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Cancer survivors are at increased risk of type 2 diabetes, which usually develops from

obesity and insulin resistance. Whether diabetes susceptibility is due to shared risk factors

for cancer and insulin resistance or directly related to cancer and its treatment is unknown.

We investigated effect modification between malignancy and body mass index (BMI) as

determinants of insulin sensitivity in patients with hematologic malignancies and controls

without cancer. In a cross-sectional study of 43 individuals without diabetes (20 patients

with treated hematologic malignancies; 23 controls without malignancies), we measured

insulin-stimulated whole-body glucose use (M) by hyperinsulinemic euglycemic clamp.

Insulin sensitivity index (ISI) was calculated by dividing M over steady-state plasma insulin.

Inflammatory cytokines were measured in plasma. Controls were more obese and included

more non-White individuals and women vs patients with hematologic malignancies. Patients

with cancer exhibited greater insulin sensitivity (median ISI, 42.4 mg/kg/min/[mU/mL];

interquartile range [IQR], 33.9-67.2 vs 23.4 mg/kg/min/[mU/mL]; IQR, 12.9-29.2; P , .001) and

higher interleukin-6 (IL-6) and monocyte chemoattractant protein-1 (MCP-1) concentrations

vs controls. Patients with cancer demonstrated greater reduction in ISI with increasing BMI

vs controls, which remained significant after adjustment for sex and race (b 5 22.6 units;

95% confidence interval, 24.8 to 20.4; P interaction 5 .024). This interaction also remained

significant after adjusting for log IL-6 (P interaction 5 .048) and log MCP-1 (P interaction 5

.021). Cancer survivors had disproportionately greater insulin resistance with increasing

BMI vs controls without malignancies. Effect modification between cancer and BMI in

determining insulin sensitivity implicated cancer-specific etiologies in glucose dysregulation

and could partially explain excess diabetes diagnoses among oncology patients.

Introduction

Advances in cancer detection and treatment have led to unprecedented improvements in survival, resulting
in later development of nononcologic chronic diseases in these survivors. The number of cancer survivors in
the United States is projected to exceed .20 million by the latter half of this decade, including �1.5 million
individuals with either leukemia or lymphoma.1 With oncology patients living longer, greater emphasis is now
being placed on decreasing complications, reducing treatment-related morbidity, and improving the quality
of life of patients with cancer.
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Key Points

� Cancer survivors have
disproportionately
greater insulin
resistance with
increasing BMI
compared with
controls without
malignancies.

� Our findings indicate
that interventions
targeting obesity will
be needed to prevent
the sequelae of insulin
resistance in cancer
survivors.
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Type 2 diabetes is a significant complication for cancer survivors,
including patients with hematologic malignancies.2,3 Diabetes is a
major risk factor for cardiovascular disease,4 which is the leading
cause of noncancer mortality in patients with cancer.5

Previous studies reported evidence linking cancer survivorship with
diabetes,2,3 but the mechanistic insights to support these findings
remain elusive. It is unknown whether diabetes susceptibility in the
setting of malignancy is due to shared risk factors for cancer and dia-
betes, such as obesity, or directly related to cancer and its treatment.

Type 2 diabetes is an inflammatory disease6,7 characterized by
hyperglycemia and defects in insulin action and secretion.8 Usually,
type 2 diabetes develops from established insulin resistance, which
can be detected with an oral glucose tolerance test (OGTT) or
directly measured via the gold-standard hyperinsulinemic euglycemic
clamp.9 Obesity is of particular interest because it is a major risk
factor for both cancer development10 and insulin resistance, the pre-
decessor to diabetes.11 Adipose tissue deposition and dysfunction
leading to the release of various adipokines, growth factors, and
inflammatory cytokines have been proposed as shared but indirect
mechanisms for the development of both cancer and diabetes.12

Alternatively, cancer-specific factors could be the culprit for diabetes
genesis after malignancy diagnosis. Medication or radiation used in
oncology care can impair glucose tolerance by increasing insulin
resistance, promoting hepatic glucose production, or decreasing
insulin synthesis and secretion. Thus, therapeutics could directly con-
tribute to diabetes conversion in cancer survivors.13,14 Furthermore,
by impairing the action of insulin, inflammatory cytokines from the
tumor can induce insulin resistance independently of adiposity-
related mechanisms.15 Accordingly, acquired mutations in DNMT3A,
TET2, and ASXL1, which are observed in clonal hematopoiesis and
myeloid neoplasms, have been shown to increase the risk of athero-
sclerosis and cardiovascular disease through inflammatory path-
ways.16,17 Recurrent somatic mutations found in both hematologic
diseases and the sequelae of insulin resistance are further evidence
supporting a direct biologic link between malignancy and diabetes.

