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Abstract

Objective: To evaluate the association between statin therapy, cardiorespiratory fitness (CRF), body
mass index (BMI), and progression to insulin therapy in type 2 diabetes mellitus (T2DM).
Methods: Participants were patients with T2DM (mean age, 62.7�8.4 years; men, 178,992; women,
8360) not treated with insulin, with no evidence of uncontrolled cardiovascular disease, who
completed an exercise treadmill test between October 1, 1999, and September 3, 2020. Of these,
158,578 were treated with statins and 28,774 were not. We established 5 age-specific CRF categories
according to peak metabolic equivalents of task achieved during an exercise treadmill test.
Results: During a median follow-up period of 9.0 years, 51,182 patients progressed to insulin therapy
with an average annual incidence rate of 28.4 events/1000 person-years. The adjusted progression rate
was 27% higher in statin-treated patients (hazard ratio [HR], 1.27; 95% CI, 1.24 to 1.31), related
directly to BMI and inversely related to CRF. A progressively higher rate was noted in statin-treated vs
nonestatin-treated patients within all BMI categories, ranging from 23% for normal weight to 90% for
those with BMI of 35 kg/m2 and higher. The statin-CRF interaction revealed 43% higher rate in the
least-fit statin-treated patients (HR, 1.43; 95% CI, 1.35 to 1.51) and a progressive decline with
increased CRF to 30% lower risk in highly fit statin-treated patients (HR, 0.70; 95% CI, 0.66 to 0.75).
Conclusion: In patients with T2DM, the statin-related progression to insulin therapy was associated
with relatively low CRF and high BMI levels. The progression rate was mitigated by increased CRF
regardless of BMI. Clinicians should foster regular exercise for patients with T2DM to enhance CRF
and to lessen the rate of progression to insulin therapy.
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S tatin therapy for dyslipidemia signifi-
cantly reduces all-cause and cardio-
vascular disease (CVD) mortality of

individuals with established coronary heart
disease.1-4 Recent guidelines by the Amer-
ican Diabetes Association recommend statin
therapy for all patients with type 2 diabetes
mellitus (T2DM) for primary prevention of
CVD.5,6

Although statin-associated favorable out-
comes are well recognized, concerns related
to the diabetogenicity of statins have
emerged. Increased risk for development of
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T2DM,7,8 insulin resistance, and higher
hemoglobin A1c and fasting glucose levels
have been reported in patients treated with
statins.9,10 In a large cohort of US veterans
with T2DM, statin therapy was associated
with a 37% increase in the rate of progres-
sion to insulin.11 Despite the concerns about
statins and incidence of T2DM, observa-
tional data1,2 and guidelines12,13 suggest
that the benefits of statin treatment for the
prevention of CVD and all-cause mortality
outweigh the risks, even for patients with
existing T2DM.
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Evidence also suggests that the statin-
related unfavorable outcomes may be miti-
gated by increased cardiorespiratory fitness
(CRF).2,14,15 In our studies, the combination
of higher CRF and statin therapy was associ-
ated with a greater reduction in mortality
risk than either therapy alone.2 Similarly,
in US veterans with T2DM treated with sta-
tins, mortality risk was 60% lower for pa-
tients in the highest CRF category
compared with the least fit.14 Finally, in
statin-treated US veterans, we observed a
higher incidence of new-onset T2DM
compared with those not treated with sta-
tins, but only in those with relatively poor
CRF status.15

These findings suggest that increased
CRF may also modulate the rate of T2DM
progression, defined as the progression to in-
sulin therapy. However, the role of CRF in
the progression to insulin therapy and the
interaction between CRF, statin therapy,
and excess body weight (a well-established
contributor in the development and progres-
sion of T2DM6) have not been explored.

