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Glucose-lowering medica2on in type 2 diabetes: Overall approach
FIRST-LINE THERAPY IS METFORMIN AND COMPREHENSIVE LIFESTYLE (INCLUDING WEIGHT MANAGEMENT AND PHYSICAL ACTIVITY)

IF HbA1c ABOVE TARGET PROCEED AS BELOW

*Proven CVD benefit means it has label indica7on of reducing CVD events. For GLP-1RA strongest evidence for liraglu7de>semaglu7de>exena7de extended release. For SGLT-2i evidence modestly stronger for empagliflozin>canagliflozin; 
†**Semaglu7de>liraglu7de>dulaglu7de>exena7de>lixisena7de; ††If no specific comorbidi7es (i.e. no established CVD, low risk of hypoglycaemia and lower priority to avoid weight gain or no weight-related comorbidi7es); ‡‡Consider country- and region-specific cost of drugs. In some 
countries, TZDs rela7vely more expensive and DPP-4i rela7vely cheaper

ASCVD predominates

If further intensification is required or 
patient is now unable to tolerate GLP-1RA 
and/or SGLT-2i, choose agents 
demonstrating CV safety:

• Consider adding the other class 
(GLP-1RA and/or SGLT-2i) with 
proven CVD benefit

• DPP-4i if not on GLP-1RA
• Basal insulin§

• TZD¶

• SU||

If HbA1c above target

GLP-1RA 
with proven 
CVD benefit*

SGLT-2i 
with proven 

CVD benefit*,
if eGFR  

adequate†

EITHER
/OR

HF OR CKD predominates

• Avoid TZD in the setting of HF

Choose agents demonstrating CV safety:
• Consider adding the other class with 

proven CVD benefit*
• DPP-4i (not saxagliptin) in the 

setting of HF (if not on GLP-1RA)
• Basal insulin§

• SU||

If HbA1c above target

SGLT-2i with evidence of reducing HF 
and/or CKD progression in CVOT if eGFR 

adequate‡

If SGLT-2i not tolerated or contraindicated 
or if eGFR less than adequate† add GLP-

1RA with proven CV benefit*

OR

PREFERABLY

Established ASCVD or CKD
NO

To avoid 
clinical inertia 
reassess and 

modify 
treatment 
regularly

(3–6 months)

If triple therapy required or SGLT-2i 
and/or GLP-1RA not tolerated or 
contraindicated use regimen with 

lowest risk of weight gain
PREFERABLY

DPP-4i (if not on GLP-1RA)
based on weight neutrality

SGLT-2i†
GLP-1RA
with good 
efficacy for 

weight loss**

Compelling need to minimise weight 
gain or promote weight loss

EITHER
/OR

If HbA1c above target

If HbA1c above target

SGLT-2i†
GLP-1RA

with good efficacy 
for weight loss**

If DPP-4i not tolerated or 
contraindicated or patient already on 
GLP-1RA cautious addition of:
● SU|| ● TZD¶ ● Basal insulin

• Insulin therapy basal insulin 
with lowest acquisition cost

OR
• Consider DPP-4i OR SGLT-2i 

with lowest acquisition cost‡‡

TZD‡‡ SU||

TZD‡‡SU||

Cost is a major issue††‡‡

If HbA1c above target

If HbA1c above target

Without established ASCVD or CKD

Consider the addition of SU|| OR basal insulin:
• Choose later generation SU with lower risk of hypoglycaemia
• Consider basal insulin with lower risk of hypoglycaemia#

If HbA1c
above target

If HbA1c
above target

If HbA1c
above target

GLP-1RA

TZD

DPP-4i

OR

OR
SGLT-2i†

DPP-4i

GLP-1RA

OR

OR

SGLT-2i†

TZD

OR

SGLT-2i†

TZD

OR

If HbA1c
above target

SGLT-2i† TZDGLP-1RADPP-4i

Compelling need to minimise hypoglycaemia

Continue with addition of other agents as outlined above

If HbA1c above target

If HbA1c above target
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BACKGROUND
The comparative effectiveness of glucose-lowering medications for use with metfor-
min to maintain target glycated hemoglobin levels in persons with type 2 diabetes 
is uncertain.

METHODS
In this trial involving participants with type 2 diabetes of less than 10 years’ duration 
who were receiving metformin and had glycated hemoglobin levels of 6.8 to 8.5%, 
we compared the effectiveness of four commonly used glucose-lowering medica-
tions. We randomly assigned participants to receive insulin glargine U-100 (here-
after, glargine), the sulfonylurea glimepiride, the glucagon-like peptide-1 receptor 
agonist liraglutide, or sitagliptin, a dipeptidyl peptidase 4 inhibitor. The primary 
metabolic outcome was a glycated hemoglobin level, measured quarterly, of 7.0% or 
higher that was subsequently confirmed, and the secondary metabolic outcome was 
a confirmed glycated hemoglobin level greater than 7.5%.

RESULTS
A total of 5047 participants (19.8% Black and 18.6% Hispanic or Latinx) who had 
received metformin for type 2 diabetes were followed for a mean of 5.0 years. The 
cumulative incidence of a glycated hemoglobin level of 7.0% or higher (the primary 
metabolic outcome) differed significantly among the four groups (P<0.001 for a 
global test of differences across groups); the rates with glargine (26.5 per 100 par-
ticipant-years) and liraglutide (26.1) were similar and lower than those with 
glimepiride (30.4) and sitagliptin (38.1). The differences among the groups with 
respect to a glycated hemoglobin level greater than 7.5% (the secondary outcome) 
paralleled those of the primary outcome. There were no material differences with 
respect to the primary outcome across prespecified subgroups defined according 
to sex, age, or race or ethnic group; however, among participants with higher 
baseline glycated hemoglobin levels there appeared to be an even greater benefit 
with glargine, liraglutide, and glimepiride than with sitagliptin. Severe hypoglyce-
mia was rare but significantly more frequent with glimepiride (in 2.2% of the par-
ticipants) than with glargine (1.3%), liraglutide (1.0%), or sitagliptin (0.7%). Partici-
pants who received liraglutide reported more frequent gastrointestinal side effects 
and lost more weight than those in the other treatment groups.

CONCLUSIONS
All four medications, when added to metformin, decreased glycated hemoglobin 
levels. However, glargine and liraglutide were significantly, albeit modestly, more 
effective in achieving and maintaining target glycated hemoglobin levels. (Funded 
by the National Institute of Diabetes and Digestive and Kidney Diseases and others; 
GRADE ClinicalTrials.gov number, NCT01794143.)
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Outcomes of Glycemia Reduction in Type 2 Diabetes

ticipants in the lowest third of baseline glycated 
hemoglobin levels (6.8 to 7.2% [50.8 to 55.2 mmol 
per mole]), a glycated hemoglobin level of less 
than 7.0% was not achieved or maintained in 
approximately 60%.

The hazard ratio in the glargine group as 

compared with the sitagliptin group differed 
among the strata of glycated hemoglobin levels. 
The risk reductions with glargine increased among 
participants from the lower to highest strata of 
baseline glycated hemoglobin levels, from 17% 
(95% confidence interval [CI], 3 to 29) to 32% 

Table 2. Primary and Secondary Metabolic Outcomes.*

Outcome
Glargine 

(N = 1263)
Glimepiride 
(N = 1254)

Liraglutide 
(N = 1262)

Sitagliptin 
(N = 1268)

Primary metabolic outcome†

Participants — no. (%) 852 (67.4) 908 (72.4) 860 (68.2) 981 (77.4)

Rate/100 participant-yr (95% CI) 26.5 
(24.8–28.4)

30.4 
(28.4–32.4)

26.1 
(24.4–27.9)

38.1 
(35.8–40.6)

Pairwise hazard ratios (95% CI)

Glargine — 0.89 
(0.81–0.98)‡

1.02 
(0.93–1.12)

0.71 
(0.64–0.78)§

Glimepiride — — 1.15 
(1.04–1.27)¶

0.79 
(0.72–0.88)§

Liraglutide — — — 0.69 
(0.63–0.76)§

Hazard ratio in the treatment group as 
compared with all other treatments 
combined (95% CI)

0.87 
(0.80–0.94)§

1.01 
(0.93–1.09)

0.84 
(0.78–0.91)§

1.37 
(1.27–1.48)§

Restricted mean survival time over 4 yr of 
follow-up (95% CI) — days

861 
(831–891)

809 
(780–838)

882 
(853–911)

697 
(667–726)

Secondary metabolic outcome∥

Participants — no. (%) 498 (39.4) 633 (50.5) 583 (46.2) 697 (55.0)

Rate/100 participant-yr (95% CI) 10.7 
(9.8–11.7)

14.8 
(13.6–16.0)

13.0 
(12.0–14.1)

17.5 
(16.3–18.9)

Pairwise hazard ratios (95% CI)

Glargine — 0.73 
(0.65–0.82)

0.83 
(0.73–0.93)

0.61 
(0.54–0.69)

Glimepiride — — 1.13 
(1.01–1.27)

0.84 
(0.75–0.93)

Liraglutide — — — 0.74 
(0.66–0.83)

Hazard ratio in the treatment group as 
compared with all other treatments 
combined (95% CI)

0.72 
(0.65–0.79)

1.09 
(1.00–1.20)

0.92 
(0.84–1.01)

1.38 
(1.26–1.51)

Restricted mean survival time over 4 yr of 
follow-up (95% CI) — days

1188 
(1163–1212)

1115 
(1090–1141)

1154 
(1129–1179)

1030 
(1002–1058)

*  Shown are the numbers of participants with primary and secondary metabolic outcome events according to randomized treatment group 
(intention-to-treat) with overall rates and hazard ratios. Calculations for the tertiary outcome are provided in Table S5. CI denotes confi-
dence interval.

†  For the primary outcome, P values were obtained from closed testing of pairwise group differences corrected for six pairwise comparisons. 
Confidence limits corrected for six pairwise tests were obtained by inverting the closed-testing z-test value and then computing corrected 
95% confidence intervals. P<0.001 from a test of the log hazard ratios for treatment failure among the four treatment groups, with the use 
of a Cox proportional-hazards model, with treatment group as the only predictor variable.

‡  P≤0.05 for the specified comparison of two treatment groups.
§  P≤0.001 for the specified comparison of two treatment groups.
¶  P≤0.01 for the specified comparison of two treatment groups.
∥  For the secondary outcome, confidence intervals obtained from the Cox proportional-hazards model are not corrected for multiple compari-

sons among groups.
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min to maintain target glycated hemoglobin levels in persons with type 2 diabetes 
is uncertain.

METHODS
In this trial involving participants with type 2 diabetes of less than 10 years’ duration 
who were receiving metformin and had glycated hemoglobin levels of 6.8 to 8.5%, 
we compared the effectiveness of four commonly used glucose-lowering medica-
tions. We randomly assigned participants to receive insulin glargine U-100 (here-
after, glargine), the sulfonylurea glimepiride, the glucagon-like peptide-1 receptor 
agonist liraglutide, or sitagliptin, a dipeptidyl peptidase 4 inhibitor. The primary 
metabolic outcome was a glycated hemoglobin level, measured quarterly, of 7.0% or 
higher that was subsequently confirmed, and the secondary metabolic outcome was 
a confirmed glycated hemoglobin level greater than 7.5%.

RESULTS
A total of 5047 participants (19.8% Black and 18.6% Hispanic or Latinx) who had 
received metformin for type 2 diabetes were followed for a mean of 5.0 years. The 
cumulative incidence of a glycated hemoglobin level of 7.0% or higher (the primary 
metabolic outcome) differed significantly among the four groups (P<0.001 for a 
global test of differences across groups); the rates with glargine (26.5 per 100 par-
ticipant-years) and liraglutide (26.1) were similar and lower than those with 
glimepiride (30.4) and sitagliptin (38.1). The differences among the groups with 
respect to a glycated hemoglobin level greater than 7.5% (the secondary outcome) 
paralleled those of the primary outcome. There were no material differences with 
respect to the primary outcome across prespecified subgroups defined according 
to sex, age, or race or ethnic group; however, among participants with higher 
baseline glycated hemoglobin levels there appeared to be an even greater benefit 
with glargine, liraglutide, and glimepiride than with sitagliptin. Severe hypoglyce-
mia was rare but significantly more frequent with glimepiride (in 2.2% of the par-
ticipants) than with glargine (1.3%), liraglutide (1.0%), or sitagliptin (0.7%). Partici-
pants who received liraglutide reported more frequent gastrointestinal side effects 
and lost more weight than those in the other treatment groups.