Given the excess risk of diabetes in oncology patients and the possi-
ble synergistic effects of malignancy and obesity, we hypothesized
that patients with cancer would exhibit greater resistance to insulin
with increasing body mass index (BMI) compared with controls
without cancer. To test this hypothesis, we investigated the effect
modification between cancer status and BMI as determinants of
whole-body insulin sensitivity measured by hyperinsulinemic euglye-
mic clamp in individuals without diabetes who either had treated
hematological malignancies or were controls without cancer. To elu-
cidate the potential mechanism for this effect of malignancy, we also
tested the hypothesis that chronic underlying inflammation in patients
with cancer would lead to impaired insulin sensitivity. We focused
on hematologic malignancies because their genetic landscape could
contribute to insulin resistance, and their treatment often incorpo-
rates agents known to disturb glucose homeostasis.

Methods

Design and study sample

This study was a cross-sectional investigation that included 43 par-
ticipants without diabetes recruited at Vanderbilt University Medical
Center (20 patients with hematologic malignancies and 23 controls

without a history of cancer). Patients with treated hematologic malig-
nancies (age 18-70 years) were recruited to the study while under-
going evaluation for first allogeneic hematopoietic cell transplant
(HCT; registered at www.clinicaltrials.gov as #NCT02240381).
Metabolic testing was completed before conditioning and transplan-
tation. Controls (age 21-60 years) were obese but otherwise healthy
and without a history of cancer; they were recruited using a volun-
teer registry and study advertisements. Control participants under-
went hyperinsulinemic clamp studies conducted under standardized
basal conditions (#NCT03486223). Individuals with major cardio-
vascular, pulmonary, hepatic, renal, neurologic, or psychiatric disor-
ders were omitted from the investigation. In both groups, pregnant
or breastfeeding women and those with a history of diabetes, diabe-
tes therapy within 6 months of enrollment, fasting blood glucose
$126 mg/dL at screening, or 2-hour postprandial blood glucose
$200 mg/dL during the OGTT were excluded. For patients with
hematologic malignancies, HbA1c was not used as a screening
mechanism because of blood transfusion requirements. The study
was approved by the institutional review board of the Vanderbilt Uni-
versity Medical Center, and informed consent was obtained from all
participants. The study activities were performed in accordance with
the Declaration of Helsinki.

Study procedures

All participants completed an OGTT and hyperinsulinemic euglyce-
mic clamp at the Vanderbilt Clinical Research Center on separate
days. No individuals were receiving corticosteroids or chemotherapy
at the time of metabolic assessment.

OGTT. Each participant underwent a standard 75-g OGTT after
an 8-hour overnight fast. Plasma samples were analyzed for glucose
and insulin at time 0 and 120 minutes. OGTT results were catego-
rized using standard definitions as either normal (,100 mg/dL),
impaired (100-125 mg/dL), or diabetic ($126 mg/dL) for fasting
glucose levels and either normal (,140 mg/dL), impaired (140-199
mg/dL), or diabetic ($200 mg/dL) for 2-hour postprandial glucose
values.18 Individuals with fasting plasma glucose $126 mg/dL or
2-hour postprandial glucose $200 mg/dL were considered to have
established diabetes and were excluded from analysis.

Homeostasis Model Assessment. Homeostasis Model Asses-
sments of insulin sensitivity (HOMA2-S) and b-cell function
(HOMA2-B) were calculated using fasting plasma insulin and glu-
cose levels during the OGTT to generate noninvasive estimations
(HOMA2 calculator, https://www.dtu.ox.ac.uk/homacalculator/).

Hyperinsulinemic euglycemic clamp. Whole-body glucose
use was assessed in study participants after an 8-hour overnight
fast using the glucose clamp technique originally described by
DeFronzo et al.9 During the high-dose insulin phase, a primed con-
tinuous infusion of insulin (80 mU/m2/min) was administered for
2 hours to achieve hyperinsulinemia to suppress hepatic glucose
production and increase glucose uptake by skeletal muscle. Plasma
glucose was measured every 5 minutes, and an IV infusion of 20%
dextrose was adjusted to maintain plasma glucose at 95 mg/dL
(considered euglycemia).9,19 The M value was calculated as the
amount of glucose in milligrams infused per kilogram body weight
per minute (M 5 [dextrose infusion rate at steady state in mL/hour 3
181.9 mg/mL]/[body weight in kg] 3 60 minutes/hour). The M value
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provides a measure of the action of insulin, because the greater the
insulin sensitivity, the more dextrose required to maintain euglycemia.