The Veterans Affairs Health Care System
provides equal access to medical care inde-
pendent of a patient’s financial status,16-18

and the extensive electronic health care data-
base provides a unique opportunity to deter-
mine health outcomes more precisely and
completely compared with other cohorts.19

Thus, in this study, we assessed the progres-
sion to insulin of patients with T2DM ac-
cording to statin therapy status and CRF
defined by a standardized exercise treadmill
test (ETT) in US veterans with T2DM
nationwide while minimizing the influence
of medical care disparities. We hypothesized
that the rate of progression to insulin ther-
apy will be associated directly with statin
therapy. We also hypothesized that this asso-
ciation will be modulated by CRF.
METHODS

Study Population
The cohort consisted of 187,352 US veterans
(8360 women) diagnosed with T2DM not
treated with insulin; T2DM was determined
by at least 2 diagnostic recordings at least 6
Mayo Clin Proc. n February 202
months apart. Of these, 133,920 (71.5%)
were White, 38,623 (20.6%) African Amer-
ican, 9645 (5.1%) Hispanic, and 4373
(2.3%) American Indian/Pacific Islander/
Alaska Native/Asian; 791 (0.4%) were un-
known or declined to disclose.

The cohort was derived from the Exer-
cise Testing and Health Outcomes Study
(ETHOS), a subgroup of a larger cohort
(n¼750,302), based at the Veterans Affairs
Medical Center in Washington, DC. The
selection of the original cohort is described
in detail elsewhere20 and is summarized in
Figure 1. Briefly, all participants completed
a maximal ETT performed within the Veter-
ans Affairs hospital system across the United
States between October 1, 1999, and
September 3, 2020, with use of the Bruce
protocol. Participants were selected if they
were 30 to 95 years of age at the time of
ETT, achieved an exercise capacity of 2.0
or more metabolic equivalents of task
(METs), exhibited no evidence of uncon-
trolled CVD during the ETT, had a body
mass index (BMI) of 18.5 kg/m2 or higher,
and had a follow-up period of at least 6
months; those receiving statin therapy were
treated for at least 1 year. To lower the likeli-
hood of including individuals with underly-
ing serious heart disease that was not
detected during the ETT, we also excluded
individuals who met the following condi-
tions within 6 months after ETT: those
who underwent coronary artery bypass graft-
ing, had percutaneous transluminal coronary
angioplasty or percutaneous coronary inter-
vention, and had a myocardial infarction or
a diagnosis of heart failure.

Procedures
Detailed information on relevant demo-
graphic characteristics, clinical and medica-
tion information, risk factors, and
comorbidities as defined by International
Classification of Diseases, Ninth Revision and
Tenth Revision coding, with at least 2 record-
ings at least 6 months apart, were obtained
for all participants from the Veterans Affairs
Computerized Patient Record System. The
Veterans Affairs records have high sensitivity
for identifying the incidence of chronic
4;99(2):249-259 n https://doi.org/10.1016/j.mayocp.2023.05.005
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Patients assessed for eligibility 
(n=822,995)

72,693 total exclusions

• 1,962 age <30 years
• 16,788 major cardiac events within 6 months post ETT
• 5,701 ≤6 months of follow-up
• 5,587 missing BMI, weight or height
• 42,655 with <2.0 METs or missing MET data

ETHOS cohort 
n=750,302

T2DM cohort 
n=187,352

FIGURE 1. Flowchart for cohort selection. BMI, body mass index; ETHOS,
Exercise Testing and Health Outcomes Study; ETT, exercise treadmill test;
MET, metabolic equivalent of task; T2DM, type 2 diabetes mellitus.

FITNESS, STATINS, AND DIABETES PROGRESSION
conditions.21 Historical information
included the onset of previous myocardial
infarction, cardiac procedures, heart failure,
hypertension, hypercholesterolemia, cancer
(all), renal disease, stroke, smoking status,
aspirin, use of statins, and cardiac or antihy-
pertensive medications.

Data and analyses are presented in accor-
dance with the Strengthening the Reporting
of Observational Studies in Epidemiology
reporting guideline for cohort studies.22

The study was approved by the institutional
review board at the Washington, DC, Veter-
ans Affairs Medical Center.

