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Abstract

Aims The aim of the current study was to investigate the association of type 2 diabetes (T2D) and insulin treatment with
changes in muscle mass, muscle strength, and physical performance in older adults.

Methods In 731 participants of the population-based KORA-Age study aged 74.6 + 6.2 years (T2D: n=118; insulin treat-
ment: n="20), skeletal muscle index (SMI [kg/mz]), hand grip strength (GS [kg]), and a timed up and go test (TUG [s]) were
performed at baseline and after a follow-up time of 3 years. The association of T2D and insulin therapy with changes in
muscle parameters was analyzed using linear regression models.

Results After adjustment for sex, age, BMI, physical activity, smoking, and multimorbidity, T2D was associated with the
change in SMI during follow-up (8 —0.1 (95% CI —0.3 to —0.02) kg/m?; p=0.02), but not with a change in GS (8 —0.9
(95% CI — 1.9 t0 0.04) kg) or TUG (f — 0.1 (95% CI — 0.7 to 0.5) s). Insulin therapy was positively associated with change
in SMI (5 0.6 (95% CI 0.3-0.9) kg/m?; p=0.001), but not in GS (8 — 1.6 (95% CI —4.1 to 0.8) kg) or TUG (f 1.6 (95% CI
—0.2-3.4) s) in comparison with treatment with oral anti-diabetic medication alone.

Conclusions Participants with T2D showed an accelerated decline in muscle mass compared to non-diabetic participants.
Insulin therapy was associated with preserved muscle mass, but not muscle function parameters, indicating a discrepancy
between muscle mass and function in this high-risk population.
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Introduction

Older adults are at high risk for frailty, immobility and loss
of independence. One of the factors most strongly associated
Managed by Massimo Porta. with mobility limitation and the risk for future disability in
older adults is type 2 diabetes (T2D) [1]. The remarkable
link between T2D and frailty indicates that T2D might be
Electronic supplementary material The online version of this a driving force of muscle dysfunction. Mechanisms poten-
article (https://doi.org/10.1007/s00592-020-01523-7) contains tially explaining diabetes-related muscle dysfunction are
supplementary material, which is available to authorized users. hyperglycemia-associated oxidative stress and mitochondrial
dysfunction [2], decreased macro- and microvascular mus-
cle reserves, dysfunction of muscle innervation [3], insulin
resistance and/or depletion, and possibly negative effects of
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cle both takes part in and is influenced by chronic inflamma-
tion. The muscle is an endocrine organ secreting myokines,
one of which is interleukin 6, a pro-inflammatory cytokine
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involved in the low-grade inflammatory status promoting
the development of the metabolic syndrome and T2D [6].
Elevated interleukin 6 and tumor necrosis factor-o levels in
serum and muscle result in loss of muscle fibers [1]. Muscle
biopsies from diabetic participants show reduced numbers
of the predominantly oxidative type I fibers in relation to the
primarily glycolytic type II fibers (16). This shifted relation
of muscle fiber types may contribute to insulin resistance
(17). In turn, insulin resistance is an independent risk factor
for a decreased skeletal muscle mass [7-9].

Treatment of T2D does not necessarily improve muscle
integrity, and the best anti-diabetic therapy strategy regard-
ing muscle function remains to be determined. Commonly
used oral anti-diabetic drugs, such as biguanides and sul-
fonylureas, may even promote muscle atrophy. Potentially
muscle-protective agents, such as glitazones, have a limited
range of indications due to an overall unfavorable benefit/
risk profile, and data on incretins are insufficient [10, 11].
Insulin is an anabolic hormone that increases muscle protein
synthesis and limits degradation [12], thus making insulin a
candidate for treating both T2D and muscle dysfunction. In
fact, insulin therapy was shown to stimulate protein anabo-
lism in younger patients with T2D [13]. However, in the
same study, older participants with T2D did not benefit from
the insulin therapy in terms of muscle mass and function
[13].

Longitudinal population-based associations of T2D and
insulin treatment with changes in muscle mass, strength, or
function are lacking. In the current study, we investigated
the association between T2D and changes in muscle mass,
strength, and physical performance in participants of the
KORA-Age study aged > 65 years. Furthermore, we ana-
lyzed the effect of insulin treatment on changes of these
muscle parameters.