Calculating insulin sensitivity. Whole-body glucose use was
expressed as the steady-state glucose infusion rate (M) during the
last 30 minutes of the procedure. Because steady-state kinetics are
in effect, glucose disposal equals the glucose infusion rate (M). The
insulin sensitivity index (ISI) during the final 30 minutes of the clamp
was calculated as follows: ISI 5 M/I, where M is the glucose dis-
posal rate (mg/kg/min), and I is the average plasma insulin level
(mU/mL). Increasing M and M/I values indicate greater insulin
sensitivity.

Calculating insulin clearance. Insulin clearance is an impor-
tant regulator of the action of insulin, because it determines the
availability of the hormone along with secretion. Insulin is cleared pri-
marily by the liver, followed by kidneys and skeletal muscle. To
determine if insulin metabolism differed between the groups, insulin
clearance during the clamp was calculated by the following formula:
insulin clearance 5 insulin infusion rate/average insulin concentra-
tion during the last 30 minutes of the procedure.

Clamp and OGTT sample analysis. Plasma glucose was
measured by the glucose oxidase method. Plasma insulin was uni-
formly analyzed via radioimmunoassay (Millipore) by the Vanderbilt
Assay and Analytical Services Core.

Cytokine measurements. Fasting blood samples were col-
lected in EDTA tubes, and plasma was stored at 280�C after cen-
trifugation. Inflammatory cytokines and proteins involved with
glucose metabolism and insulin resistance were selected for analy-
sis.20-22 Interleukin-6 (IL-6), IL-1a, tumor necrosis factor-a (TNF-a),
monocyte chemoattractant protein-1 (MCP-1), and IL-1 receptor
antagonist concentrations were measured in the plasma using the
sandwich immunoassay from the Meso Scale Discovery U-PLEX
Biomarker Group 1 Human Kit (catalog #K15067L-1; Meso Scale
Diagnostics, Rockville, MD). Experiments were conducted according
to manufacturer instructions in duplicate on each 96-well plate.

Statistical analysis

Descriptive statistics included medians and interquartile ranges
(IQRs) for continuous variables and frequencies (percentages) for
categorical variables. The primary outcome measured was ISI.
Skewed variables (plasma cytokine concentrations) were log trans-
formed to improve normality in the residuals. The differences between
the study groups were assessed by Wilcoxon rank-sum test for con-
tinuous variables and x2 test for categorical variables. A univariable
linear regression model was generated to test the effect of either
BMI or malignancy on the following outcome variables: whole-body
glucose use (M), insulin sensitivity (ISI), and insulin clearance. A multi-
variable linear regression model was fit with ISI as the dependent var-
iable. Independent variables included malignancy, BMI, and a
malignancy 3 BMI interaction term. The interaction was also
assessed with adjustment for race, sex, and inflammatory markers,
because these variables differed between the cancer and control
groups and can also affect insulin sensitivity. The univariable and mul-
tivariable analyses were repeated for M and insulin clearance as
dependent variables. A 2-sided P value ,.05 was considered signifi-
cant. All analyses were performed using Stata/IC 16.0.

Results

Study population

OGTT and hyperinsulinemic euglycemic clamp were performed in 23
healthy controls and 20 patients with cancer at various time points
after hematologic malignancy diagnosis and treatment but before
conditioning and allogeneic HCT. No individuals had preexisting dia-
betes, and all oncology patients had received conventional treatment
before metabolic testing. The demographic and clinical characteris-
tics of the 43 study participants are presented in Table 1. The median
age was 52 years (IQR, 34-56), 47% were men, and 35% were non-
White. Compared with controls, patients with cancer were more likely
to be men and White, whereas controls had a higher BMI than indi-
viduals with malignancies.