Extraction of METs
The extraction of peak METs achieved is
described in detail elsewhere.20 Briefly, we
randomly selected 3000 samples of physician
clinical notes on exercise capacity from the
data set and identified METs manually.
This annotated data set was used to train
the Natural Language Processing models to
recognize the words METs and MET. Once
METs were extracted, the MET data were
randomly and manually checked for errors.
The model accuracy on the test data set
was 97%.

Cardiorespiratory Fitness Categories
Peak METs were calculated for each partici-
pant by standardized equations based on
treadmill speed and grade.23 To determine
the age-specific CRF categories, we first
stratified the cohort into 5 age groups (30
to 49 years, 50 to 59 years, 60 to 69 years,
70 to 79 years, and 80 to 95 years). We
then identified the age- and sex-specific
MET level that corresponded to 20th, 40th,
60th, and 80th percentiles within their
respective age category and stratified the
cohort accordingly, which established 5
CRF categories (quintiles) within each age
group by methods described in our previous
work.24 We then combined the respective
percentiles to form the following 5 CRF cat-
egories: least fit (n¼35,878; METs, 4.3�1.1),
low fit (n¼49,244; METs, 6.6�1.1), moder-
ately fit (n¼31,824; METs, 7.9�1.2), fit
(n¼55,178; METs, 9.7�1.1), and highly fit
(n¼ 15,228; METs, 12.7�1.5).
Mayo Clin Proc. n February 2024;99(2):249-259 n https://doi.org/1
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To further evaluate the CRF-statin inter-
action, we formed 2 subgroups (statin
treated and nonestatin treated) within each
CRF quintile. Finally, we formed 4 BMI cat-
egories (BMI <25.0 kg/m2, 25 to 29.9 kg/m2,
30.0 to 34.9 kg/m2, and �35.0 kg/m2) to
assess the impact of the CRF-statin interac-
tion on the progression to insulin within
each BMI category.

Progression Rate to Insulin Use
The primary outcome was T2DM progres-
sion, defined as the initiation of insulin to
manage T2DM. Dates of the onset of insulin
were obtained for all participants from the
Veterans Affairs Computerized Patient Re-
cord System and were verified by at least 2
recordings at least 6 months apart. Statin
therapy was considered only if patients
were treated with statins for at least 1 year
before the onset of insulin use regardless of
T2DM status.

Statistical Analyses
The follow-up time for those treated with in-
sulin was calculated from the date of T2DM
onset to the date of insulin initiation. For
those not treated with insulin, follow-up
time was calculated from the date of T2DM
0.1016/j.mayocp.2023.05.005 251
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onset to the date of death, the last date of
Veterans Affairs care, or the end of the
follow-up period (September 30, 2021).
Follow-up time is presented as mean � stan-
dard deviation, median and interquartile
range. The event rate was calculated as the
ratio of insulin use by person-years of obser-
vation. Continuous variables are presented
as means � standard deviation and categor-
ical variables as relative frequencies (per-
centage). We tested baseline mean
differences of normally distributed variables
between individuals within CRF categories
with 1-way analysis of variance and associa-
tions between categorical variables with c2

or Z tests. The assumption of equality of var-
iances between groups was tested by Levene
test and the assumption of normality with
probability-probability plots.

Proportional hazards models were used
to depict hazard ratios (HRs) associated
with exercise capacity (METs) for events
(progression to insulin therapy) across the
CRF categories. In addition, we stratified
the cohort by 4 BMI categories and calcu-
lated HRs for CRF categories within each
BMI category. For these models, we used
the least-fit CRF category (20th percentile)
as the referent. To assess the CRF-statin
interaction and BMI-statin interaction, we
formed 2 subgroups (statin treated and
nonestatin treated) within each CRF cate-
gory (10 total) and within BMI categories
(8 total).