Methods
Study population

The population-based KORA (Cooperative Health
Research in the Region of Augsburg)-Age cohort study
included 1079 participants born before 1944 (i.e.,
aged > 65 years at the first visit in 2009). All participants
gave written informed consent. The study was approved by
the Ethics Committee of the Bavarian Medical Association
(reference number: 08064). All procedures were in accord-
ance with the ethical standards of the responsible commit-
tee on human experimentation (institutional and national,
Ethics Committee of the Bavarian Medical Association)
and with the Helsinki Declaration of 1975, as revised in
2008. Study design, sampling, and data collection meth-
ods have been published previously [14]. After exclusion
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of 257 participants without follow-up data and 91 par-
ticipants with missing information on muscle parameters
at baseline and/or follow-up examination or with missing
covariables, 731 participants were included the present
analysis.

Diabetes mellitus was defined as self-reported physi-
cian-diagnosed diabetes and/or treatment with anti-diabetic
medication and/or an HbA 1c value > 6.5% (48 mmol/mol).
Participants were considered to have T2D if they reported
having the diagnosis after the age of 25 years. Participants
with diabetes other than type 2 were excluded from the anal-
yses. Insulin treatment was defined as use of insulin only or
of insulin plus further anti-diabetic medication.

Physical activity scores were calculated as total score of
the physical activity scale for the elderly (PASE) and further
covariates assessed as described before [15, 16]. Smoking
was divided into three groups (never, former, and current).

Muscle parameters

Skeletal muscle mass was estimated using bioelectri-
cal impedance analysis (BIA 2000-S; Data Input GmbH,
Frankfurt, Germany) and the equation of Janssen et al. [17].
The skeletal muscle index (SMI) was calculated as skeletal
muscle mass divided by height squared [kg/m?]. Handgrip
strength was assessed by the JAMAR (SAEHAN Corp.,
Masan, Korea) handheld dynamometer. Grip strength (kg)
of the dominant hand was taken three times. The mean score
was used for calculations. The time to complete the timed up
and go test (TUG) was measured in seconds (s) as the time
required to stand up from a chair, walk three meters, turn,
walk back to the chair, and sit down.

Statistical analyses

Baseline characteristics of the study participants were com-
pared between participants with and without T2D using
the Mann—Whitney U test. The Chi-square test was used to
compare binomial proportions. Delta of muscle parameters
was calculated by subtracting the values of the follow-up
visit (visit 2) from the values of the baseline visit (visit 1).
In addition to analyses in the total study sample, calcula-
tions were also stratified by sex as indicated in the tables,
and an interaction test for sex was included as indicated in
the results section. Associations between diabetes status and
change in muscle parameters were assessed using multivari-
able linear regression models. Data were adjusted for clini-
cal relevant confounders as indicated in the tables for each
analysis. Analyses were performed using the SAS version
9.2 (SAS institute, Cary, NC, USA). The level of statistical
significance was set at 5% (two-sided).
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Results
Baseline characteristics of the study participants

Among the 731 participants with a mean age of
74.6 £6.2 years, 49.3% (n=360) were female, 16.1%
(n=118) suffered from T2D (mean diabetes duration
10.1 £9.9 years) and 16.9% of the diabetic participants
(n=20) were treated with insulin alone or in combination
with other anti-diabetic medications (Table 1). Participants
with T2D were slightly older, had a higher BMI, a lower
level of physical activity, and more chronic diseases than
non-diabetic participants. SMI was higher in participants
with T2D compared to participants without T2D at baseline.
GS was similar in diabetic and non-diabetic participants,
whereas the time needed to complete the TUG was signifi-
cantly higher in participants with T2D compared to non-
diabetic participants.