In the oncology cohort, myelodysplastic syndrome/acute myeloid
leukemia and non-Hodgkin lymphoma (NHL) were the most frequent
diagnoses (Table 1). All patients received conventional systemic
chemotherapy, except for 3 individuals (15%). The majority of this
treatment was antileukemic induction/consolidation or intensive che-
moimmunotherapy for relapsed lymphoma. In addition, oral tyrosine
kinase inhibitors were used in 6 patients (30%), and they were the
only therapy for the 3 people who did not receive traditional cyto-
toxic chemotherapy for chronic myelogenous leukemia or myelopro-
liferative neoplasm. During the course of their disease, 8 patients
(40%) were treated with pulsed corticosteroids for cancer, and only
4 individuals (20%) received radiotherapy (noncranial). One person
with NHL underwent autologous HCT 5 years before OGTT and
clamp. No patients had undergone allogeneic HCT. The median
number of systemic therapies was 2 (IQR, 1-3), and the median
time from cancer diagnosis to metabolic testing was 9.5 months
(IQR, 5.5-42.3). At the time of study entry, all oncology patients had
completed treatment, 11 (55%) were in remission, and 4 (20%)
were cancer survivors for .5 years (Table 1). Of the 5-year cancer
survivors, all 4 patients had received treatment for NHL, with initial
remission ranging from 2 to 4 years followed by relapse of the origi-
nal hematopoietic neoplasm, additional chemotherapy, and eventual
referral for allogeneic HCT.

OGTT results

The median time from chemotherapy completion to metabolic assess-
ment was 2 months (IQR, 1-3). No study participants were receiving
corticosteroids or cancer treatment while undergoing OGTT or hyper-
insulinemic euglycemic clamp. During OGTT, prediabetes, defined as
either fasting plasma glucose from 100 to 125 mg/dL or 2-hour post-
prandial plasma glucose from 140 to 199 mg/dL, was identified in 15
controls (65%) and 9 patients with cancer (45%; P 5 .183). Specifi-
cally, 5 patients with cancer (25%) and 10 controls (43%) had
impaired fasting glucose, and 7 patients with cancer (35%) and 8 con-
trols (35%) exhibited impaired glucose tolerance. When analyzed as
either a continuous or categorical variable (normal vs impaired), neither
fasting nor postprandial glucose values could discriminate between
the oncology cohort and participants without cancer (Table 2). Simi-
larly, calculated indices for insulin sensitivity (HOMA2-S) and b-cell
function (HOMA2-B) were not different between cases and controls
(Table 2).

Relationship between malignancy, BMI, and ISI

We directly measured whole-body glucose use (M) and insulin sen-
sitivity (ISI) by hyperinsulinemic euglycemic clamp. During clamp,
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patients with cancer and controls exhibited similar insulin-stimulated
glucose use (M) (Table 2; Figure 1). However, ISI was significantly
greater in the oncology cohort compared with participants without
cancer (Table 2; Figure 1).

To test the hypothesis that patients with cancer would exhibit greater
insulin resistance with increasing obesity, BMI was plotted against
either M or M/I, stratified by history of malignancy. Figure 1C-D shows
the differential slopes for the linear relationship between BMI and M
and M/I, respectively. The effect of BMI on M and ISI was greater
among patients with cancer (b 5 20.30 units; 95% confidence inter-
val [CI], 20.60 to 20.01; P interaction 5 .042 and b 5 22.6 units;
95% CI, 24.8 to 20.4; P interaction 5 .024, respectively). As BMI
increased, insulin sensitivity seemed to decrease at an accelerated
rate for oncology patients compared with individuals without cancer.

Initial assessment with univariable linear regression showed that
increasing BMI and history of cancer were associated with lower and
higher ISI, respectively (Table 3). After adjustment for sex, race,
and BMI, patients with cancer continued to demonstrate increased ISI
(b 5 104 units; 95% CI, 26.7-181.2; P 5 .010), and they showed
greater reduction in ISI compared with controls with increasing BMI

(b 5 22.6 units; 95% CI, 24.8 to 20.44.6; P interaction 5 0.024;
Table 3). The sequentially adjusted models with either M or ISI as a
dependent variable are presented in supplemental Table 1.