All analyses were adjusted for the
following covariates assessed at the time of
the ETT: age, BMI (when the cohort was
not stratified by BMI), race, sex, history of
CVD, risk factors (hypertension, dyslipide-
mia, smoking), chronic kidney disease, he-
moglobin A1c levels, and cardiac or
antihypertensive medications. For the CRF-
statin interaction within each BMI category,
we used the least-fit not treated with statins
group as the referent. All models were
adjusted for all the aforementioned covariates
(except BMI). The assumption of proportion-
ality for all Cox proportional hazards analyses
was tested graphically by plotting the loga-
rithm of cumulative hazards with respect to
each covariate separately. The proportionality
Mayo Clin Proc. n February 202
assumption was fulfilled for each model. All
hypotheses were 2 sided, and P less than
.05 was deemed statistically significant. All
statistical procedures were performed with
SPSS software (version 28.0; IBM).

RESULTS
The median follow-up time was 9.0 years
(5.5 years and 13.3 years for 25th and 75th
percentiles, respectively), comprising
1,804,211 person-years. Of the 187,352
study participants, 158,578 (84.6%) were
treated with statins and 28,774 (15.4%)
were not. The statin-treated cohort was older
than the nonestatin-treated cohort
(62.9�8.3 years vs 61.6�9.1 years;
P<.001), had higher blood glucose levels
(144.6�49.7 mg/dL vs 140.1�52.2 mg/dL;
P<.001), and had lower CRF (7.7�2.6
METs vs 8.1�2.7 METs; P<.001), respec-
tively. Hemoglobin A1c (7.2%�1.4% vs
7.2%�1.3%) and BMI levels (31.1�5.0 kg/
m2 vs 31.9�5.2 kg/m2) were similar for the
statin-treated and nonestatin-treated
groups.

For the entire cohort, 51,182 patients
(27.3%) progressed to insulin therapy. In
the statin-treated cohort, 45,068 patients
(28.4%) progressed to insulin therapy with
an average annual incidence rate of 29.4
events per 1000 person-years. For those
not treated with statins, 6114 (21.2%) pro-
gressed to insulin therapy with an annual
incidence rate of 22.6 events per 1000 per-
son-years.

Baseline demographic and clinical char-
acteristics across the 5 CRF categories are
presented in Table 1. One-way analysis of
variance was used to assess differences
across the CRF categories. Age was signifi-
cantly lower in the highly fit individuals
compared with the other CRF categories.
In general, body weight, BMI, prevalence of
comorbidities, and use of medications were
significantly lower or substantially more
favorable for individuals with increased
CRF categories.

Progression to Insulin Therapy
Multivariable Cox proportional hazards
analysis revealed that the rate of progression
4;99(2):249-259 n https://doi.org/10.1016/j.mayocp.2023.05.005
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TABLE 1. Clinical Characteristics of the Cohort Across Cardiorespiratory Fitness Categoriesa,b,c

Variables All Least fit Low fit Moderately fit Fit Highly fit

No. 187,352 35,878 49,244 31,824 55,178 15,228

Men 178,992 (95.5) 33,529 (93.5) 46,542 (94.5) 30,415 (95.6) 53,529 (97.0) 14,978 (98.4)

Women 8360 (4.5) 2350 (6.5) 2702 (5.5) 1409 (4.4) 1649 (3.0) 250 (1.6)