CONCLUSIONS
All four medications, when added to metformin, decreased glycated hemoglobin 
levels. However, glargine and liraglutide were significantly, albeit modestly, more 
effective in achieving and maintaining target glycated hemoglobin levels. (Funded 
by the National Institute of Diabetes and Digestive and Kidney Diseases and others; 
GRADE ClinicalTrials.gov number, NCT01794143.)
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(95% CI, 19 to 42) to 46% (95% CI, 36 to 55). In 
participants with higher baseline glycated hemo-
globin levels, sitagliptin was progressively less 
effective than the other three medications in 
maintaining or achieving a glycated hemoglobin 
level of less than 7.0%. In each glycated hemo-
globin stratum, the risk of treatment failure with 
sitagliptin increased at a rate that was faster than 
that in the other groups as the glycated hemo-

globin level increased. There was no suggestion 
of heterogeneity among the subgroups with re-
spect to the secondary outcome.

 Sensitivity Analyses
Results based on trial data from before the 
Covid-19 pandemic period (i.e., before March 15, 
2020) showed that Covid-19 had no effect on the 
trial results as compared with the entire trial 

Figure 1. Kaplan–Meier Analysis of Outcome Events and Mean Glycated Hemoglobin Levels.

Shown are the cumulative incidences of a glycated hemoglobin level of 7.0% or higher (the primary metabolic outcome) (Panel A), a gly-
cated hemoglobin level of greater than 7.5% (the secondary metabolic outcome) (Panel B), and a confirmed glycated hemoglobin level 
greater than 7.5% after the secondary outcome (the tertiary metabolic outcome) (Panel C), as well as the mean glycated hemoglobin levels 
(Panel D). In Panels A through C, the shaded bars along the x axis indicate the number of participants with data available for the analy-
ses over time (i.e., the number of participants in whom a specified outcome event had not developed by that time). The vertical dashed 
lines indicate the results at 4 years, when 85.8% of the participants were undergoing follow-up. To convert values for glycated hemoglo-
bin to millimoles per mole, multiply by 10.93 and then subtract 23.5.
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min to maintain target glycated hemoglobin levels in persons with type 2 diabetes 
is uncertain.

METHODS
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who were receiving metformin and had glycated hemoglobin levels of 6.8 to 8.5%, 
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after, glargine), the sulfonylurea glimepiride, the glucagon-like peptide-1 receptor 
agonist liraglutide, or sitagliptin, a dipeptidyl peptidase 4 inhibitor. The primary 
metabolic outcome was a glycated hemoglobin level, measured quarterly, of 7.0% or 
higher that was subsequently confirmed, and the secondary metabolic outcome was 
a confirmed glycated hemoglobin level greater than 7.5%.

RESULTS
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with glargine, liraglutide, and glimepiride than with sitagliptin. Severe hypoglyce-
mia was rare but significantly more frequent with glimepiride (in 2.2% of the par-
ticipants) than with glargine (1.3%), liraglutide (1.0%), or sitagliptin (0.7%). Partici-
pants who received liraglutide reported more frequent gastrointestinal side effects 
and lost more weight than those in the other treatment groups.

CONCLUSIONS
All four medications, when added to metformin, decreased glycated hemoglobin 
levels. However, glargine and liraglutide were significantly, albeit modestly, more 
effective in achieving and maintaining target glycated hemoglobin levels. (Funded 
by the National Institute of Diabetes and Digestive and Kidney Diseases and others; 
GRADE ClinicalTrials.gov number, NCT01794143.)
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(95% CI, 19 to 42) to 46% (95% CI, 36 to 55). In 
participants with higher baseline glycated hemo-
globin levels, sitagliptin was progressively less 
effective than the other three medications in 
maintaining or achieving a glycated hemoglobin 
level of less than 7.0%. In each glycated hemo-
globin stratum, the risk of treatment failure with 
sitagliptin increased at a rate that was faster than 
that in the other groups as the glycated hemo-

globin level increased. There was no suggestion 
of heterogeneity among the subgroups with re-
spect to the secondary outcome.

 Sensitivity Analyses
Results based on trial data from before the 
Covid-19 pandemic period (i.e., before March 15, 
2020) showed that Covid-19 had no effect on the 
trial results as compared with the entire trial 

Figure 1. Kaplan–Meier Analysis of Outcome Events and Mean Glycated Hemoglobin Levels.

Shown are the cumulative incidences of a glycated hemoglobin level of 7.0% or higher (the primary metabolic outcome) (Panel A), a gly-
cated hemoglobin level of greater than 7.5% (the secondary metabolic outcome) (Panel B), and a confirmed glycated hemoglobin level 
greater than 7.5% after the secondary outcome (the tertiary metabolic outcome) (Panel C), as well as the mean glycated hemoglobin levels 
(Panel D). In Panels A through C, the shaded bars along the x axis indicate the number of participants with data available for the analy-
ses over time (i.e., the number of participants in whom a specified outcome event had not developed by that time). The vertical dashed 
lines indicate the results at 4 years, when 85.8% of the participants were undergoing follow-up. To convert values for glycated hemoglo-
bin to millimoles per mole, multiply by 10.93 and then subtract 23.5.
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SUMMARY

Background and objectives: Many patients with type 2 diabetes mellitus

(T2DM) do not achieve glycaemic control targets on basal insulin regimens. This

analysis investigated characteristics, clinical outcomes and impact of concomitant

oral antidiabetes drugs (OADs) in patients with T2DM treated with high-dose insu-

lin glargine. Methods: Patient-level data were pooled from 15 randomised, treat-

to-target trials in patients with T2DM treated with insulin glargine ! OADs for

≥ 24 weeks. Data were stratified according to whether patients exceeded three

insulin dose cut-off levels (> 0.5, > 0.7 and > 1.0 IU/kg). End-points included gly-

cated haemoglobin A1c (A1C), fasting plasma glucose, body weight, and overall,

nocturnal and severe hypoglycaemia. Results: Data from 2837 insulin-na€ıve

patients were analysed. Patients with insulin titrated beyond the three doses inves-

tigated had significantly higher baseline A1C levels and were younger, with shorter

diabetes duration than those at/below cut-offs (p < 0.05 for all cut-offs); they also

had greater weight gain (p < 0.001 for the > 0.5 and > 0.7 IU/kg cut-offs) than

those who did not exceed the cut-offs, regardless of concomitant OAD. Patients

on concomitant metformin alone had higher insulin doses at Week 24, but

achieved greater reductions in A1C, less weight gain and lower hypoglycaemia

rates than patients on a concomitant sulfonylurea or metformin plus a sulfony-

lurea, regardless of whether cut-offs were exceeded. Conclusion: In patients with

T2DM, increasing basal insulin doses above 0.5 IU/kg may not improve glycaemic

control; treatment strategies targeting postprandial glucose control should be con-

sidered for such patients.

What’s known
A large proportion of patients with type 2 diabetes

mellitus do not achieve the glycated haemoglobin

A1c (A1C) goals of < 7.0% recommended in current

guidelines. This may be attributed to clinical inertia in

initiating insulin earlier and the failure to intensify

diabetes treatment appropriately when the A1C goal

of < 7.0% is not achieved.

What’s new
This analysis highlights that continued upward

titration of basal insulin glargine to doses > 0.5,

> 0.7 and even > 1.0 IU/kg does not appear to

result in further improvements in glycaemic control

but, for those patients needing higher doses, is

associated with increased weight gain and also an

increased risk of hypoglycaemia once the dose cut-off

is exceeded. Intensification of treatment to control

residual postprandial hyperglycaemia should be

considered for patients whose diabetes is

inadequately controlled with high-dose insulin

glargine plus oral antidiabetes drugs.

Introduction

The joint position statement of the American Dia-
betes Association (ADA) and the European Associa-
tion for the Study of Diabetes (EASD) notes that,
because of disease progression, many patients with
type 2 diabetes mellitus (T2DM) ultimately require
insulin therapy, either alone or in combination with
other oral antidiabetes drugs (OADs), to maintain
glycaemic control (1). Guidance from the ADA/
EASD and also the American Association of Clinical
Endocrinologists suggests that insulin should be initi-
ated as a single daily injection of basal insulin at a
dose of 0.1–0.2 IU/kg of body weight although
higher doses (e.g. 0.2–0.4 IU/kg) are appropriate for
patients who are severely hyperglycaemic (1,2). The
ADA/EASD position statement also alerts practition-
ers to consider the need for additional mealtime
insulin or consider a glucagon-like peptide 1

(GLP-1) receptor agonist trial to reduce postprandial
hyperglycaemia once the daily insulin dose exceeds
0.5 IU/kg and particularly as it approaches 1.0 IU/kg
(1).

Recent cross-sectional data from the National
Health and Nutrition Examination Surveys
(NHANES) suggest that the proportion of patients
who achieve a glycated haemoglobin A1c (A1C) goal
of < 7.0% has increased over the last decade, though
only 52.5% of the NHANES participants in the
2007–2010 survey period met the A1C target of
< 7.0% (3). This may be attributed to clinical inertia,
defined as failure to intensify diabetes treatment
appropriately when the A1C goal of < 7.0% is not
achieved – which affects about one-third of patients
with T2DM, including 26.1% of patients on insulin
monotherapy and 21.4% of patients receiving insulin
plus OADs (4). Clinical inertia is often a conse-
quence of the discrepancy between evidence-based
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metformin plus sulfonylurea use. A1C, glycated haemoglobin A1c. All values represent the mean (SE)
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0.5 IU/kg and particularly as it approaches 1.0 IU/kg
(1).

Recent cross-sectional data from the National
Health and Nutrition Examination Surveys
(NHANES) suggest that the proportion of patients
who achieve a glycated haemoglobin A1c (A1C) goal
of < 7.0% has increased over the last decade, though
only 52.5% of the NHANES participants in the
2007–2010 survey period met the A1C target of
< 7.0% (3). This may be attributed to clinical inertia,
defined as failure to intensify diabetes treatment
appropriately when the A1C goal of < 7.0% is not
achieved – which affects about one-third of patients
with T2DM, including 26.1% of patients on insulin
monotherapy and 21.4% of patients receiving insulin
plus OADs (4). Clinical inertia is often a conse-
quence of the discrepancy between evidence-based
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caemia event rates decreased as the dose cut-off level
increased (Table 3, Figure 4).

Discussion

This analysis of pooled patient-level data from 2837
patients with T2DM suggests that, in certain patients,
a low overall risk of hypoglycaemia permits contin-
ued titration of insulin glargine to doses exceeding
0.5 IU/kg. However, in the overall patient popula-
tion, increasing the insulin dose beyond the dose
cut-offs investigated in this analysis (> 0.5, > 0.7 and
> 1.0 IU/kg) did not further improve glycaemic con-
trol in terms of A1C target achievement or mean
FPG levels, and resulted in greater weight gain com-
pared with patients titrated to insulin doses below
the specified cut-off levels. Though overall and noc-
turnal hypoglycaemia event rates were consistently
lower in patients exceeding dose cut-offs compared
with those at or below dose cut-offs (perhaps per-
mitting titration to higher doses), once a patient had
exceeded the dose cut-off, there was a higher likeli-
hood of hypoglycaemia.

