevated insulin clearance in patients with lymphoma [20]
and head/neck cancer [17], resulting in lower circulating
insulin levels in patients with cancer. Another experimental
limitation is that during the hyperinsulinemic-euglycemic
clamp, it was assumed that hepatic glucose production was
fully suppressed. However, insulin suppression of hepatic glu-
cose production was confirmed only in some of the included
studies [17-22]. These limitations of this study should be
considered when interpreting these results. Despite these
limitations, our study shows that patients with a cancer diag-
nosis are highly insulin resistant. Projecting forward, an
important extension of this work will be to determine the
underlying biological mechanisms and establish whether
ameliorating insulin resistance in this population improves
patient outcomes.

Conclusion

Our data revealed severe insulin resistance in patients with
cancer compared with healthy control subjects. To our know-
ledge, this is the first systematic review and meta-analysis to
assess insulin resistance, measured using the gold standard
hyperinsulinemic-euglycemic clamp in patients with cancer.
Future work is needed to identify the underlying factors and
establish whether managing insulin resistance will lower
morbidity and reduce mortality in cancer survivors.
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