Age, years 62.7�8.4 63.0�8.3 62.9�8.3 63.0�9.3 62.6�8.1 60.7�8.0

Peak METs
achieved

7.8�3.0 4.3�1.1 6.6�1.1 7.9�1.2 9.7�1.1 12.7�1.5

Weight, kg 97.3�17.7 100.0�19.9 99.0�18.3 97.2�17.3 95.5�15.9 91.7�14.4

BMI, kg/m2 31.1�5.0 32.2�5.9 31.6�5.2 31.0�4.8 30.5�4.3 29.5�3.8

HbA1c, % 7.1�12 7.2�1.3 7.2�1.3 7.2�1.3 7.1�1.3 7.0�1.3

Glucose, mg/dL 144�50.0 146.2�51.2 145.9�50.9 142.5�50.1 142.5�49.0 137.6�47.7

Total cholesterol,
mg/dL

181.3�36.8 180.9�37.5 181.2�36.5 181.3�36.6 181.2�36.6 183.0�36.8

Triglycerides,
mg/dL

188.7�104.3 193.5�105.6 191.5�104.8 187.8�103.7 186.6�103.5 177.5�102.6

LDL-cholesterol,
mg/dL

85.2�35.1 83.7�35.2 84.4�35.0 85.7�35.2 85.7�34.7 88.7�35.1

HDL-cholesterol,
mg/dL

41.4�11.2 40.9�11.3 41.0�11.2 41.5�11.2 41.7�11.0 43.1�11.5

Smoking status 43,809 (23.4) 10,817 (30.1) 12,628 (25.6) 6733 (21.2) 10,994 (19.9) 2637 (17.3)

Hypertension 134,884 (72.0) 28,449 (79.3) 36,707 (74.5) 22,843 (71.8) 37,688 (68.3) 9197 (60.4)

CVD 64,950 (34.7) 15,603 (43.5) 17,784 (36.1) 10,603 (33.3) 17,073 (30.9) 3887 (25.5)

Atrial fibrillation 11,850 (6.3) 3126 (8.7) 3283 (6.7) 1692 (6.2) 2877 (5.2) 602 (4.0)

Dyslipidemia 127,259 (67.9) 25,498 (71.1) 33,982 (69.0) 21,392 (67.2) 36,823 (66.7) 9564 (62.8)

Chronic kidney
disease

9451 (5.0) 2776 (7.7) 2645 (5.4) 1522 (4.8) 2107 (3.8) 401 (2.6)

Statins 158,578 (84.6) 30,840 (86.0) 42,086 (85.5) 26,858 (84.4) 46,346 (84.0) 12,448 (81.7)

Oral
hypoglycemics

72,177 (38.5) 13,771 (38.4) 20,297 (41.2) 12,658 (39.8) 20,609 (37.4) 4842 (31.8)

Cardiac or
antihypertensive
medications

140,128 (74.8) 29,496 (82.2) 38,104 (77.4) 23,797 (74.8) 39,223 (71.1) 9508 (62.4)

Progression to
insulin

51,182 (27.3) 12,776 (35.6) 14,338 (29.1) 8495 (26.7) 12,963 (23.5) 2610 (17.1)

aBMI, body mass index; CVD, cardiovascular disease; HbA1c, hemoglobin A1c; HDL, high-density lipoprotein; LDL, low-density
lipoprotein; METs, metabolic equivalents of task.
bTo convert glucose values to mmol/L, multiply by 0.0555; to convert total cholesterol, HDL-cholesterol, and LDL-cholesterol values to
mmol/L, multiply by 0.0259; to convert triglyceride values to mmol/L, multiply by 0.0113.
cCategorical variables are presented as number (percentage). Continuous variables are presented as mean � standard deviation.

FITNESS, STATINS, AND DIABETES PROGRESSION
to insulin was 26% higher (HR, 1.26; 95%
CI, 1.23 to 1.30; P<.001) in statin-treated
compared with nonestatin-treated patients.

Body mass index was associated directly
with the rate of progression to insulin. For
every 5-unit increase in BMI, the rate
increased by 15% (HR, 1.15; 95% CI, 1.14
to 1.16; P<.001). We then assessed the pro-
gression rate to insulin across BMI categories
Mayo Clin Proc. n February 2024;99(2):249-259 n https://doi.org/1
www.mayoclinicproceedings.org
using the group with BMI below 25.0 kg/m2

as the referent. The rate was progressively
higher across BMI categories, with the high-
est rate observed in those with BMI of 35.0
kg/m2 or higher (HR, 1.38; 95% CI, 1.32 to
1.43; P<.001; Figure 2).