The findings of this analysis also show that the
concomitant OAD regimen with which insulin glar-
gine is taken impacts efficacy, weight gain, hypogly-
caemia rate and insulin glargine dose in patients

with T2DM. This is supported by the results of a
previous analysis based on the same clinical dataset
(22) that previously reported that insulin in combi-
nation with a sulfonylurea is associated with fewer
patients achieving target A1C levels, greater weight
gain, and a greater risk of overall, daytime and noc-
turnal hypoglycaemia. Conversely, insulin glargine
plus metformin alone was associated with improved
clinical outcomes, despite higher insulin doses at the
end of trial (22). Our analysis confirms and extends
these findings, showing that greater reductions in
A1C, less weight gain and lower hypoglycaemia rates
were associated with concomitant use of metformin
alone, despite a higher insulin dose at end-point and
regardless of whether patients remained at or below
or exceeded the dose cut-offs defined in this analysis.

Interestingly, we also identified that, in patients
exceeding dose cut-offs, starting doses of insulin were
higher in patients receiving concomitant sulfonylurea
only compared with patients on concomitant met-
formin or metformin plus sulfonylurea. This could
indicate that these patients were more insulin resis-
tant at baseline and required more insulin during the
course of observation, hence their subsequent titra-
tion of insulin dose beyond the cut-off levels, which
resulted in greater weight gain and increased hypo-
glycaemia rates.
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Figure 3 Adjusted mean weight change from baseline to Week 24 in (A) overall population, (B) patients with concomitant

metformin use, (C) patients with concomitant sulfonylurea use and (D) patients with concomitant metformin plus

sulfonylurea use
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peptidase 4 inhibitors (35); and sodium glucose co-
transporter type 2 inhibitors (36,37). However, to
identify and optimally address postprandial hypergly-
caemia, it is important to consider the need to exam-
ine pre- and postprandial self-monitored blood
glucose (SMBG) profiles as well as mean FPG and
A1C levels, and to work with patients to review
SMBG patterns from their log books and glucose
metre downloads. Using this approach in combina-
tion with prandial treatment intensification, an indi-
vidualised treatment strategy can be developed to
best suit the patient’s lifestyle and mealtimes, as rec-
ommended by current management guidelines (1).

Our analysis has several limitations. First, it is
limited by an unavoidable disparity in the number
of patients who exceeded the 0.7 and 1.0 IU/kg
dose cut-off levels compared with the number who
did not exceed those cut-offs. This may have
impacted the outcomes observed in the analysis,
although a consistent trend was observed pre- and
postcut-off, irrespective of cut-off level. Only three
dose cut-off levels were investigated which makes it
difficult to differentiate cause and effect. In addi-
tion, the sample sizes of some of the concomitant
OAD subgroups investigated in this analysis were
small, limiting the strength of the conclusions that
can be drawn on the impact of the concomitant
OAD regimen. Finally, it must be noted that the

results presented here are representative only of
clinical outcomes with insulin glargine, and caution
must be applied when extrapolating these data to
other basal insulin therapies.

In conclusion, continued upwards titration of
basal insulin glargine to doses > 0.5, > 0.7 and even
> 1.0 IU/kg does not appear to result in further
improvements in glycaemic control but leads to
increased weight gain and is associated with an
increased risk of hypoglycaemia. Intensification of
insulin glargine treatment to control residual post-
prandial hyperglycaemia, such as a prandial insulin
or a GLP-1 receptor agonist, should be considered
for such patients whose diabetes is inadequately con-
trolled with high-dose insulin glargine plus OADs.
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Insulin glargine versus sitagliptin in insulin-naive patients 
with type 2 diabetes mellitus uncontrolled on metformin 
(EASIE): a multicentre, randomised open-label trial
Pablo Aschner*, Juliana Chan*, David R Owens, Sylvie Picard, Edward Wang, Marie-Paule Dain, Valérie Pilorget, Akram Echtay, Vivian Fonseca, on 
behalf of the EASIE investigators

Summary
Background In people with type 2 diabetes, a dipeptidyl peptidase-4 (DPP-4) inhibitor is one choice as second-line 
treatment after metformin, with basal insulin recommended as an alternative. We aimed to compare the effi  cacy, 
tolerability, and safety of insulin glargine and sitagliptin, a DPP-4 inhibitor, in patients whose disease was uncontrolled 
with metformin.

Methods In this comparative, parallel, randomised, open-label trial, metformin-treated people aged 35–70 years with 
glycated haemoglobin A1c (HbA1c) of 7–11%, diagnosis of type 2 diabetes for at least 6 months, and body-mass index 
of 25–45 kg/m² were recruited from 17 countries. Participants were randomly assigned (1:1) to 24-week treatment 
with insulin glargine (titrated from an initial subcutaneous dose of 0·2 units per kg bodyweight to attain fasting 
plasma glucose of 4·0–5·5 mmol/L) or sitagliptin (oral dose of 100 mg daily). Randomisation (via a central interactive 
voice response system) was by random sequence generation and was stratifi ed by centre. Patients and investigators 
were not masked to treatment assignment. The primary outcome was change in HbA1c from baseline to study end. 
Effi  cacy analysis included all randomly assigned participants who had received at least one dose of study drug and 
had at least one on-treatment assessment of any primary or secondary effi  cacy variable. This trial is registered at 
ClinicalTrials.gov, NCT00751114.

Findings 732 people were screened and 515 were randomly assigned to insulin glargine (n=250) or sitagliptin (n=265). 
At study end, adjusted mean reduction in HbA1c was greater for patients on insulin glargine (n=227; –1·72%, SE 0·06) 
than for those on sitagliptin (n=253; –1·13%, SE 0·06) with a mean diff erence of –0·59% (95% CI –0·77 to –0·42, 
p<0·0001). The estimated rate of all symptomatic hypoglycaemic episodes was greater with insulin glargine than with 
sitagliptin (4·21 [SE 0·54] vs 0·50 [SE 0·09] events per patient-year; p<0·0001). Severe hypoglycaemia occurred in 
only three (1%) patients on insulin glargine and one (<1%) on sitagliptin. 15 (6%) of patients on insulin glargine 
versus eight (3%) on sitagliptin had at least one serious treatment-emergent adverse event.

Interpretation Our results support the option of addition of basal insulin in patients with type 2 diabetes inadequately 
controlled by metformin. Long-term benefi ts might be expected from the achievement of optimum glycaemic control 
early in the course of the disease.

Funding Sanofi .

Introduction
In type 2 diabetes, large-scale randomised clinical trials 
have shown that early achievement of glycaemic control 
with glycated haemoglobin A1c (HbA1c) less than 7% 
resulted in long-term benefi ts in reduction of micro-
vascular complications and might reduce macrovascular 
problems.1–3 With the exception of patients with sub-
stantial renal impairment or gastrointestinal intol-
erance, metformin is the mainstay of treatment in 
type 2 diabetes. However, most people eventually need 
add itional treatment to achieve their glycaemic goal.4–6 
In view of the low associated risk of hypoglycaemia 
and neutral eff ect on bodyweight, dipeptidyl 
peptidase-4 (DPP-4) inhibitors are increasingly added to 
metformin as an alternative second agent to 
sulphonylureas.7,8 Alternatively, randomised clinical 
trials9,10 and meta-analysis11 have suggested that the 

early addition of basal insulin to metformin treatment 
can lower HbA1c eff ectively with good tolerability. To 
date, no studies have compared the use of DPP-4 
inhibitors versus basal insulin in people with type 2 
diabetes who have not responded to metformin 
monotherapy. In the EASIE (Evaluation of insulin 
glargine versus Sitagliptin in Insulin-naive patients) 
trial, we aimed to compare the effi  cacy, safety, and 
tolerability of basal insulin (insulin glargine) versus a 
DPP-4 inhibitor (sitagliptin) in such a population 
during a 24-week period.

Methods
Study design
EASIE was a multicentre, 6-month, comparative, two-
arm, parallel, randomised, open-label trial undertaken 
in 17 countries (appendix p 1) from Nov 12, 2008, to See Online for appendix

Articles

4 www.thelancet.com   Published online June 9, 2012   DOI:10.1016/S0140-6736(12)60439-5

For the primary endpoint, we undertook ANCOVA with 
the change from baseline in HbA1c as the dependent 
variable, treatment group as fi xed eff ect, and baseline 
HbA1c value as covariate. The corresponding 95% CIs 
were calculated for the adjusted diff erence (insulin 
glargine–sitagliptin) in means. On the assumption of a 
diff erence in the HbA1c change of 0·4% in favour of 
insulin glargine, a SD of 1·3%, a two-tailed α risk of 5%, 
446 evaluable people were needed (223 per group) to 
ensure a statistical power of 90%. ANCOVA was used to 
describe the change from baseline in HbA1c, fasting 
plasma glucose, and seven-point plasma glucose profi le. 
For categorical variables, Pearson χ² or Fisher’s exact test 
were used. The rate of hypoglycaemia per patient-year was 
analysed with a generalised linear model based on a 
Poisson, negative binomial, zero-infl ated Poisson, or zero-
infl ated negative binomial distribution. The best model 
was fi tted according to likelihood ratio test and Vuong test.

This trial is registered at ClinicalTrials.gov, NCT00751114.

Role of the funding source
The funding source participated in initial discussions 
about trial design, participated in the respective study 
steering committees, and undertook the data analysis 
and preparation of study reports. Company repre-
sentatives are named as authors and contributed to 
development of the report as described in the authors’ 
contributions. The authors had access to all data and 
participated in the analysis and interpretation of data. 
The authors vouch for the completeness and veracity of 
the data and analyses. PA, JC, DRO, EW, M-PD, VP, and 
VF served on the steering committee and had full access 
to the data. All authors jointly made the decision to 
submit for publication.

Results
732 people were initially screened and 515 were ran domly 
assigned to insulin glargine (n=250) or sitagliptin (n=265; 
fi gure 2). Most of the 217 people excluded after screening 
did not meet inclusion criteria; the most common cause 
was an HbA1c value out of range (n=146, 67%). 13 people 
randomly assigned to the insulin glargine group (mean 
HbA1c 8·4% [68 mmol/mol]) and one to the sitagliptin 
group (HbA1c 7·5% [58 mmol/mol]) were never treated, 
mostly because of withdrawal of consent, and ten (mean 
HbA1c 8·6% [70 mmol/mol]) and 11 (HbA1c 8·5% 
[69 mmol/mol]) people in the respective safety populations 
had no postbaseline assessment for any effi  cacy variables 
and were excluded from the effi  cacy analysis. The groups 
had similar baseline characteristics (table 1).

Figure 3: HbA1c (A), HbA1c less than 7% or 6·5% (B), self-monitored fasting 
plasma glucose (C) and seven-point self-monitored blood glucose profi les 
during a 24-h period (D) in a 24-week study comparing glargine versus 
sitagliptin in patients with type 2 diabetes who did not respond to 
metformin monotherapy
HbA1c=glycated haemoglobin A1c. SMFPG=self-monitored fasting plasma 
glucose. *p<0·0001. †p=0·0012. ‡p=0·0008 versus sitagliptin (endpoint).
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“El control glucemico se alcanzó con 
0.5 U/Kg y con tan solo una ganancia 
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EFFECT OF GRADED INSULIN DOSES IN MAN

TABLE 2
Summary of total oxidation rate, basal and increase above basal carbohydrate oxidation, basal and postinsulin lipid oxidation, and
protein oxidation during the 0.5-, 1-, 2-, 4-, and 10-mU/kg • min insulin clamp studies

Insulin infusion
rate

Euglycemic hyper-
insulinemia
0.5 mU/kg • min
1.0 mU/kg • min
2.0 mU/kg • min
4.0 mU/kg • miri
10 mU/kg • min

Hyperglycemic hyper-
insulinemia
10 mU/kg • min

Glucose

Basal
(mg/kg

1.3 ± 0.1
1.3 ± 0.1
1.2 ±0.1
1.3 ± 0.1
1.3 ± 0.1

1.3 ± 0.1

oxidation

Suprabasal
• min)

1.1 ± 0.1
1.8 ± 0.2*
2.1 ± 0.2
2.3 ± 0.1
2.4 ± 0.2

2.7 ± 0.2

Basal

1.1 ± 0.1
1.1 ± 0.1
1.1 ± 0.1
1.0 ± 0.1
1.0 ± 0.1

1.0 ± 0.1

Lipid oxidation

Postinsulin
(mg/kg • min)

0.6 ± 0.05
0.3 ± 0.05*
0.2 ± 0.03
0.1 ± 0.03

0.04 ± 0.04

0.00 ± 0.05

Prntpinl 1 UlCII 1

oxidation
(mg/kg • min)

0.9 ± 0.1
0.8 ± 0.1
0.9 ± 0.1
0.9 ± 0.1
1.0 ± 0.1

1.0 ± 0.1

All values represent the mean ± SEM for the basal or 60-120-min time period.
* P < 0.001.