Changes of muscle parameters over time

After 3 years of follow-up in unadjusted analyses, study
participants with T2D showed a greater albeit not statis-
tically significant decrease in GS (women: —0.7 (95% CI
—3.3t02.0) kg, men: — 1.3 (95% CI —4.0 to 1.7) kg) and
SMI (women: —0.2 (95% CI — 0.6 to 0.2) kg/m?, men: —0.2
(95% CI —0.5t00.2) kg/mz) than participants without T2D
(GS: women: 0.0 (95% CI —2.7 to 2.0) kg, men: —0.7 (95%
CI —3.3 to 2.7) kg; SMI: women: —0.0 (95% CI —0.3 to
0.3) kg/m?; men: 0.0 (95% CI — 0.4 to 0.3) kg/m?). The time
needed to complete the TUG increased more strongly in
women with T2D compared to women without T2D (0.7
(95% CI —0.5t0 2.6) s vs. —0.0 (95% CI — 1.1 to 1.2) s;
p=0.006). In men, the time needed for the TUG decreased
in those with and without T2D without significant differ-
ences between diabetic and non-diabetic men (—0.9 (95%
Cl -241t00.4)svs. —0.6 (95% CI — 1.8 to 0.8); Online
Resource 1).

After adjustment for age and sex, T2D was significantly
associated with the change in GS (p=0.045) and SMI
(p=0.006) in the total cohort (Table 2). The association with
SMI remained significant after further adjustment for BMI,

Table 1 Baseline characteristics of the study participants stratified by diabetes status

Total * (n=731)

Diabetes® (n=118 (16.1%))

No diabetes® (n=613 (83.9%)) p value®

Women Men Women Men Women Men Women/men
n (%) 360 (49.3) 371 (50.8) 58 (16.1) 60 (16.2) 311(83.8) 302 (83.9) 0.9820*
Age (years) 74.5+6.2 74.7+6.2 76.4+5.8 75.4+6.3 74.1+6.3 74.5+6.1 0.006/0.255
BMI (kg/m?) 28.3+4.5 284+39 31.0+4.0 299+4.4 27.7+4.4 28.1+3.7 <0.001/0.007
GS (kg) 20.7+5.3 343+7.6 20.2+5.9 344+75 20.7+5.1 343+7.7 0.409/0.602
SMI (kg/m?) 74+09 10.1+1.0 8.0+1.0 10.5+1.0 7.3+0.9 10.0+1.0 <0.001/<0.001
TUG (s) 10.5+3.2 10.3+2.9 11.8+3.3 10.9+2.6 10.3+3.1 10.2+3.0 <0.001/0.018
PASE: Total Score 119.1+48.9 131.1+59.7 112.7+53.1 110.4+57.6 120.3+48.1 135.1+£59.4  0.173/0.002
HbAIc (%) (mmol/mol) 57+05@39) 57+£0639) 65+0.7(48) 65+0.6148) 56+03@38) 56+05(38) <0.001/<0.001
Insulin therapy only 4(6.9%) 5(8.3%)
Oral anti-diabetics only 33 (56.9%) 38 (63.3%)
Combination therapy” 7 (12.1%) 4(6.7%)
No anti-diabetic treatment 14 (24.1%) 13 (21.7%)
Current smoker n (%) 16 (4.4) 21(5.7) 2(3.5) 4(6.7) 14 (4.6) 17 (5.5) 0.624/0.925
Ex-Smoker n (%) 71 (19.7) 197 (53.1) 14 (24.1) 32 (53.3) 57 (18.9) 165 (54.6)
Non-Smoker n (%) 273 (75.8) 153 (41.2) 42 (72.4) 24 (40.0) 231 (76.5) 129 (42.7)
No chronic disease n (%) 33(9.2) 54 (14.6) 3(5.2) 5(8.3) 30 (10.0) 49 (15.8) 0.017/0.006
1 chronic disease n (%) 107 (29.9) 115 (31.0) 10 (17.2) 11 (18.3) 97 (32.3) 104 (33.4)
>2 chronic diseases n (%) 218 (60.9) 202 (54.5) 45 (77.6) 44 (73.3) 173 (57.7) 158 (50.8)

Mann—-Whitney U test was used for continuous variables, Chi-square test for categorical variables

*Mean + standard deviation, or proportion (%)

®The p value is related to the null hypothesis of no differences between those with and without T2D

*For sex [female]