Cardiorespiratory fitness was associated
inversely with the rate of progression to in-
sulin. The rate was 8% lower for each
0.1016/j.mayocp.2023.05.005 253
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1-MET increase in CRF (HR, 0.92; 95% CI,
0.91 to 0.93; P<.001) and was similar for
men and women. When we assessed the pro-
gression rate to insulin across the 5 CRF cat-
egories using the least-fit group as the
referent, we noted an inverse and graded as-
sociation (Figure 2). In the fully adjusted
model, the progression rate was 22% lower
for individuals in the low-fit category (HR,
0.78; 95% CI, 0.76 to 0.79; P<.001),
declined gradually with increasing CRF
levels, and was 51% lower for individuals
in the high-fit category (HR, 0.49; 95% CI,
0.47 to 0.52; P<.001). The findings were
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similar for men and women. In those treated
with statins, the time (years) between statin
therapy and progression to insulin was grad-
ually longer with increased CRF (6.5�4.0 vs
6.8�4.1 vs 7.0�4.2 vs 7.3�4.3 vs 7.5�4.4
for least fit to highly fit, respectively).

BMI-Statin Interaction and Progression to
Insulin Therapy
There was an interaction between statin
therapy and BMI (HR, 1.06; 96% CI, 1.03
to 1.09; P<.001). To assess the impact of
the BMI-statin interaction on the progression
rate to insulin, we formed 2 subgroups
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within each BMI category to represent the
statin status (statin treated, nonestatin
treated). For these analyses, we used the
group of BMI below 25.0 kg/m2 not treated
with statins as the referent. We noted a
23% higher rate of progression to insulin in
the statin-treated group within the BMI cate-
gory below 25.0 kg/m2. The rate then
increased progressively and was 59% higher
(HR, 1.59; 95% CI, 1.45 to 1.74; P<.001)
for obese class I (BMI �30 to 34.9 kg/m2)
and 90% higher (HR, 1.90; 95% CI, 1.74 to
2.08; P<.001) for class II or class III individ-
uals (BMI �35.0 kg/m2). A similar pattern
was noted for those not treated with statins,
but the rate of progression was substantially
less pronounced (Figure 3).
CRF-Statin Interaction and Progression to
Insulin Therapy
There was also an interaction between statin
use and peak METs (HR, 0.97; 95% CI, 0.96
to 0.98; P<.001) and between statin use and
CRF categories (HR, 0.95; 95% CI, 0.93 to
0.97; P<.001). Thus, we assessed the impact
of the CRF and statin interaction on the pro-
gression rate to insulin. For these analyses,
we used the least-fit, not treated with statins
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group as the referent (Figure 4). For patients
treated with statins, the rate of progression
to insulin was 43% higher for least fit (HR,
1.43; 95% CI, 1.34 to 1.51; P<.001) and
declined progressively to 11% (HR, 0.89;
95% CI, 0.83 to 0.94; P<.001) and 30%
(HR, 0.70; 95% CI, 0.66 to 0.75; P<.001)
lower for fit and highly fit patients,
respectively.

For those not treated with statins, the
progression rate to insulin declined signifi-
cantly across all CRF categories. Specifically,
the rate was 11% lower (HR, 0.89; 95% CI,
0.82 to 0.96; P¼.002) for low-fit patients,
17% lower (HR, 0.83; 95% CI, 0.76 to 0.89;
P<.001) for moderately fit, 21% lower (HR,
0.79; 95% CI, 0.73 to 0.84; P<.001) for fit,
and 45% lower (HR, 0.55; 95% CI, 0.49 to
0.62; P<.001) for those in the highest fitness
category.
Progression to Insulin Therapy Within BMI
Categories According to CRF Status
Finally, we assessed the rate of progression
to insulin according to CRF within each
BMI category. For this analysis, we evaluated
the rate according to statin and CRF status
within each BMI category. These findings
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FIGURE 4. Progression rates to insulin within cardiorespiratory fitness categories according to statin therapy status. Blue bars represent
individuals receiving statin therapy. *Significantly different (P<.002) from least-fit individuals not treated with statins.
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are presented in Table 2. For the least-fit pa-
tients treated with statins, the progression
rate to insulin was significantly higher
within each BMI category compared with
those not treated with statins.