12.6, 4.0, and 8.7 mg/kg • min. The half maximally effective
insulin concentration was 72, 40, and 105 mU/ml, respec-
tively.
Plasma free fatty acids and lipid oxidation. The mean
fasting plasma free fatty acid concentrations in the 0.5-, 1-,
2-, 4-, and 10-mU/kg • min insulin clamp studies were
389 ± 6, 368 ± 8, 381 ± 5, 385 ± 8, and 371 ± 7 /xmol/L,
respectively. During the last 60 min of the euglycemic
clamp, the plasma free fatty acid concentrations were all
significantly decreased: 161 ± 5 , 151 ± 3 , 149 ± 4,
138 ± 3, and 130 ± 6 jumol/L, respectively. The fall in
plasma free fatty acid levels was proportional to the steady-
state plasma insulin concentration during the euglycemic
clamp (r = 0.90, P < 0.001). Lipid oxidation during the 60-
120-min period was 0.6 ± 0.05, 0.3 ± 0.05, 0.2 ± 0.03,
0.1 ± 0.03, and 0.04 ± 0.04 in the 0.5-, 1-, 2-, 4-, and 10-
mU/kg • min insulin clamp studies (Table 2). The fall in lipid

a .5mU/kg.mih
o 1mU/kg.min
o 2 mU/kg.min
• 4 mU/kg.min
• X)mU/kgmin

oxidation was also proportional to the steady-state plasma
insulin concentration during the euglycemic clamp (r =
0.92, P < 0.001).

DISCUSSION
Little information is presently available concerning the
dose-response relationship between the plasma insulin
concentration and the two major routes of glucose disposal,
namely glucose oxidation and. glucose storage. In the
present study, the insulin clamp technique11 was combined
with indirect calorimetry12-13 to examine these relationships.
From Figure 1, it can be appreciated that the total rate of
glucose uptake rises very steeply with plasma insulin con-
centrations within the physiologic range (62-170 //.U/ml). It
can be estimated that the maximal rate of glucose uptake
under euglycemic conditions in postabsorptive man is ap-
proximately 12.6 mg/kg • min and that the plasma insulin

FIGURE 1. Time course of the glucose infusion
rate (i.e., glucose uptake) and total glucose
oxidation rate during the 0.5-, 1-, 2-, 4-, and
10-mU/kg • min insulin clamp studies. Values
from 0 to 60 min represent the stabilization
period and those from 60 to 120 min show the
experimental protocol time period.
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FIGURE 2. Summary of total glucose oxidation
(basal in cross-hatched areas and suprabasal in
clear areas above basal), total glucose uptake,
and glucose storage during the 0.5-, 1-, 2-, 4-, and
10-mU/kg - min insulin clamp studies. The height
of each bar represents the mean ± SEM for the
60-120-min time period. The P values above
each bar refer to the following insulin clamp
study.
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concentration at which half-maximal stimulation occurs is
72 /AU/ITII. In a recent report, Rizza et al.8 found a somewhat
lower Km (55 /xU/ml). Part of the difference between their re-
sults and present ones can be accounted for by the fact that
they found a lower maximal rate of glucose uptake (10
mg/kg • min). Using the maximal uptake rate (12.6
mg/kg • min) obtained in the present study on their curve,
one calculates a half maximally effective insulin concentra-
tion of approximately 70 ^tU/ml. This is very similar to the
value observed by us (72 /xU/ml).

Previous studies demonstrated that under euglycemic
conditions, total glucose uptake plateaued at plasma insu-
lin concentrations between 400-1100/ill/m I.4 Kolterman et
al. achieved a plateau between 300-1000 ju,U/ml.9 Plasma
insulin levels between 100 and 300-400 /all/ml were not ex-
amined in these previous studies.8 From Figure 3, it can be

seen that at a plasma insulin concentration of 200
the rate of glucose uptake had achieved 80% of its maximal
value. These results are in agreement with the forearm infu-
sion studies of Zierler and Rabinowitz,24 who found that a
plasma insulin concentration of approximately 200 /u,U/ml
elicited a near maximum uptake of glucose by the human
forearm.

The present observations may give some insight con-
cerning the successful use of "low" versus "high" dose in-
sulin in the therapy of diabetic ketoacidosis.25-26 It should be
noted that the so-called "low-dose therapy" (6-8-U bolus
followed by 6-8 U/h) results in plasma insulin levels in ex-
cess of 200 /xU/ml.26 Thus, this "low-dose therapy" actually
achieves plasma insulin levels that are maximally effective
in stimulating glucose uptake in normal man. They are also
well above the insulin levels necessary to maximally inhibit

FIGURE 3. Dose-response relationship between
the plasma insulin concentration (X axis) and
total glucose uptake, glucose oxidation, and
glucose storage (Y axis) during the 0.5-, 1-, 2-,
4-, and 10-mU/kg • min insulin clamp studies.

TOTAL GLUCOSE UPTAKE

TOTAL GLUCOSE STORAGE

TOTAL GLUCOSE OXIDATION

900 1OOO 11OO /uU/ml

INSULINEMIA

DIABETES, VOL. 31, NOVEMBER 1982 961

80%

Lipid stores are large and 
potentially inexhaustible.

Carbohydrate
Skeletal muscle,  300–500 g 
of glycogen in
Liver 60–100 g of glycogen
Glucose 4–5 g of glucose
circulating in the



General features of insulin signal transduction pathways

Muniyappa, R. et al. Endocr Rev 2007;28:463-491



Int. J. Mol. Sci. 2019, 20, 562 4 of 14
Int. J. Mol. Sci. 2018, 19, x FOR PEER REVIEW  4 of 13 

 

 

Figure 1. Insulin facilitates its own delivery to muscle through a feed forward system that is rate-
limiting in insulin action. In the healthy state, insulin fine-tunes vascular tone and health via balancing 
its actions through the PI3-K/Akt/eNOS pathway and MAPK/ET-1 pathway. At high physiological 
levels, insulin’s effects on the PI3-K/Akt/eNOS pathway predominates, causing vasodilation and 
increased muscle capillary perfusion, a process called microvascular recruitment, and thus insulin 
delivery to the capillaries nurturing the myocytes. Insulin also enhances its own transport through 
the endothelial barrier from the plasma compartment to the muscle interstitium. (Abbreviations: IRS, 
insulin receptor substrates; PI3-K, phosphoinositide 3-kinase; Akt, protein kinase B; eNOS, 
endothelial NO synthase; MAPK, mitogen-activated protein kinase; ET-1, endothelin-1.) 

The muscle microvascular endothelium layer is continuous without fenestration and has tight 
junctions between the endothelial cells. The endothelium layer forms a barrier to prevent muscle cells 
from being exposed to toxic metabolic wastes and harmful inflammatory factors as well as shield the 
myocytes from being overly stimulated by hormones, nutrients, and numerous other factors, 
including insulin. Studies using cultured endothelial cells showed that insulin itself also facilitates its 
own trans-endothelial transport which is dependent on its binding to the insulin receptor and the 
receptor activation as inhibition of insulin receptor signaling blunts this process [40,58,59]. This in 
vitro evidence is supported by in vivo study in humans that insulin transport through the vascular 
endothelium is a saturable and regulated process [39]. Thus, the trans-endothelial transport of insulin 
appears to be a rate-limiting process for insulin action on muscle. It protects myocytes from insulin 
overstimulation but also contributes to insulin resistance by slowing down insulin entry into the 
muscle interstitium, a double-edged sword. Indeed, in skeletal muscle, the delay in insulin-
stimulated glucose disposal occurs before insulin receptor binding and is due to the time required 
for plasma insulin to gain access to the insterstitial compartment [60] and in people with obesity and 
T2DM, insulin-mediated glucose disposal and muscle glucose uptake are clearly delayed compared 
to lean individuals [61]. 

4. Metabolic Insulin Resistance Coexists with Microvascular Insulin Resistance 

The close coupling between insulin’s microvascular actions and metabolic actions in muscle is 
further supported by the observation that metabolic insulin resistance coexists with microvascular 

Figure 1. Insulin facilitates its own delivery to muscle through a feed forward system that is
rate-limiting in insulin action. In the healthy state, insulin fine-tunes vascular tone and health
via balancing its actions through the PI3-K/Akt/eNOS pathway and MAPK/ET-1 pathway. At
high physiological levels, insulin’s effects on the PI3-K/Akt/eNOS pathway predominates, causing
vasodilation and increased muscle capillary perfusion, a process called microvascular recruitment,
and thus insulin delivery to the capillaries nurturing the myocytes. Insulin also enhances its own
transport through the endothelial barrier from the plasma compartment to the muscle interstitium.
(Abbreviations: IRS, insulin receptor substrates; PI3-K, phosphoinositide 3-kinase; Akt, protein kinase
B; eNOS, endothelial NO synthase; MAPK, mitogen-activated protein kinase; ET-1, endothelin-1.)

4. Metabolic Insulin Resistance Coexists with Microvascular Insulin Resistance

The close coupling between insulin’s microvascular actions and metabolic actions in muscle is
further supported by the observation that metabolic insulin resistance coexists with microvascular
insulin resistance in both clinical and animal studies. In humans or animals with either chronic
or acute (experimental) insulin resistance microvascular responses to insulin are unequivocally
reduced [45,54,62–67]. Insulin potently recruits muscle microvasculature in healthy humans [68]
but fails to do so in obese humans or healthy humans receiving systemic infusion of lipid solution,
which acutely raises plasma concentrations of free fatty acids (FFA) and causes metabolic insulin
resistance [45,62,63]. Similarly, insulin’s muscle microvascular actions are blunted in animal models of
obesity or diabetes [67,69], and the loss of muscle microvascular insulin responses is also apparent in
healthy rodents with acute experimental insulin resistance conferred by systemic infusions of factors
known to be elevated in the insulin resistant states, such as tumor necrosis factor ↵ (TNF-↵) [70] and
FFAs [71].

As muscle microvascular endothelial exchange surface area is important in the delivery of
insulin to muscle interstitium and thus insulin action in muscle, one would expect that expansion
of the microvascular blood volume would result in increased delivery of insulin to the muscle and
thus enhance insulin-mediated muscle disposal in the insulin resistant states. Indeed, studies from
our and other laboratories have shown repeatedly that expansion of muscle microvascular blood
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early interventions aiming at preventing endothelial dysfunction and ameliorating inflammation in
muscle microvasculature may help diabetes prevention and control.
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Figure 2. Inflammation in the muscle microvasculature reduces insulin-mediated microvascular
recruitment and trans-endothelial insulin transport. In the insulin resistant states, multiple
pro-inflammatory factors contribute to the development of inflammation in the muscle
microvasculature through a combination of endocrine, paracrine and autocrine actions. Inflammation
results in a pathway selective insulin resistance, leading to lower NO bioavailability, less microvascular
recruitment and reduced trans-endothelial insulin transport. (Abbreviations: FFAs, free fatty acids; AT,
adipose tissue; PVAT, perivascular adipose tissue; NF-B, nuclear factor kappa-light-chain-enhancer
of activated B cells; JNK, c-jun N-terminal kinase). Colored circles are pro-inflammatory factors from
various sources.
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Clark MG. Impaired microvascular perfusion: a consequence of vascular
dysfunction and a potential cause of insulin resistance in muscle. Am J Physiol
Endocrinol Metab 295: E732–E750, 2008. First published July 8, 2008;
doi:10.1152/ajpendo.90477.2008.—Insulin has an exercise-like action to increase
microvascular perfusion of skeletal muscle and thereby enhance delivery of
hormone and nutrient to the myocytes. With insulin resistance, insulin’s action to
increase microvascular perfusion is markedly impaired. This review examines the
present status of these observations and techniques available to measure such
changes as well as the possible underpinning mechanisms. Low physiological doses
of insulin and light exercise have been shown to increase microvascular perfusion
without increasing bulk blood flow. In these circumstances, blood flow is proposed
to be redirected from the nonnutritive route to the nutritive route with flow
becoming dominant in the nonnutritive route when insulin resistance has devel-
oped. Increased vasomotion controlled by vascular smooth muscle may be part of
the explanation by which insulin mediates an increase in microvascular perfusion,
as seen from the effects of insulin on both muscle and skin microvascular blood
flow. In addition, vascular dysfunction appears to be an early development in the
onset of insulin resistance, with the consequence that impaired glucose delivery,
more so than insulin delivery, accounts for the diminished glucose uptake by
insulin-resistant muscle. Regular exercise may prevent and ameliorate insulin
resistance by increasing “vascular fitness” and thereby recovering insulin-mediated
capillary recruitment.