Unfortunately, the contribution of lean muscle to fat cannot be deter-
mined in the calculation of BMI. To account for this potential prob-
lem, we repeated our analysis using waist/hip ratio, which might be
a better measure of central obesity.23,24 Waist/hip ratio was calcu-
lated by dividing waist circumference by hip circumference. All waist
and hip measurements were obtained uniformly by trained staff at
the Vanderbilt Clinical Research Center. After controlling for sex,
race, and waist/hip ratio, patients with cancer still exhibited
increased ISI (b 5 238.7 units; 95% CI, 95.8-471.7; P 5 .004),
and they showed greater reduction in ISI compared with controls
with increasing waist/hip ratio (b 5 2273 units; 95% CI, 2475.2
to 270.9; P interaction 5 .010; supplemental Table 2). Thus, the
malignancy interaction effect remained significant when analyzed
using 2 different anthropometric indices. The sequentially adjusted
models incorporating waist/hip ratio instead of BMI as a covariable
with either M or ISI as a dependent variable are outlined in supple-
mental Table 2.

Table 1. Demographic and clinical characteristics of oncology patients and controls

All

(N 5 43)

Patients with malignancies

(n 5 20)

Controls

(n 5 23)

Age, y 52 (34-56) 56 (40-60) 49 (34-54)

Male sex 20 (47) 15 (75) 5 (22)

Non-White race 15 (35) 3 (15) 12 (52)

BMI, kg/m
2 32.0 (29.6-41.4) 29 (27.0-31.6) 39.7 (32.0-47.0)

BSA, m
2 2.1 (2.0-2.3) 2.1 (1.9-2.3) 2.2 (2.0-2.5)

Waist/ hip ratio 0.91 (0.84-0.97) 0.92 (0.90-0.99) 0.89 (0.84-0.95)

Family history of diabetes 14 (32) 5 (25) 9 (39)

History of hypertension 18 (42) 12 (60) 6 (26)

Use of hypertension medication 15 (35) 12 (60) 3 (13)

Systolic blood pressure, mmHg 122 (112-133) 122 (111-136) 122 (116-133)

Diastolic blood pressure, mmHg 76 (70-81) 73 (68-80) 77 (72-84)

Type of malignancy

AML — 5 (25) —

ALL — 1 (5) —

CML — 1 (5) —

MDS — 3 (15) —

MPN — 3 (15) —

NHL — 7 (35) —

Any DTA mutation — 5 (25) —

Disease duration, mo — 9.5 (6-39.5) —

Systemic chemotherapy — 17 (85) —

Anthracyclines — 12 (60) —

Alkylating agents — 7 (35) —

Corticosteroid treatment — 8 (40) —

Radiotherapy — 4 (20) —

Complete response to treatment — 11 (55) —

Data are presented as median (IQR) for continuous variables and n (%) as categorical variables.
ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; BSA, body surface area; CML, chronic myelogenous leukemia; DTA, DNMT3A, TET2, or ASXL1; MDS,

myelodysplastic syndrome; MPN, myeloproliferative neoplasm.
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Table 2. Metabolic characteristics of oncology patients and controls

All

(N 5 43)

Malignancy

(n 5 20)

Controls

(n 5 23) P

Fasting glucose, mg/dL 96 (90-102) 94 (88-101) 99 (94-102) .252

Fasting insulin, mU/mL 19.8 (11.4-28.0) 17.7 (8.3-28.0) 23.8 (15.8-28.0) .201

2-h postprandial glucose, mg/dL 130 (107-149) 126 (103-150) 133 (112-146) .584

Impaired fasting glucose (100-125 mg/dL) 15 (35) 5 (25) 10 (43) .205

Impaired glucose tolerance (140-199 mg/dL) 15 (35) 7 (35) 8 (35) .988

HOMA2-S, %* 45.1 (31.4-78.2) 49.8 (32.4-108.1) 36.8 (31.4-55.5) .183

HOMA2-B, %
† 136.9 (112.0-170.7) 132.1 (92.4-167.6) 142.4 (117.9-180.5) .297

Hyperinsulinemic clamp‡

Glucose, mg/dL 96.0 (94.1-100.0) 97.0 (94.0-100.0) 95.7 (94.1-100.0) .649

Insulin, mU/mL 219.3 (158.0-298.3) 156.9 (140.5-196.4) 266.2 (222.8-355.4) ,.001

M, mg/kg/min 7.3 (5.9-9.6) 7.2 (6.2-10.4) 7.4 (5.4-9.2) .283

ISI (M/I), mg/kg/min/(mU/mL) 37.2 (20.8-49.1) 42.4 (33.9-67.2) 24.6 (16.7-39.9) .001

Insulin clearance, mL/min 818.3 (601.0-1055.0) 1055.0 (820.4-1217.9) 670.1 (514.7-833.0) ,.001

Data are presented as median (IQR) for continuous variables and n (%) as categorical variables.
*Decreasing levels indicate insulin resistance.
†Increasing levels (.100%) indicate compensatory b-cell function and insulin resistance.
‡Steady-state measurements during hyperinsulinemic euglycemic clamp at high-dose insulin infusion (80 mU/m2/min).
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Figure 1. Malignancy amplifies the negative effect of obesity on insulin sensitivity. (A) Clamp-derived M in controls and patients with hematologic malignancies.