YInsulin and oral anti-diabetics
Abbreviations: PASE: Physical Activity Scale for the Elderly; GS: Hand grip strength; SMI: Skeletal muscle index; TUG: Timed up and go test
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Table 2 Prospective association between T2D and change in muscle parameters over 3 years of follow-up: Results of linear regression models,
dependent variable A calculated by value of follow-up visit (2012)—baseline visit (2009) and diabetes status at baseline

Model 1 Model 2
Regression coefficient (95% CI) p value Regression coefficient (95% CI) p value
A GS Total n="728 -1.0(-19t0 -0.0) 0.045 —-0.9 (—=1.91t00.04)* 0.061
Men n=370 -13(-2.8t00.2) 0.090 -1.3(-29100.2) 0.097
Women n=358 -0.7(-1.8t00.4) 0.233 —-0.6 (—1.8t00.6)* 0.343
A SMI Total n=712 -0.2(-0.3t0-0.04) 0.006 —0.1(-0.2t0 —0.02)* 0.024
Men n=356 -0.2(-0.3t0—-0.01) 0.033 —0.2 (=0.3 to —0.004) 0.057
Women n=356 —0.1(-0.3t00.02) 0.090 —0.1(—0.31t00.05)* 0.169
A TUG Total n=649 0.2(-0.41t00.7) 0.607 —0.1(—=0.7t00.5)* 0.839
Men n=336 -0.6(—15t00.3) 0.181 -0.8(—=1.7t00.1) 0.099
Women n=313 1.0(0.2to 1.7) 0.012 0.7 (—0.1 to 1.5)* 0.075

Bold values indicate significant p value (<0.05)

Model 1: adjusted for sex in the total cohort (ref.: women) and age [years]

Model 2: additionally adjusted for BMI [kg/m?], physical activity [score per unit], multimorbidity (ref: 0; 1, >2)-diabetes and smoking;

*Missing n=1

Abbreviations: GS: Hand grip strength; SMI: Skeletal muscle index; TUG: Timed up and go test

physical activity, multimorbidity, and smoking (p =0.024).
T2D was not significantly associated with the change in time
needed to complete the TUG test in any of the models in
the total cohort. In women, T2D was associated with delta
TUG after adjustment for age (p=0.012), but no longer after
multivariable adjustment. In men, T2D was not associated
with a change in TUG (p value for sex interaction in a model
adjusted for sex and T2D =0.033). T2D was not associated
with change in GS in any of the models. The interaction tests
displayed no significant differences in the association of the
change in GS and SMI with T2D by sex.

Impact of insulin treatment on muscle parameters

Absolute changes of muscle parameters over time in partici-
pants with pharmacologically treated T2D stratified for insu-
lin treatment are shown in Online Resource 2. Women with
insulin therapy displayed a significantly stronger increase in
time needed to complete the TUG (2.6 (95% CI 2.0-3.5) s)
than women treated with oral anti-diabetic medication only
(0.7 (95% CI —0.8-1.6) s; p=0.015), despite more favorable
albeit not statistically significantly different changes in SMI
over time (0.1 (95% CI —0.5 to 0.6) kg/mz) compared to
those treated with oral anti-diabetic medication only (—0.3
(95% CI — 0.8 to 0.2) kg/m?; p=0.064).

In men, the change in SMI differed significantly between
participants with and without insulin therapy with an
increase of 0.2 (95% CI 0.1 to 0.5) kg/rn2 in those treated
with insulin versus a decrease of — 0.3 (95% CI —0.6 to 0.2)
kg/m? in participants with oral anti-diabetic medication only
(p=0.017), whereas changes in TUG were not different in
men with or without insulin therapy.
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Changes in GS were not significantly different in women
or men with and without insulin therapy (Online Resource
2).

Table 3 displays the results of the linear regression mod-
els investigating the associations of treatment type with
deltas of GS, SMI and TUG. In men, insulin therapy was
inversely associated with delta GS, but just missed signifi-
cance in the fully adjusted model (f: — 3.4 (95% CI —6.7 to
0.02) kg; p=0.051). In women, no respective associations
were observed (p: 0.4 (95% CI —3.3-4.1) kg; p=0.830 in
the fully adjusted model).