Insulin-Mediated Increases in Microvascular Perfusion

Present status. The role of blood flow in insulin action has
had a checkered history, and as pointed out in our previous
review on this topic five years ago (28), the association of
increased limb blood flow due to insulin and the increase in
“downstream” glucose uptake by muscle remains controver-
sial. What appears to be accepted by many (9, 21, 45, 76, 94,
107, 108, 151, 180, 185, 194) is that physiological insulin acts
at key sites in the vasculature of muscle to increase available
capillary surface area, with the potential for increased delivery
of both insulin and glucose (and perhaps other nutrients) to the
myocytes. This is termed “capillary recruitment” or “increased
microvascular perfusion,” and it clearly involves what we have
interpreted as an increase in nutritive blood flow for muscle. A
key component of, and contributing factor for, insulin-medi-
ated increase in microvascular perfusion is the vasodilatory
action of this hormone on terminal arterioles that control access
to nutritive capillary beds of muscle that are receiving little,
intermittent, or no blood flow in the basal state. There is now
strong evidence for insulin’s vasodilatory action with mi-

crovessels exposed in vivo such as that of the spinotrapezius
muscle (132) as well as from isolated microvessels and endo-
thelial cells (46, 196).

A second component of insulin’s action that we have pro-
posed previously is a vasoconstrictor activity (28). This may
result from insulin-mediated endothelin-1 (ET-1) release (46)
or other as-yet-unidentified vasoconstrictors, which in turn
gives rise to vasoconstriction of arterioles controlling entry to
nonnutritive vessels of connective tissue (28) to further in-
crease nutritive flow. However, although the release of ET-1
from endothelial cells by insulin is generally accepted (e.g., see
Ref. 156), its place in the control of nutritive flow in healthy
muscle is presently unknown. Recent application of a micro-
dialysis method (discussed in Developments in techniques for
determining capillary recruitment) gave no evidence for an
insulin-mediated decease in nonnutritive flow (113), and so
this weakens the notion of an accompanying vasoconstriction
with normal insulin action. Thus a role for ET-1-mediated
vasoconstriction in insulin action in healthy tissue remains to
be resolved. Eringa et al. (46), using isolated first-order mi-
crovessels, reported that insulin (applied abluminally) had no
vasodilatory action unless an ET-1 receptor antagonist was
present, suggesting that the first-order vessels are controlled by
both ET-1 (vasoconstriction) and nitric oxide (NO; vasodila-
tion). If indeed ET-1 is released by insulin action and its
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Fig. 1. Proposed schematic blood flow patterns in muscle in vivo under basal conditions 
and following a physiological rise in plasma insulin

indicate that muscle contraction-mediated capillary recruit-
ment in rats in vivo begins to occur as soon as contraction is
started (Ross RM, Rattigan S, and Clark MG, unpublished
observations), and precise detection of when this actually takes
place is limited by the resolving power of the CEU technique.
In comparison, insulin-mediated capillary recruitment from
systemic insulin infusion is slower in onset than that due to
exercise, but capillary recruitment due to insulin precedes
signaling and glucose uptake in the myocytes (177). If insulin
is injected directly in the interstitium, the metabolic response
occurs at least 5 min sooner than when insulin is infused
systemically (23). Mechanistic differences are also apparent
when insulin and exercise-mediated capillary recruitment are
compared; only insulin is blocked by inhibitors of NOS (136),
and in the obese insulin-resistant Zucker rat, capillary recruit-
ment due to insulin is absent but the response to exercise is
normal (184). Similarly, exercise-mediated rates of glucose
utilization, carbohydrate and fat oxidation in patients with
non-insulin-dependent diabetes mellitus do not differ from healthy

controls (81), possibly suggesting that exercise-mediated capillary
recruitment may also be normal.

Insulin-mediated increases in vasomotion: possible implica-
tions. Vasomotion is a spontaneous rhythmic change of arte-
riolar diameter that almost certainly plays an important role in
ensuring that tissue such as muscle is perfused sufficiently to
sustain the prevailing metabolic demand (141) by periodically
redistributing blood from one region of the muscle to another
(Fig. 1). It is most active under conditions of low bulk flow
rates or reduced overall perfusion (115) and is readily detect-
able in skeletal muscle vasculature at rest. Thus a snapshot of
resting muscle at any one time might suggest that a certain
region is “underperfused.” However, a snapshot at a later time
point will show that the previously underperfused region is
now perfused and another region is underperfused. The con-
sequence is that, over an extended period, all of the muscle
receives sufficient oxygen and nutrients to meet energy de-
mands required for the basal state. Vasomotion is an oscillation
of vascular tone that is thought to be generated in the vascular

Fig. 1. Proposed schematic blood flow patterns in muscle in vivo under basal conditions and following a physiological rise in plasma insulin. Insulin increases
microvascular perfusion as a result of lowering the resistance in terminal arterioles and gives rise to increased perfusion of nutritive capillary beds. This is
accompanied by a passive decrease in nonnutritive flow when bulk flow does not increase. Overall, there is an increase in perfused microvascular volume, as
detected by contrast-enhanced ultrasound and laser Doppler flowmetry (LDF) and an average increase in available capillary surface area for 1-methylxanthine
metabolism and glucose uptake. Insulin’s increase in microvascular perfusion is also associated with an increase in vasomotion that is responsible for the rhythmic
redistribution of blood flow throughout the muscle and which very likely contributes to the increase in microvascular perfusion. Wavelet analysis of the LDF
signal reveals that insulin predominantly augments the myogenic component of vasomotion occurring at 0.1 Hz; hence, 3 different (random) patterns are shown
to occur at intervals of 10 s. Perfused and unperfused capillaries are shown as solid and broken lines, respectively. During the increased rhythmic dilatation
resulting from insulin, the arterioles allow greater penetration of blood flow into the microvasculature, analogous to “waves breaking further up the beach,” and
more capillaries are perfused. In insulin resistance, insulin-mediated increase in microvascular perfusion and vasomotion are impaired, resulting in predominantly
nonnutritive flow. With limited capillary recruitment and limited vasomotion, periodic blood flow to a capillary unit impacts more on glucose uptake than insulin
signaling. Because the extraction fraction of glucose is high, interruption of blood flow leads to a decline in capillary blood glucose level sufficient to limit uptake.
Periodic delivery of insulin may be sufficient to allow insulin signaling, which, once activated, continues unabated, increasing the demand for glucose that cannot
be met.

Review

E739MUSCLE INSULIN RESISTANCE FROM UNDERPERFUSION

AJP-Endocrinol Metab • VOL 295 • OCTOBER 2008 • www.ajpendo.org

Downloaded from journals.physiology.org/journal/ajpendo (181.063.025.088) on April 26, 2026.

Am J Physiol Endocrinol Metab 295: E732-E750, 2008.

4968



Fig. 1. Proposed schematic blood flow patterns in muscle in vivo under basal conditions 
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observations), and precise detection of when this actually takes
place is limited by the resolving power of the CEU technique.
In comparison, insulin-mediated capillary recruitment from
systemic insulin infusion is slower in onset than that due to
exercise, but capillary recruitment due to insulin precedes
signaling and glucose uptake in the myocytes (177). If insulin
is injected directly in the interstitium, the metabolic response
occurs at least 5 min sooner than when insulin is infused
systemically (23). Mechanistic differences are also apparent
when insulin and exercise-mediated capillary recruitment are
compared; only insulin is blocked by inhibitors of NOS (136),
and in the obese insulin-resistant Zucker rat, capillary recruit-
ment due to insulin is absent but the response to exercise is
normal (184). Similarly, exercise-mediated rates of glucose
utilization, carbohydrate and fat oxidation in patients with
non-insulin-dependent diabetes mellitus do not differ from healthy

controls (81), possibly suggesting that exercise-mediated capillary
recruitment may also be normal.

Insulin-mediated increases in vasomotion: possible implica-
tions. Vasomotion is a spontaneous rhythmic change of arte-
riolar diameter that almost certainly plays an important role in
ensuring that tissue such as muscle is perfused sufficiently to
sustain the prevailing metabolic demand (141) by periodically
redistributing blood from one region of the muscle to another
(Fig. 1). It is most active under conditions of low bulk flow
rates or reduced overall perfusion (115) and is readily detect-
able in skeletal muscle vasculature at rest. Thus a snapshot of
resting muscle at any one time might suggest that a certain
region is “underperfused.” However, a snapshot at a later time
point will show that the previously underperfused region is
now perfused and another region is underperfused. The con-
sequence is that, over an extended period, all of the muscle
receives sufficient oxygen and nutrients to meet energy de-
mands required for the basal state. Vasomotion is an oscillation
of vascular tone that is thought to be generated in the vascular