(B) Clamp-derived whole-body ISI in controls and patients with hematologic malignancies. (C) Linear relationship between BMI and M across the study groups. (D) Linear

relationship between BMI and clamp-derived ISI across the study groups. (C-D) Red and blue lines depict results for malignancy and control cohorts, respectively.

Decreasing M and ISI values indicate lower insulin sensitivity and impaired glucose disposal.
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Insulin clearance

Because M values were similar for patient cases and controls, differ-
ences in ISI (M/I) seemed to be driven by lower plasma insulin levels
among the oncology patients (Table 2). To determine if insulin
metabolism differed between the groups, insulin clearance during
clamp was calculated as insulin infusion rate divided by average
plasma insulin concentration. Despite receiving identical doses of
insulin (80 mU/m2/min), plasma insulin levels were higher in con-
trols, with a corresponding decrease in insulin clearance, compared
with patients with malignancies (Table 2). Unlike with ISI, we did not
detect a significant interaction between BMI and cancer with
respect to insulin clearance (P 5 .598; supplemental Figure 1). In
multivariable models, patients with cancer continued to have greater
insulin clearance compared with controls after adjustment for demo-
graphic differences (supplemental Table 3).

Inflammatory markers

Inflammation has been implicated in altered glucose homeostasis.
To determine if immune dysfunction contributes to diabetes suscep-
tibility among cancer survivors, inflammatory cytokines were ana-
lyzed. Despite having less adiposity, oncology patients exhibited
significantly higher plasma concentrations of IL-6 (median, 3.06 pg/mL;
IQR, 2.31-4.92 vs median, 1.61; IQR, 1.03-2.37; P5 .005) and eleva-
tions in MCP-1 (median, 263.46 pg/mL; IQR, 225.78-395.68 vs
median, 206.71 pg/mL; IQR, 166.69-242.53; P 5 .006) compared
with individuals without malignancy (Figure 2). Differences between the
plasma concentrations of IL-1a, TNF-a, and IL-1RAwere not significant.
Themedian (IQR) levels of all cytokine levels in each group are provided
in supplemental Table 4.

Lastly, IL-6 and MCP-1 were analyzed as covariates in the ISI regres-
sion models to determine if these cytokines were associated with
insulin sensitivity. After multivariable analysis, log MCP-1 but not log
IL-6 was an independent predictor of ISI, with higher concentrations
of MCP-1 predicting lower insulin sensitivity (b 5 219.3 units; 95%

CI, 237.5 to 21.1; P 5 .039). Furthermore, the interaction between
malignancy and BMI remained significant after adjustment for log IL-6
(b 5 22.26 units; 95% CI, 24.51 to 20.02; P interaction5 0.048)
or log MCP-1 (b 5 22.5 units; 95% CI,24.6 to 0.4; P interaction5

0.021; supplemental Table 1).

Discussion

Cancer survivors are up to 5 times more likely to develop type 2 diabe-
tes than the general population, and �30% of cancer survivors are
obese, with a BMI $30 kg/m2.25 Development of diabetes in oncol-
ogy patients is associated with reduced quality of life and higher mor-
tality.26 It is unclear how malignancy increases type 2 diabetes risk,
and advances in our understanding could lead to highly beneficial pre-
vention and treatment strategies. As a novel finding, we demonstrate
the effect modification between cancer and BMI on insulin sensitivity.
The interaction analysis showed that patients with hematologic malig-
nancies exhibit greater insulin resistance with increasing BMI com-
pared with individuals without cancer. If confirmed, this finding could
explain the excess risk of diabetes development among oncology
patients and may inform surveillance and management strategies for
cancer survivors. Specifically, our data point toward obesity and insulin
resistance as targets for intervention. Lifestyle changes and weight-
neutral or weight loss–promoting treatments for insulin resistance and
type 2 diabetes, such as metformin, GLP-1 agonists, or sodium glu-
cose cotransporter 2 inhibitors, could be used to improve the well-
being and outcomes of cancer survivors.