The crude linear regression model revealed a positive
association of insulin treatment with SMI (B: 0.5 (95%
CI 0.2-0.9) kg/mz; p=0.005). This effect was even more
pronounced after multivariable adjustment (f: 0.6 (95% CI
0.3-0.9) kg/m?; p=0.001) and was stronger in women (:
0.8 (95% CI 0.2—1.4) kg/m?; p=0.009) than in men (f: 0.5
(95% CI1 0.1-0.9) kg/mz; p=0.021). However, the interac-
tion test displayed no significant differences in the associa-
tion of insulin therapy with change in SMI between women
and men (p-value for sex interaction in the model adjusted
for sex and T2D =0.452).

The time needed to complete the TUG increased more
strongly in women treated with insulin versus women
treated with oral anti-diabetic medication only (B: 4.3 (95%
CI 1.1-7.5) s; p=0.010 in the fully adjusted model), but
changes in TUG were not different in men with or without
insulin treatment. In the total cohort, the time for the TUG
increased more strongly in participants treated with insulin,
but the results were not statistically significant (B: 1.6 (95%
CI-0.2t03.4) s; p=0.086 in the fully adjusted model). The
interaction test displayed a significantly stronger association
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Table 3 Prospective association
between type of treatment

Model 1

Model 2

(insulin versus oral anti-diabetic Regression coef- p value  Regression coefficient (95% CI)  p value
medication only) and change in ficient (95% CI)
muscle parameters over 3 years
of follow-up A GS Total n=90 -12(-3.6t01.1) 0.294 —-1.6(—4.1t00.8) 0.190
Men n=47 -30(-63t004) 0.081 -3.4(-6.7t00.02) 0.051
Womenn=43 0.1 (-3.1t03.3) 0.927 04 (-33t04.1) 0.830
A SMI Total n=88 0.5 (0.2-0.9) 0.005 0.6 (0.3-0.9) 0.001
Men n=45 0.5 (0.02-1.0) 0.041 0.5 (0.1-0.9) 0.021
Womenn=43  0.5(-0.02t0 1.1) 0.060 0.8 (0.2-1.4) 0.009
ATUG  Total n=79 1.4 (-0.3t03.0) 0.096 1.6 (—0.2t0 3.4) 0.086
Men n=43 0.1 (-2.0t02.2) 0.946 0.4 (-2.0t02.7) 0.758
Women n=36 2.7 (0.1-5.4) 0.041 4.3 (1.1-7.5) 0.010

Results of linear regression models, dependent variable A calculated by value of follow-up visit (2012)—
baseline visit (2009) of participants with diabetes and treatment (insulin versus non-insulin anti-diabetic

therapy only)

Bold values indicate significant p value (<0.05)

Model 1: adjusted for sex (ref.: women) and age (years)

Model 2: additionally adjusted for BMI (kg/m?), physical activity (score per unit), HbAlc (%), multimor-
bidity (ref: 0; 1, >2)-diabetes, smoking and duration of diabetes (categories: <6 years; > 6 years)

Abbreviations: GS: Hand grip strength; SMI: Skeletal muscle index; TUG: Timed up and go test

of insulin therapy with the change in TUG in women than
in men (p-value for sex interaction in the model adjusted for
sex and T2D =0.002). The association of insulin therapy
with delta TUG in the total cohort remained statistically not
significant after inclusion of the sex interaction term (data
not shown).

Discussion

In our population-based cohort aged > 65 years, SMI was
higher at baseline but decreased more strongly in partici-
pants with T2D during 3 years of follow-up compared to
participants without T2D. The association between T2D and
changes in SMI was independent of relevant confounders
(sex, age, BMI, physical activity, smoking, and multimor-
bidity). At baseline, time needed to complete the TUG was
higher in diabetic participants, whereas GS did not differ
between participants with and without T2D. These data are
in line with previous studies showing a decreased muscle
mass and strength predominantly in the lower extremities
with subsequent walking impairments, but a preserved mus-
cle function of the upper extremities in diabetic individu-
als [18, 19]. A reduction in numbers of the predominantly
oxidative type I fibers in relation to the primarily glycolytic
type II fibers [20] is a possible explanation for this finding.
The present data indicate, unlike a previous study describing
lower leg muscle quality and physical performance status
only in participants with poor glycemic control as indicated
by HbAlc values > 8.5% (69 mmol/mol) [21], that even mild

disturbances of glycemic control are associated with changes
of muscle parameters. The KORA-Age participants with
T2D had only mild hyperglycemia and/or were well-treated
with a mean HbAlc of 6.5% (48 mmol/mol), but still dis-
played differences in TUG and in the decline of muscle mass
compared with non-diabetic participants. The fact that nei-
ther change in TUG nor in GS differed significantly between
participants with or without T2D in the longitudinal analysis
after multivariable adjustment might be attributable to the
short follow-up time of three years.