Fig. 1. Proposed schematic blood flow patterns in muscle in vivo under basal conditions and following a physiological rise in plasma insulin. Insulin increases
microvascular perfusion as a result of lowering the resistance in terminal arterioles and gives rise to increased perfusion of nutritive capillary beds. This is
accompanied by a passive decrease in nonnutritive flow when bulk flow does not increase. Overall, there is an increase in perfused microvascular volume, as
detected by contrast-enhanced ultrasound and laser Doppler flowmetry (LDF) and an average increase in available capillary surface area for 1-methylxanthine
metabolism and glucose uptake. Insulin’s increase in microvascular perfusion is also associated with an increase in vasomotion that is responsible for the rhythmic
redistribution of blood flow throughout the muscle and which very likely contributes to the increase in microvascular perfusion. Wavelet analysis of the LDF
signal reveals that insulin predominantly augments the myogenic component of vasomotion occurring at 0.1 Hz; hence, 3 different (random) patterns are shown
to occur at intervals of 10 s. Perfused and unperfused capillaries are shown as solid and broken lines, respectively. During the increased rhythmic dilatation
resulting from insulin, the arterioles allow greater penetration of blood flow into the microvasculature, analogous to “waves breaking further up the beach,” and
more capillaries are perfused. In insulin resistance, insulin-mediated increase in microvascular perfusion and vasomotion are impaired, resulting in predominantly
nonnutritive flow. With limited capillary recruitment and limited vasomotion, periodic blood flow to a capillary unit impacts more on glucose uptake than insulin
signaling. Because the extraction fraction of glucose is high, interruption of blood flow leads to a decline in capillary blood glucose level sufficient to limit uptake.
Periodic delivery of insulin may be sufficient to allow insulin signaling, which, once activated, continues unabated, increasing the demand for glucose that cannot
be met.
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Insulin Resistance Is Associated With Reduced Capillary 
Permeability of Thigh Muscles in Patients With Type 2 
Diabetes
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Abstract
Context: Insulin-mediated microvascular permeability and blood flow of skeletal muscle appears to be altered in the condition of insulin 
resistance. Previous studies on this effect used invasive procedures in humans or animals.
Objective: The aim of this study was to demonstrate the feasibility of a noninvasive assessment of human muscle microcirculation via dynamic 
contrast-enhanced (DCE)-magnetic resonance imaging (MRI) of skeletal muscle in patients with type 2 diabetes (T2D).
Methods: A total of 56 participants (46 with T2D, 10 healthy controls [HC]) underwent DCE-MRI of the right thigh at 3 Tesla. The constant of the 
musculature’s microvascular permeability (Ktrans), extravascular extracellular volume fraction (ve), and plasma volume fraction (vp) were calculated.
Results: In T2D patients, skeletal muscle Ktrans was lower (HC 0.0677 ± 0.002 min−1, T2D 0.0664 ± 0.002 min−1; P = 0.042) while the 
homeostasis model assessment (HOMA) index was higher in patients with T2D compared to HC (HC 2.72 ± 2.2, T2D 6.11 ± 6.2; P = .011). In 
T2D, Ktrans correlated negatively with insulin (r = −0.39, P = .018) and HOMA index (r = −0.38, P = .020).
Conclusion: The results signify that skeletal muscle DCE-MRI can be employed as a noninvasive technique for the assessment of muscle 
microcirculation in T2D. Our findings suggest that microvascular permeability of skeletal muscle is lowered in patients with T2D and that a 
decrease in microvascular permeability is associated with insulin resistance. These results are of interest with regard to the impact of muscle 
perfusion on diabetic complications such as diabetic sarcopenia.
Key Words: diabetic sarcopenia, muscle MRI, MR myography, muscle perfusion, dynamic contrast enhanced MRI, perfusion MRI
Abbreviations: BMI, body mass index; DCE, dynamic contrast-enhanced; HbA1c, glycated hemoglobin; HC, healthy control; HOMA, homeostasis model 
assessment; Ktrans, constant of permeability; MRI, magnetic resonance imaging; MRM, magnetic resonance myography; ROI, region of interest; T2D, type 2 
diabetes; ve, extracellular extravascular volume fraction; VIBE, volume interpolated breath-hold examination; vp, plasma volume fraction.
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The role of insulin as a mediator of the microvascular system 
has been subject to extensive research (1). The impact of insu-
lin on capillary permeability in patients with diabetes is of par-
ticular interest. Preclinical studies on the matter yielded 
controversial results about the influence of insulin on the ca-
pillary permeability and are mainly based on human studies 
based on invasive procedures in small study cohorts (2, 3) 
and animal models, with effects of insulin supposedly depend-
ing on the organ and species observed (4). While an increased 
macromolecular leakage in the skeletal muscles was found in 

the obese Zucker rat, a model investigating obesity and insulin 
resistance (5), another animal model of insulin resistance, the 
fructose-fed rat model, showed decreased levels of macromol-
ecular leakage in skeletal muscles (6). These findings empha-
size the need for human data to further investigate the issue 
of insulin resistance and diabetic sarcopenia.

One of the obstacles faced by clinical studies on diabetic sar-
copenia is that there are no sufficient methods to assess the 
microcirculation of skeletal muscles directly in a clinical setting. 
Recent studies on magnetic resonance myography (MRM) of 
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DCE-MRM Parameters
The thigh muscle Ktrans was lower in patients with T2D (HC 
0.0677 ± 0.002 min−1, T2D 0.0664 ± 0.002 min−1; P = .042). 
The thigh muscle vp (HC 0.0412 ± 0.0009, T2D 0.0417 ±  
0.0009; P = .076) was higher in T2D patients but did not reach 
statistical significance. No such differences were found for ve 
(HC 0.0978 ± 0.008, T2D 0.0948 ± 0.009; P = .310).

In HC, Ktrans showed a negative correlation with vp (r = −0.92, 
P < .001). In patients with T2D we found a negative correlation 
of Ktrans (r = −0.87, P < .001) and ve (r = −0.46, P = .001) with 
vp and a positive correlation of Ktrans with ve (r = 0.50 P < .001).

Correlation Analysis of DCE-MRM Parameters With 
Clinical and Instrument-Based Parameters
In patients with T2D, we found negative correlations of Ktrans 

with both insulin (r = −0.39, P = .018; Fig. 2A), and HOMA 
index (r = −0.38, P = .020; Fig. 2B).

Ve correlated negatively with BMI (r = −0.44, P = .003), in-
sulin (r = −0.48, P = .003), and HOMA index (r = −0.53, 
P < .001). Meanwhile the negative of Ve correlation with fast-
ing state glucose (r = −0.27, P = .066) and HbA1c (r = −0.28, 
P = .050) did not reach statistical significance. Partial correl-
ation analysis controlled for BMI showed that there was no 
correlation of ve with insulin (r = −0.17, P = .330), HOMA 
index (r = −0.18, P = .306), HbA1c (r = −0.15, P = .318), 
and fasting glucose (r = −0.16, P = .311).

Vp correlated positively with fasting state glucose (r = 0.31, 
P = .037) and insulin (r = 0.43, P = .009) and HOMA index 
(r = 0.43, P = .008).

In HC, a trend of positive correlation of HbA1c levels with 
Ktrans (r = 0.55, P = .099) was found, which did not reach 
statistical significance. Apart from that we did not find any asso-
ciations between DCE-MRM parameters of the thigh muscula-
ture with clinical or instrument-based parameters in HC.

Table 1. Group comparisons of demographic, serologic, clinical, electrophysiological, and DCE perfusion parameters of the sciatic nerve of all 
study participants

HC T2D P value

Ktrans (min−1) 0.0677 ± 0.002 0.0664 ± 0.002 .042T

ve (%) 0.0978 ± 0.008 0.0948 ± 0.009 .310T

vp (%) 0.0412 ± 0.0009 0.0417 ± 0.0009 .076T

Age (years) 59.1 ± 7.923 63.54 ± 9.439 .172T

Gender (female/male) 6/4 12/34 .060M

BMI (kg/m2) 26.93 ± 3.31 29.15 ± 4.46 .143T

Diabetes duration (years) n.a. 7.2 ± 6.0 n.a.

Glucose (mg/dL) 94 ± 8.3 139.8 ± 34.3 <.001T

HbA1c (mmol/mol) 36.2 ± 6.9 53.0 ± 10.8 <.001M

HbA1c (%) 5.5 ± 0.6 7.0 ± 1.1 <.001M

GFR (mL/min) 89.4 ± 16.6 87.3 ± 11.3 .681T

Insulin (mU/L) 11.2 ± 7.8 16.4 ± 12.4 .153M

HOMA 2.72 ± 2.1 6.11 ± 6.2 .011M

All values are displayed as mean ± SD. 
Abbreviations: BMI, body mass index; DCE, dynamic contrast-enhanced; GFR, glomerular filtration rate calculated with Cystatin C; HC, healthy control; 
HOMA, the homeostasis model assessment index; Ktrans, constant of permeability; T2D, type 2 diabetes; vp, plasma volume fraction; ve, extracellular 
extravascular volume fraction. 
MP value obtained from Mann-Whitney U test. 
TP value obtained from t test.

Figure 2. Correlation analysis of the thigh muscles’ constant of permeability (Ktrans) with HOMA index and fasting insulin in participants with T2D (black 
dots) and controls (white dots), and all participants (all dots taken together) (A) correlations between HOMA index and Ktrans. All participants: r = −0.37; 
P = 0.011, participants with T2D: r = −0.38; P = 0.020, controls: r = −0.31; P = 0.387 (B) Correlations of fasting state insulin levels and Ktrans. All 
participants: r = −0.37; P = 0.012, T2D: r = −0.39; P = 0.018, controls: r = −0.12; P = 0.744.
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Abstract
Context: Insulin-mediated microvascular permeability and blood flow of skeletal muscle appears to be altered in the condition of insulin 
resistance. Previous studies on this effect used invasive procedures in humans or animals.
Objective: The aim of this study was to demonstrate the feasibility of a noninvasive assessment of human muscle microcirculation via dynamic 
contrast-enhanced (DCE)-magnetic resonance imaging (MRI) of skeletal muscle in patients with type 2 diabetes (T2D).
Methods: A total of 56 participants (46 with T2D, 10 healthy controls [HC]) underwent DCE-MRI of the right thigh at 3 Tesla. The constant of the 
musculature’s microvascular permeability (Ktrans), extravascular extracellular volume fraction (ve), and plasma volume fraction (vp) were calculated.
Results: In T2D patients, skeletal muscle Ktrans was lower (HC 0.0677 ± 0.002 min−1, T2D 0.0664 ± 0.002 min−1; P = 0.042) while the 
homeostasis model assessment (HOMA) index was higher in patients with T2D compared to HC (HC 2.72 ± 2.2, T2D 6.11 ± 6.2; P = .011). In 
T2D, Ktrans correlated negatively with insulin (r = −0.39, P = .018) and HOMA index (r = −0.38, P = .020).
Conclusion: The results signify that skeletal muscle DCE-MRI can be employed as a noninvasive technique for the assessment of muscle 
microcirculation in T2D. Our findings suggest that microvascular permeability of skeletal muscle is lowered in patients with T2D and that a 
decrease in microvascular permeability is associated with insulin resistance. These results are of interest with regard to the impact of muscle 
perfusion on diabetic complications such as diabetic sarcopenia.
Key Words: diabetic sarcopenia, muscle MRI, MR myography, muscle perfusion, dynamic contrast enhanced MRI, perfusion MRI
Abbreviations: BMI, body mass index; DCE, dynamic contrast-enhanced; HbA1c, glycated hemoglobin; HC, healthy control; HOMA, homeostasis model 
assessment; Ktrans, constant of permeability; MRI, magnetic resonance imaging; MRM, magnetic resonance myography; ROI, region of interest; T2D, type 2 
diabetes; ve, extracellular extravascular volume fraction; VIBE, volume interpolated breath-hold examination; vp, plasma volume fraction.
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The role of insulin as a mediator of the microvascular system 
has been subject to extensive research (1). The impact of insu-
lin on capillary permeability in patients with diabetes is of par-
ticular interest. Preclinical studies on the matter yielded 
controversial results about the influence of insulin on the ca-
pillary permeability and are mainly based on human studies 
based on invasive procedures in small study cohorts (2, 3) 
and animal models, with effects of insulin supposedly depend-
ing on the organ and species observed (4). While an increased 
macromolecular leakage in the skeletal muscles was found in 

the obese Zucker rat, a model investigating obesity and insulin 
resistance (5), another animal model of insulin resistance, the 
fructose-fed rat model, showed decreased levels of macromol-
ecular leakage in skeletal muscles (6). These findings empha-
size the need for human data to further investigate the issue 
of insulin resistance and diabetic sarcopenia.

One of the obstacles faced by clinical studies on diabetic sar-
copenia is that there are no sufficient methods to assess the 
microcirculation of skeletal muscles directly in a clinical setting. 
Recent studies on magnetic resonance myography (MRM) of 
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Forearm muscle blood flow peak-baseline

thus improving glucose oxidation and insulin sensitivity 
in the muscle bed. 

However, there is not universal agreement with 
the above mentioned results, since numerous studies 
have failed to reveal a defect in insulin-mediated blood 
flow in type 2 diabetic patients

[42,50]. There is a certain 
discrepancy since the literature either confirms or 
not a substantial[45,51], or an unimportant correlation 
between insulin kinetics, muscle blood flow and glucose 

disposal[52,53].
Some of these discrepancies may at least partially 

explained by the different studies populations and 
by the experimental protocol used. The commonly 
used clamp technique is not physiological, because 
these exceptionally high insulin concentrations are not 
normally present for long after meal consumption. 
Hence, one could question the physiological significance 

of such an increase in blood flow rates. A normal 
stimulus, such as a mixed meal, can provide evidence 
of a real life metabolic state[46,54]. However, not only the 
type of meal but the method for the detection of blood 
flow is important in this evaluation.