For normal-weight and overweight pa-
tients receiving statin therapy, the rate of
progression to insulin declined gradually
with increased CRF. Specifically, for
d Ratios for Diabetes Progression According to CRF and BM

BMI categories
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diorespiratory fitness; METs, metabolic equivalents of task.
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normal-weight individuals with a mean exer-
cise capacity of 9.7�1.9 METs (fit group),
the rate was 19% lower (HR, 0.81; 95% CI,
0.67 to 0.99; P<.001). For those with an ex-
ercise capacity of 12.7�1.5 METs (highly fit
group), the rate declined by 38% (HR, 0.62;
95% CI, 0.50 to 0.78; P<.001). For over-
weight individuals, the rate declined by
17% (HR, 0.83; 95% CI, 0.75 to 0.93;
I Categories

4.9 kg/m2 (n¼62,573) �35.0 kg/m2 (n¼37,723)
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P<.001) for fit and by 34% (HR, 0.66; 95%
CI, 0.59 to 0.74; P<.001) for highly fit.

For obese class I (BMI �30 to 34.9 kg/
m2) and class II or class III individuals
(BMI �35.0 kg/m2), the rate of progression
to insulin also declined with increased
CRF. Specifically, for obese class I individ-
uals, the rate of progression to insulin also
declined with increased CRF and was 12%
lower (HR, 0.88; 95% CI, 0.78 to 0.98;
P<.001). For obese class II or class III indi-
viduals, the progression rate was signifi-
cantly different (HR, 0.76; 95% CI, 0.64 to
0.90; P<.001) only in those with the highest
CRF category (12.7�1.5 METs).

DISCUSSION
Statin-related progression to insulin therapy,
potentially underlying T2DM progression
among US veterans, has been reported,11

underscoring concerns about the diabetoge-
nicity of statins.7-9,14,25 In this study, we
also observed that statin use increased the
rate of progression to insulin therapy in a
large national cohort of patients with
T2DM. However, a unique finding of this
study was that the statin-related rate of pro-
gression to insulin was accentuated by
excess body weight, as suggested by higher
BMI levels, and mitigated by increased CRF
assessed objectively by a standardized ETT.
This was evident even in overweight and
obese patients, conditions known to be asso-
ciated with unfavorable outcomes in T2DM
patients.6,26,27 Specifically, compared with
the least-fit group, the rate of progression
to insulin across quintiles of CRF was 22%
lower for the low-fit patients and declined
gradually to 51% for patients in the high-fit
category. Conversely, the association be-
tween BMI and the progression to insulin
was direct with a gradual increase to 38%
in those with BMI of 35.0 kg/m2 or higher.

To evaluate the statin-CRF interaction,
we assessed the rate of progression to insulin
in those treated and not treated with statins
across CRF categories. For those not treated
with statins, the progression rate to insulin
was significantly lower with increased CRF.
For patients treated with statins, the rates
of progression to insulin were 43% and 9%
Mayo Clin Proc. n February 2024;99(2):249-259 n https://doi.org/1
www.mayoclinicproceedings.org
higher for those in the least-fit and low-fit
categories, respectively. The rates then
declined gradually with increased CRF and
were 11% and 30% lower for individuals in
the fit and high-fit categories, respectively.
These findings suggest that CRF is inversely
associated with the progression rate to insu-
lin for patients with T2DM not treated with
statins. For those treated with statins, the
diabetogenic impact of statins is evident
only in patients with relatively low CRF
levels (least fit and low fit), and it is attenu-
ated substantially by increased CRF
(Figure 4).

We also observed an increased rate of
progression to insulin with higher BMI levels
(Figure 2), consistent with current views on
the body weighteT2DM association.6,26

However, a unique finding of this study
was that the increased rate of progression
to insulin was significant only in the least-
fit category. For individuals within the next
CRF category (exercise capacity of 6.6�1.1
METs), the rate was only significantly higher
(approximately 15%) in obese patients (BMI
�30.0 to 34.9 kg/m2). The rate then declined
gradually across BMI categories with
increased CRF and was significantly lower
for obese fit and highly fit individuals
(Table 2).