The connections between adiposity, insulin resistance, and cancer
are compelling but not completely understood.27 A large Korean
cohort study reported that malignancy including blood cancers
increases the risk of new-onset diabetes even after accounting for
precancer metabolic risk factors.2 Furthermore, a meta-analysis of 7
cross-sectional studies with 3550 participants showed that hemato-
logic malignancy survivors are at increased risk of metabolic syn-
drome.28 Metabolic syndrome is a cluster of clinical findings,

Table 3. Malignancy modifies effect of obesity on M and ISI

M ISI*

b† 95% CI P b† 95% CI P

Univariable model 1

Malignancy 1.9 20.2 to 4.1 .078 31.0 13.4-48.6 .001

Intercept 7.2 5.8-8.7 ,.001 28.6 16.8-40.4 ,.001

Univariable model 2

BMI 20.2 20.3 to 20.1 ,.001 22.0 22.8 to 21.1 ,.001

Intercept 15.2 11.5-18.9 ,.001 113.6 82.7-144.4 ,.001

Multivariable model

Malignancy 10.1 0.7-19.4 .036 104.0 26.7-181.2 .010

BMI 20.10 20.30 to 0.02 .093 20.9 22.1 to 0.3 .152

Male sex 21.9 24.2 to 0.3) .085 28.3 225.6 to 10 .365

Non-White race 0.004 22.3 to 2.3 .997 0.6 218.4 to 19.6 .950

Malignancy 3 BMI interaction 20.3 20.6 to 20.01 .042 22.6 24.8 to 20.4 .024

Intercept 12.8 7.1-18.6 ,.001 66.1 18.9-113.4 .007

*ISI 5 M/I.
†Negative b values indicate increasing insulin resistance associated with the variable of interest.
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including abdominal obesity, hyperglycemia, dyslipidemia, and hyper-
tension, that arises from insulin resistance and increases the risk of
type 2 diabetes. Therefore, strong epidemiologic evidence exists to
support an association between hematologic malignancies and insu-
lin resistance and diabetes development.

In our study, insulin action was directly measured. Contrary to what
would be predicted by the epidemiologic studies, patients with
hematologic malignancies were more insulin sensitive than individu-
als without cancer. This result was likely driven by the higher BMI
and lower insulin clearance in the noncancer group. Weight loss
resulting from chemotherapy, lifestyle changes after cancer diagno-
sis, or increased physical activity could also contribute to reduced
body weight, improved insulin sensitivity, and possibly greater insulin
uptake/clearance by skeletal muscle among cancer survivors. Fur-
thermore, the oncology cohort was recruited during HCT evaluation.
Because transplantation candidates require a baseline level of fit-
ness and were primarily White, we cannot rule out patient selection
bias as a cause for the greater insulin sensitivity and higher insulin
clearance among cancer survivors.

Along with enhanced insulin sensitivity within the oncology group, we
also showed an effect modification indicating that cancer amplifies
insulin resistance as BMI increases. At first, these findings seem
inconsistent; however, these data could be complementary in explain-
ing the risk of diabetes and cardiovascular disease in cancer survi-
vors. Obesity has become a leading but preventable cause of cancer

in the United States and in the world.29-31 Our data suggest that adi-
posity is one of the key events responsible for initiating insulin resis-
tance among individuals either with or without cancer. However, as
BMI increases, oncology patients may have a more pronounced drop
in insulin sensitivity compared with individuals without cancer. The
cooccurrence of obesity in a significant proportion of cancer survi-
vors could exacerbate insulin resistance and compound downstream
cardiometabolic effects, including impaired glucose metabolism,
endothelial dysfunction, and cardiovascular disease. Understanding
effect modification between cancer and BMI, as well as the underly-
ing mechanisms, could guide physicians in preventing the negative
outcomes of insulin resistance and metabolic syndrome.