Adipose tissue
In lean insulin-sensitive subjects, abdominal adipose 
tissue blood flow increases by two- to four-times in 
response to feeding. The same seems to be true for 
blood flow in lower body fat depots (thigh) and forearm 

tissues. Physiologically, adipose tissue blood flow peaks 

within half to one hour after nutrient ingestion. This rise 

physiological mixed meal as a stimulus, the postprandial 
augmentation in forearm muscle blood flow is blunted 

throughout all stages of metabolic impairment com-
pared to controls; this occurs even before overt hyper-
glycaemia develops. The latter affected glucose disposal 
in muscle, which was also unresponsive after meal 
delivery and was also positively correlated to the post-
load muscle blood flow differences. Lipid substrates 
affected blood flow peak as well. Triglyceride levels had 

a negative impact on blood flow responsiveness in the 

fed as well as in the fasting period. Post-challenge non-
esterified fatty acids levels exhibited a negative effect 

on blood flow responsiveness, suggesting a possible 
mechanism for the decrease in muscle glucose clearance 
after the meal. A lower serum adiponectin level was 
also seen in the diabetic and the prediabetic insulin-
resistant subjects, with the latter being positively 
related to the decreased postload blood flow rise[46] 
(Figure 1).

In subjects with morbid obesity postprandial muscle 
blood flow was also blunted in a study by the same 
group and this contributed to the decrease in muscle 
glucose uptake postprandially[47]. The same was 
observed by the same group in another insulin resistant 
state, such as hypothyroidism, in which a decreased 
postprandial blood flow response was coupled with an 

impairment in muscle glucose uptake[48]. In a study 
by Magalhães et al[49] administration of metformin to 
non-obese type 2 diabetic patients increased post-load 
forearm muscle blood flow and lowered free fatty acids, 
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Figure 1  Forearm muscle blood flow peak-baseline values in all groups (A), and associations between peak-baseline forearm muscle blood flow and 
forearm muscle glucose uptake (B), plasma adiponectin (C) and postprandial non-esterified fatty acids (D), in subjects at all stages of type 2 diabetes. A: 
bP overall < 0.001; B: Forearm muscle glucose uptake = 427.9 + 101.4 peak-baseline FMBF, P = 0.001; C: Adiponectin = 12.17 + 3.05 peak-baseline FMBF, P < 0.001; 
D: Postprandial NEFA (AUC0-360) = 209.5 - 18.52 peak-baseline FMBF, P = 0.005. FMBF: Forearm muscle blood flow; NEFAs: Non-esterified fatty acids. IGT: Impaired 

glucose tolerance; DM: Diabetes mellitus. Adapted from Lambadiari et al[46].
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the muscle interstitium. These steps are rate-limiting for
insulin action in muscle7-9 as it is the muscle interstitial
insulin concentrations that correlate closely with insu-
lin's metabolic actions, not those of plasma.10 After sys-
temic administration, insulin rapidly recruits muscle
microvasculature to increase its perfusion. Increased per-
fusion occurs within 5-10 minutes, via insulin action on
three different receptors in the endothelium, including
insulin receptors, IGF-I receptors, and the insulin/IGF-I
hybrid receptors, and this occurs well before the increase
in insulin-stimulated glucose disposal (~ 20-30 minutes)
in muscle. This process is nitric oxide (NO)-dependent as
inhibition of NO synthesis during insulin infusion abol-
ishes insulin-induced microvascular recruitment in mus-
cle. Importantly, this NO-mediated vascular action of
insulin could contribute up to 25-40% of insulin-
stimulated glucose disposal in humans11 and rodents.12,13

Similar to the skeletal muscle, the coronary microvascu-
lature plays a dynamic role in the regulation of coronary
blood flow to meet the oxygen and nutrient demand of the
myocardium. Compared with other insulin sensitive tissues,
the myocardium has a much larger endothelial surface area
but only ~50% of myocardial capillaries are perfused at
rest.14 When myocardial oxygen demand increases, myocar-
dial blood flow velocity and/or volume are increased to
meet the requirement. Insulin exerts a vasodilatory action
on the coronary vasculature to increase myocardial blood
flow in humans.15-19 Using myocardial contrast echocardi-
ography (MCE), a noninvasive technology that employs per-
fluorocarbon gas containing microbubbles to noninvasively
assess in vivo perfusion of the cardiac microvasculature,20,21

we showed that insulin potently increases cardiac microvas-
cular perfusion in healthy humans.22-24

3 | MUSCLE MICROVASCULAR
PERFUSION IN T2DM

Metabolic insulin resistance is accompanied by vascular
insulin resistance, which was first demonstrated in larger
conduit arteries.6,25-28 Over the past decade, evidence has
confirmed that vascular insulin resistance is present in
the skeletal and cardiac muscle microvasculature in
humans and animals with metabolic insulin resistance.
Insulin-mediated microvascular recruitment is clearly
impaired in the skeletal muscle of obese and diabetic ani-
mals29,30 and obese humans31 and in the cardiac muscle
of humans with obesity32 or T2DM.17 This is not surpris-
ing as microvascular functions are dependent on a nor-
mal metabolic milieu, which is disturbed in the state of
insulin resistance as seen in obesity and T2DM, including
elevated plasma free fatty acids and inflammatory cyto-
kines.33,34 Indeed, raising plasma concentrations of either
tumor necrosis factor α or free fatty acids via systemic
infusion promptly induces microvascular insulin resis-
tance in both humans and laboratory rodents.23,24,35-37

Importantly, raising plasma insulin levels ~8-fold by
ingesting a mixed meal not only fails to increase but par-
adoxically decreases cardiac microvascular perfusion in
people with T2DM.38,39 This finding is consistent with
the selective resistance in insulin action through the
PI3-kinase pathway,40-42 the insulin signaling pathway
required for insulin regulation of NO synthase and NO
generation. In contrast, the mitogen-activated protein
kinase pathway remains responsive to insulin's vasocon-
strictive actions via endothelin-1 (ET-1), a potent vaso-
constrictor. Selective insulin resistance alters balance
between NO and ET-1 production43 and leads to

FIGURE 1 Muscle
microvasculature regulates tissue
perfusion, health, and function
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Abstract

Muscle microvasculature critically regulates skeletal and cardiac muscle health

and function. It provides endothelial surface area for substrate exchange

between the plasma compartment and the muscle interstitium. Insulin fine-

tunes muscle microvascular perfusion to regulate its own action in muscle and

oxygen and nutrient supplies to muscle. Specifically, insulin increases muscle

microvascular perfusion, which results in increased delivery of insulin to the

capillaries that bathe the muscle cells and then facilitate its own trans-

endothelial transport to reach the muscle interstitium. In type 2 diabetes, mus-

cle microvascular responses to insulin are blunted and there is capillary

rarefaction. Both loss of capillary density and decreased insulin-mediated capil-

lary recruitment contribute to a decreased endothelial surface area available

for substrate exchange. Vasculature expresses abundant glucagon-like peptide

1 (GLP-1) receptors. GLP-1, in addition to its well-characterized glycemic

actions, improves endothelial function, increases muscle microvascular perfu-

sion, and stimulates angiogenesis. Importantly, these actions are preserved in

the insulin resistant states. Thus, treatment of insulin resistant patients with

GLP-1 receptor agonists may improve skeletal and cardiac muscle microvascu-

lar perfusion and increase muscle capillarization, leading to improved delivery

of oxygen, nutrients, and hormones such as insulin to the myocytes. These

actions of GLP-1 impact skeletal and cardiac muscle function and systems biol-

ogy such as functional exercise capacity. Preclinical studies and clinical trials

involving the use of GLP-1 receptor agonists have shown salutary cardiovascu-

lar effects and improved cardiovascular outcomes in type 2 diabetes mellitus.

Future studies should further examine the different roles of GLP-1 in cardiac

as well as skeletal muscle function.
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increased vasoconstriction in muscle arterioles and con-
sequent decreased tissue perfusion.44,45 The net result is a
decrease of endothelial surface area available for sub-
strate delivery and extraction. As insulin's vascular
actions contribute to its metabolic action, factors causing
metabolic insulin resistance have essentially all been
shown to also decrease muscle microvascular insulin
responsiveness. In fact, microvascular insulin resistance
occurs well before metabolic insulin resistance in rodents
with diet-induced obesity,46 suggesting that muscle
microvascular insulin resistance may contribute to the
pathogenesis of metabolic insulin resistance and thus the
muscle microvasculature could be a therapeutic target for
the prevention and management of insulin resistance
and T2DM.47

Insulin resistance is also associated with a reduction
of muscle capillary density (capillary rarefaction),48-50

which correlates with the severity of insulin resis-
tance.49,51,52 Potential contributors to capillary rarefac-
tion include aberrant expression and action of the
vascular endothelial growth factor (VEGF) family of pro-
teins.53 VEGF recruits and differentiates endothelial pro-
genitor cells and induces endothelial cell proliferation
and migration, leading to new vessel formation.53

Muscle-specific VEGF deletion induces muscle capillary
rarefaction and insulin resistance54,55 and, in the insulin
resistant state, VEGF action on muscle vasculature is
impaired, which triggers muscle capillary regression.48,56

The ominous combination of reduced insulin-
mediated microvascular recruitment and capillary rare-
faction in T2DM threatens tissue health and function by
reducing the microvascular surface area and the delivery
and extraction of oxygen, nutrients, and insulin to muscle
cells (Figure 2). Although lifestyle modification is very

effective in preventing and managing T2DM, many peo-
ple with T2DM are unwilling or unable to engage in reg-
ular exercise. One important contributor to this lifestyle
modification “noncompliance or nonadherence” may be
a decreased functional exercise capacity in people with
T2DM, a well-observed phenomenon.57-60 In a series of
reports, we demonstrated a relationship between
decreased cardiac and skeletal muscle perfusion and
decreased maximal exercise capacity (Figure 3). For
example, using near infrared spectroscopy (NIRS), we
observed slowed skeletal muscle blood flow kinetics at
the onset of exercise correlating with slowed oxygen con-
sumption (VO2) kinetics in people with T2DM.61 We fur-
ther demonstrated that the established positive
correlation between muscle deoxyhemoglobin and peak
oxygen consumption (VO2peak) in sedentary overweight
controls was not present in people with T2DM.62 To con-
firm that these differences represent an oxygen supply
and demand mismatch in people with T2DM, we demon-
strated that lower in vivo oxidative flux in T2DM, mea-
sured using 31P magnetic resonance spectroscopy
(31PMRS), could be corrected with oxygen supplementa-
tion (only in people with diabetes).62,63

Microvascular insulin resistance and the associated
decrease in insulin-mediated muscle perfusion may have
also contributed to the development of muscle atrophy/
sarcopenia, a well-recognized phenomenon in humans
with T2DM.64 In addition to affecting muscle supply of
oxygen and nutrients, deliveries of insulin and related
growth factors such as IGF-I, both potent activators of
muscle protein synthesis and inhibitors of proteolysis,65,66

may also be reduced. Thus, attenuation of microvascular
insulin resistance and capillary rarefaction in people with
T2DM carries the potential of preventing and reversing

FIGURE 2 Muscle
microvascular insulin resistance and
capillary rarefaction in type
2 diabetes mellitus
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Abstract

Muscle microvasculature critically regulates skeletal and cardiac muscle health

and function. It provides endothelial surface area for substrate exchange

between the plasma compartment and the muscle interstitium. Insulin fine-

tunes muscle microvascular perfusion to regulate its own action in muscle and

oxygen and nutrient supplies to muscle. Specifically, insulin increases muscle

microvascular perfusion, which results in increased delivery of insulin to the

capillaries that bathe the muscle cells and then facilitate its own trans-

endothelial transport to reach the muscle interstitium. In type 2 diabetes, mus-

cle microvascular responses to insulin are blunted and there is capillary

rarefaction. Both loss of capillary density and decreased insulin-mediated capil-

lary recruitment contribute to a decreased endothelial surface area available

for substrate exchange. Vasculature expresses abundant glucagon-like peptide

1 (GLP-1) receptors. GLP-1, in addition to its well-characterized glycemic

actions, improves endothelial function, increases muscle microvascular perfu-

sion, and stimulates angiogenesis. Importantly, these actions are preserved in

the insulin resistant states. Thus, treatment of insulin resistant patients with

GLP-1 receptor agonists may improve skeletal and cardiac muscle microvascu-

lar perfusion and increase muscle capillarization, leading to improved delivery

of oxygen, nutrients, and hormones such as insulin to the myocytes. These

actions of GLP-1 impact skeletal and cardiac muscle function and systems biol-

ogy such as functional exercise capacity. Preclinical studies and clinical trials

involving the use of GLP-1 receptor agonists have shown salutary cardiovascu-

lar effects and improved cardiovascular outcomes in type 2 diabetes mellitus.