Insulin treatment was associated with preservation of
SMI, despite higher HbAlc values (6.9 +0.7%; 52 mmol/
mol) in participants receiving insulin. During follow-up,
the SMI decline was significantly stronger in diabetic par-
ticipants treated with oral anti-diabetic therapy, suggesting
a positive effect of insulin treatment on muscle mass. In
a previous retrospective observational study, insulin treat-
ment prevented the decline of SMI in the lower, but not the
upper extremities [22]. However, in contrast to the preserved
or even improved SMI, muscle function was not amelio-
rated in participants with insulin treatment in our study. GS
decreased more strongly in men with insulin therapy com-
pared to diabetic men without insulin therapy, an observa-
tion that just missed significance in the fully adjusted model.
TUG increased significantly stronger in women treated with
insulin. These data indicate a discrepancy between mus-
cle mass and muscle function especially in insulin-treated
women who also displayed a stronger favorable difference
in delta SMI than men. This interesting finding may indi-
cate that the elevation of muscle mass might be mainly due
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to an increase in intramuscular adipose tissue and not to
an increase in functional muscle fibers. This finding is in
line with previous data showing a decreased muscle quality
despite an equal lean body mass in diabetic participants with
increasing HbAlc values [23]. A possible explanation may
be a differential insulin resistance, in which the sensitivity
to insulin-mediated glucose uptake is partially preserved,
and thus promotes the possibility to an increased genera-
tion of intramuscular fat in case of insulin therapy, but the
insulin-mediated protein synthesis is blunted [24]. In turn,
accumulation of intramuscular adipose tissue seems to con-
tribute to insulin resistance [25] and to mobility limitations
[26]. In fact, anabolic resistance—a reduced muscle protein
synthesis in response to nutrients [27] or insulin [28, 29]
accompanied by a diminished insulin-mediated suppression
of proteolysis [30]—may develop previous to glucose intol-
erance as the most widely recognized form of insulin resist-
ance. Particularly, older people with T2D may be affected
by a differential insulin resistance [28]. Thus, in older peo-
ple, supra-physiological insulin doses may be necessary
to stimulate protein synthesis and muscle anabolism [28].
However, permanent hyper-insulinemia has acknowledged
negative effects. Altogether, beneficial effects of insulin on
muscle function and mass in elderly remain questionable and
are no justification for the initiation of an insulin therapy.

Study strengths and limitations

Strengths of our study are the population-based longitudinal
design and the detailed examination of muscle mass and
function. Limitations are the relatively short follow-up time
of 3 years, the lack of data on fasting plasma glucose and
insulin sensitivity, and the relatively low number of par-
ticipants treated with insulin. Muscle mass was measured
using BIA and not with dual energy X-ray absorptiometry
in order to avoid radiation exposure, and we did not obtain
muscle biopsies.

Conclusions

The present study demonstrates that the decline of mus-
cle function and muscle mass is accelerated in individu-
als with T2D and that insulin therapy is associated with
preservation of muscle mass. However, insulin treatment
did not improve muscle function in the current cohort.
Therefore, these data do not implicate that an early insulin
treatment in elderly may be favorable regarding muscle
integrity. Prospective studies including muscle biopsies
are required to assess the effect of insulin treatment on
muscle quality. Since other pharmaceutical approaches
also did not succeed so far in improving muscle function
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in T2D [13] and yet no strategy exists for reversing muscle
losses, the current data stress the necessity of a timely
detection of low muscle quality, which may be present
in patients with even mild T2D, and an early combined
intervention including physiotherapy, dietary modifica-
tions and, possibly, adapted anti-diabetic therapy with the
goal of preventing loss of muscle mass and function.
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