Malignancy, obesity, and diabetes are characterized by immune dys-
function and chronic inflammation.32 Along with cytokine-induced
cancer cachexia, clonal disorders involving somatic mutations of
DNMT3A, TET2, and ASXL1 result in changes of innate immunity,
leading to increases of various cytokines including IL-1b, IL-6, TNF-
a, IL-8, and IL-13 in studies of clonal hematopoiesis and myeloid
malignancy.33,34 Similarly, elevations of IL-1b, IL-6, TNF-a, and
MCP-1 are observed with obesity-induced insulin resistance.20-22

To test if immune dysregulation could explain the effect modification
between cancer and BMI on insulin sensitivity, inflammatory markers
were analyzed. Despite being less obese, the group with cancer
had greater inflammation, as measured by plasma IL-6 and MCP-1
levels. This result may reflect the myeloid predominance (60%) in
our oncology cohort, which was generally enriched with DTA
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mutations. Unfortunately, small numbers precluded further analysis
by mutation type (eg, DNMT3A, TET2, and ASXL1). Although
oncology patients exhibited greater IL-6 and MCP-1 levels, only ele-
vated MCP-1 was a significant determinant of insulin resistance in
multivariable models. It is important to note that cytokine levels fluc-
tuate with time, and concentrations can vary based on the tissue
analyzed. There are also conflicting data with regard to the positive
vs negative effects of some cytokines. For IL-6, transient elevations
could be beneficial, whereas sustained increases could have
adverse metabolic effects.35 We also show that the interactions
between malignancy and BMI remained significant even after adjust-
ment for cytokines. Collectively, these data suggest that inflamma-
tion contributes to lower insulin sensitivity, but inflammatory
cytokines were not the underlying cause of the magnified effect of
obesity on insulin resistance among cancer survivors. The molecular
mechanisms causing the effect modification between cancer and
BMI remain to be elucidated.

Major strengths of this study include the direct measurement of the
action of insulin in vivo with the gold standard, hyperinsulinemic
euglycemic clamp. For this investigation, we did not rely on surro-
gate measures or need to identify disease states affiliated with insu-
lin resistance. Additionally, because patients with established
diabetes were excluded via prospective questioning, medical record
review, and OGTT, the chance of preexisting diabetes confounding
the measured effect of cancer on insulin sensitivity was minimized.

The study had several limitations. By design, we focused on adults
with high-risk hematologic malignancies undergoing first allogeneic
HCT evaluation. Therefore, it is unclear if our findings can be extrapo-
lated to pediatric cancers or malignancies not routinely referred for
allogeneic transplantation, including solid tumors, Hodgkin lym-
phoma, or multiple myeloma. All oncology patients received conven-
tional treatment before metabolic testing; therefore, we could not
distinguish between malignancy vs chemotherapy effect on insulin
sensitivity. For pragmatic purposes, our analysis focused on BMI as a
surrogate measure of obesity. BMI is a common and convenient mea-
sure of body composition, but it has limitations and may underesti-
mate obesity, especially in women.36 Because of sex differences in
the study population, this bias could have led to even greater adipos-
ity than that predicted by BMI for controls. To help address this prob-
lem, we repeated our analysis using waist/hip ratio instead of BMI
and obtained similar results and observed no effect of sex on these
findings. Future studies will need to incorporate dual-energy x-ray
absorptiometry scanning to more accurately measure body composi-
tion in patients with cancer. Despite the modest sample size, our
results remained significant even after adjustment for clinical differ-
ences in multivariable models. However, the relationship between
BMI and insulin resistance is complex and most likely nonlinear.
Because of sample size, we were unable to accommodate nonlinear-
ity in our regression models. Larger studies are needed to confirm
our results and adjust for additional covariates without overfitting.37

The connections between obesity, inflammation, type 2 diabetes,
and malignancy are extremely complex. We show that patients with

cancer had elevations in cytokines involved in both inflammation and
metabolic disease; however, not all oncology patients developed
insulin resistance. Instead, we show that cancer survivors exhibited
augmented reductions in insulin sensitivity with increasing BMI com-
pared with controls without malignancy, which could then predis-
pose to diabetes development. With the exception of adolescents
and young adults, there are no specific guidelines for screening and
prevention of diabetes in adult survivors of cancer. If confirmed, dis-
semination of these data to the oncology community could lead to
(1) improved opportunities for early lifestyle intervention and educa-
tion, (2) research to address whether cancer survivors require more
aggressive screening or treatment schedules for hypertension, dysli-
pidemia, obesity, or impaired glucose tolerance than those recom-
mended by standard guidelines, and (3) earlier referrals to
specialists, including endocrinologists, cardio-oncologists, or survi-
vorship clinics for metabolic risk factor management. Our data pro-
vide mechanistic insights linking cancer to metabolic disease
through changes in insulin sensitivity. Inflammation likely contributes
to this metabolic derangement; however, additional research will be
needed to elucidate the precise causes for the effect modification
between cancer and BMI on insulin sensitivity.
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