These findings suggest that the statin-
related rate of progression to insulin is
amplified by excess body weight, especially
when combined with relatively low CRF.
However, this amplification is attenuated
by modest improvements in peak exercise
capacity (approximately 6.6 to 8.0 METs)
regardless of BMI status. Furthermore, exer-
cise capacities of 9.7�1.1 METs (fit) were
associated with significant reductions in the
rate of progression to insulin even for obese
class I patients and for highly fit (12.7�1.5
METs) among class II obese patients. Collec-
tively, these findings suggest that improving
CRF should complement weight loss in the
management of T2DM.26 Thus, efforts to
improve CRF should match efforts to control
obesity.

The relatively moderate CRF levels
necessary to offset the progression rate to in-
sulin should also be noted. Relatively low to
0.1016/j.mayocp.2023.05.005 257
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moderate CRF levels (approximately 6.6 to
8.0 METs) were necessary to attenuate and
even reverse the progression rate to insulin,
regardless of BMI levels or other comorbid-
ities. This CRF level is achievable by most
middle-aged and older individuals by
adhering to the current recommendations
of 150 minutes or more per week of
moderate-intensity physical activity or 75
minutes a week of higher intensity activity.28

The mechanism involved in the CRF-
related modulation of the rate of progression
to insulin is beyond the scope of this study.
However, the well-accepted improvements
in insulin sensitivity related to increased
physical activity and improvements in
CRF29 are likely to play a crucial role in
the moderation of the metabolically
impaired state of patients with T2DM.

Strengths and Limitations
The retrospective nature of the study does
not allow us to conclude causation regardless
of the strength of the association. Accord-
ingly, we cannot discern whether the
increased rate of progression to insulin was
the outcome of poor CRF, low CRF resulting
from subclinical disease (reverse causality),
or factors beyond the scope of the study.
Because CRF was based on a participant’s per-
formance on a single ETT, which was per-
formed for clinical reasons and not
routinely, we recognize that we cannot ac-
count for changes in CRF during the
follow-up period and their association with
the rate of progression to insulin. Neverthe-
less, changes in CRF are not likely to invali-
date the CRF-mortality risk association.30

We also recognize that CRF status is
determined by both physical activity patterns
and genetic factors31 and that their indepen-
dent or synergistic effects on T2DM progres-
sion are beyond the scope of this study. We
acknowledge that veterans with T2DM
referred for ETT may have clinical indications
that make them distinct from the general
population of patients with T2DM. We
cannot comment on the type of statin used
(lipophilic or hydrophilic) or the dose, which
may also have an impact on glucose control,
progression to T2DM, and deteriorating
Mayo Clin Proc. n February 202
T2DM control. Finally, the need for insulin
therapy may be lessened in current practice
with use of better but considerably more
expensive agents for T2DM, especially the
sodium-glucose cotransporter 2 inhibitors
and the glucagon-like peptide 1 agonists,
which have substantial CVD clinical event
reductions.32

Conclusion
Higher CRF has been shown to reduce risk
for a broad spectrum of chronic conditions
including insulin resistance. However, little
is known about progression to insulin in pa-
tients with T2DM and how this association is
influenced by statin use. The current results
provide insight into the interaction between
CRF, statin use, overweight/obesity, and rate
of T2DM progression. We observed that
whereas T2DM progression is heightened
by statin use and higher BMI, these risks
are mitigated by higher CRF. Individuals
with T2DM receiving statin therapy are an
additional group that can potentially benefit
significantly from improving CRF. Finally,
the modulatory effects of improved CRF on
the rate of progression to insulin therapy
regardless of BMI status strongly suggest
that improving CRF may be more efficacious
than lowering body weight in the manage-
ment of T2DM. Thus, encouraging regular
exercise for patients with T2DM should
become part of mainstream clinical practice
to enhance CRF and to lessen the rate of pro-
gression to insulin therapy.
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