Future studies should further examine the different roles of GLP-1 in cardiac

as well as skeletal muscle function.
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the cardiovascular outcomes in the use of GLP-1R ago-
nists in humans with T2DM are likely multifactorial,
including heterogeneity in disease, patient population
and treatment regimens, and a lack of bioequivalence
among the agents. For example, exenatide and
lixisenatide are least structurally homologous to endoge-
nous GLP-199 and duration of action and structure of
these agents may be important predictors of biologic
activity. More studies are clearly needed.

These cardiovascular outcomes trials also demon-
strated that GLP-1R agonists are beneficial in the preven-
tion and management of the microvascular
complications of diabetes. The LEADER, SUSTAIN-6,
and REWIND trials showed that the GLP-1R agonists
liraglutide, semaglutide, and dulaglutide were each asso-
ciated with a statistically significant reduction in new or
progressive nephropathy.93,94,96 A recent meta-analysis
(n = 11 399) confirmed a reduced incidence of nephropa-
thy with GLP-1R agonist treatment compared with pla-
cebo (OR 0.74, 95% CI 0.60-0.92, P = 0.005).100

Interestingly in the SUSTAIN-6 trial rates of retinal com-
plications (vitreous hemorrhage, blindness, or conditions
requiring intravitreal agent or photocoagulation) were
higher (HR 1.76; 95% CI 1.11-2.78, P = 0.02) with
semaglutide treatment.94 A possible explanation for the
retinopathy progression seen only in the SUSTAIN-6 trial

is the substantial improvement in hemoglobin A1c
(−1.1% in the 0.5 mg group, −1.4% in the 1.0 mg group)
because rapid improvement in glycemic control has been
shown to transiently worsen retinopathy, particularly in
type 1 diabetes.94,101

In a randomized, double-blind, placebo controlled
trial conducted at 191 clinical sites in 27 countries com-
paring the effects of liraglutide (3 mg daily) vs placebo in
people with prediabetes and obesity, the time to onset of
diabetes over 160 weeks among all randomized individ-
uals was 2.7 times longer with liraglutide (n = 1505) than
with placebo (n = 749), corresponding with an HR of
2.1.102 This is important as it suggests that GLP-1R ago-
nists can be used to delay new onset of diabetes in
humans at risk of developing the disease. Given that
insulin's vascular action contributes to insulin's metabolic
action, microvascular insulin resistance occurs well
before the metabolic insulin resistance, and GLP-1's
microvascular actions are preserved in the insulin resis-
tant states, we argue that a GLP-1R agonist should be
used early during the disease pathogenesis stage.

7 | CONCLUSIONS

Insulin and GLP-1 are both vasoactive and able to
increase the perfusion of skeletal and cardiac muscle
microvasculature, resulting in an expansion of the micro-
vascular exchange surface area and thus the delivery of
oxygen, nutrients, and hormones such as insulin to the
skeletal and cardiac muscle and thereby promoting skele-
tal and cardiac muscle health and function. In insulin
resistant states such as obesity and T2DM, insulin's vas-
cular effect is substantially diminished or abolished
whereas the physiologic actions of GLP-1 on the micro-
vasculature are preserved. GLP-1R agonists, a mainstay
in obesity and T2DM management, are vasoactive and
able to stimulate endothelial proliferation and angiogene-
sis (Figure 4). In large, multicentered clinical trials, four
GLP-1RAs have demonstrated improved cardiovascular
outcomes in patients with T2DM. GLP-1 agonists also
delayed the new onset of T2DM in people at risk, likely
related to these salutary properties. Future studies should
further examine the different roles of GLP-1 in cardiac as
well as skeletal muscle function and the natural history
of cardiac and skeletal muscle dysfunction in people with
and at risk for T2DM.
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ABStR Act

Aim   This study investigated the effects of insulin glargine and 
exenatide on the muscle mass of patients with newly diagnosed 
type 2 diabetes (T2DM) and nonalcoholic fatty liver disease 
(NAFLD).
Methods  We performed a post-hoc analysis of our previ-
ously study, a 24-week randomized controlled multicenter 
clinical trial (ClinicalTrials.gov, NCT02303730). Seventy-six 
patients were randomly assigned 1:1 to receive insulin glargine 
or exenatide treatment. The changes in psoas muscle area 
(PMA) (mm2) were obtained with the cross-sectional Dixonfat 
magnetic resonance images at the fourth lumber vertebra.
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insulin, Insulin Glargine also affected increasing muscle mass. This 
study showed for the first time, insulin glargine, compared with ex-
enatide, was more suitable for increasing muscle mass in non-obese 
T2DM and NAFLD patients.

Some basic research explained the mechanism of insulin increas-
es muscle mass. Insulin is a major regulator of muscle glucose me-
tabolism, enhancing glucose uptake in the postprandial state. In-
sulin was also shown to control muscle protein synthesis and deg-
radation [26]. Insulin and IGF-1 enhance muscle protein synthesis 
through their receptors. The IR/IGF1R signaling cascades maintain 
muscle mass via suppression of FoxO1/3/4-mediated autophagy 
and protein degradation. These data indicate that insulin and IGF-1 
are critical hormonal regulators of muscle mass and proteostasis 
[27].

In this study, we found that insulin glargine did not increase 
muscle content in all T2DM and NAFLD, but in non-obese patients 
with BMI lower than 28 kg/m2. Therefore, for T2DM patients with 
different BMI, selectively applied therapy is required.

GLP-1 receptor agonists have been commonly used as anti-dia-
betic drugs to lower blood glucose levels while reducing body 
weight. Most of the studies showed that GLP-1RA improves body 
composition by decreasing fat mass in obese diabetics (BMI > 28 kg/
m2)[21, 28]. Exenatide is one of the earlier GLP-1RA to enter clini-
cal application; many studies found that exenatide significantly de-
creases body weight, effectively reduced liver fat content and epi-
cardial fat in obese patients with T2DM, and these effects were 
mainly weight loss dependent [28]. For the same reason, exenatide 
entered the Chinese market earlier, so we selected exenatide as 
one of the target drugs. Our previous study showed that exenatide 
could reduce liver fat content and fibrosis score (FIB4)[24]. Al-
though some animal studies showed that exenatide can increase 
muscle mass [29], its effect\on muscle content has not been re-
ported in clinical trial before this study. In this study, we report for 
the first time that exenatide tended to reduce muscle mass in T2DM 
patients with NAFLD. Different from exenatide, other long-acting 
GLP-1RA, has been reported to improve the human skeletal mus-
cle index. Twenty-four weeks of liraglutide treatment was associ-
ated with reductions in fat mass and android fat, an increase in skel-
etal muscle index (the sum of fat-free soft tissue mass of arms and 
legs), and preserved muscular tropism in overweight and obese 

T2DM patients (BMI > 28 kg/m2)[21]. Dulaglutide could recover 
muscle mass and function in DBA/2 J-mdx mice [29] but clinical ev-
idence is lacking. The latest human study showed that after treat-
ments, semaglutide significantly decreased fat-free mass (FFM) or 
total lean mass while with a large weight loss [22, 23], but the rela-
tive change in proportion of lean mass increased by 1.2 % [23]. It is 
not clear why different types of GLP-1RA affect muscles differently; 
further exploration is needed. Therefore, in clinical practice, if GLP-
1RA is employed in diabetic patients with sarcopenia, care should 
be taken to select those types that do not reduce muscle mass, 
such as liraglutide.

However, the study had certain limitations. First, as this is a post 
hoc analysis, residual confounding cannot be eliminated. The re-
sults of this study are only used as the basis for hypothesis genera-
tion, and more well-designed clinical trials with large population 
should be conducted to clarify this finding further. Second, the 
sample size is relatively small, and larger-scale clinical trials should 
be conducted to confirm this provocative finding. Third, we only 
measured the content of the psoas major muscle, without meas-
uring the muscle strength and completely assessing muscle func-
tion, which also needed to be studied and verified in future stud-
ies.

In summary, our study suggested that in drug-naive T2DM and 
non-obese NAFLD patients, compared to exenatide, insulin glar-
gine can relatively increase PMA and improved NAFLD, in addition 
to its classic effect of lowering blood sugar. It provided new scien-
tific evidence for the selection of hypoglycemic drugs for similar 
patients. Further large sample randomized controlled intervention-
al trials were required to verify the effects of insulin glargine on 
muscle mass and function in NAFLD patients with diabetes.
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▶table 2 Interaction between changes in the Psoas Muscle Area (PMA) among subgroups.

Unadjusted Adjusted * 

changes of PMA ( mm2) P value Interac-
tion test 
P value

changes of PMA (mm2) P 
value

Interac-
tion test P 
value

β (95 %CI) β (95 %CI)

Insulin Glargine vs. Exenatide

Total 178.54 (–99.98, 457.07) 0.214 202.39 (–76.34, 481.12) 0.16

Male 298.92 (–214.97, 812.81) 0.263 0.362 368.48 (–128.99, 865.95) 0.158 0.189

Female 44.91 (–123.45, 213.27) 0.605 11.22 (–169.41, 191.84) 0.904

Age < 60 y 208.73 (–133.59, 551.06) 0.238 0.758 185.43 (–131.85, 502.72) 0.258 0.963

Age ≥ 60 y 99.04 (–164.34, 362.42) 0.477 144.83 (–114.57, 404.23) 0.316

BMI < 28 kg/m2 403.04 (–17.43, 823.51) 0.069 0.038 560.64 (77.88, 1043.40) 0.031 0.009

BMI ≥ 28 kg/m2 –112.92 (–466.65, 240.80) 0.537 –114.21 (–467.10, 238.68) 0.532

 * adjusted for baseline PMA, age, sex and center, if appropriate; PMA: posas muscle area; BMI: body mass index.
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Figure. 1. Simplified Cellular Pathways for Muscle Protein Synthesis and Degradation
Synthesis pathways are in blue. Proteolytic pathways are in red. The dotted lines represent
pathways that are not well characterized. Anabolic signals activate the PI-3 Kinase/Akt/
mTOR pathway resulting in protein synthesis. Inactivity and inflammatory cytokines result
in activation of NF-κB and Fox-O mediated induction of genes resulting in muscle atrophy.
Fox-O activates transcription of ubiquitin proteasome ligases resulting in protein
degradation. PI3-Kinase/AKT phosphorylates Fox-O preventing its nuclear translocation
and inhibiting its activity. Fox-O when active can inhibit the mTOR pathway. Also, mTOR
pathway activation inhibits protein degradation by lysosomal caspases. Myostatin causes
muscle atrophy, via activating Fox-O and inhibiting PI3-K.
IGF-1= insulin like growth factor 1, BCAA= branched chain amino acids, PI3-K=
phosphoinositol 3 kinase, mTOR= mammalian target of rapamycin, NF-κB= nuclear
transcription factor kappa B. Fox-O= transcription factor forkhead O

Ali and Garcia Page 14

Gerontology. Author manuscript; available in PMC 2015 April 08.

NIH-PA Author Manuscript
NIH-PA Author Manuscript

NIH-PA Author Manuscript

@eldoctorcastillo



The International Journal of Biochemistry & Cell Biology 45 (2013) 2239– 2244

Contents lists available at ScienceDirect

The  International  Journal  of  Biochemistry
& Cell  Biology

journa l h om epage: www.elsev ier .com/ locate /b ioce l

Review

The  regulation  of  muscle  protein  turnover  in  diabetes!

Biruh  Workeneh,  Mandeep  Bajaj ∗

Baylor College of Medicine, 1709 Dryden, Suite 900, Houston, TX 77030, USA

a  r  t  i  c  l  e  i n  f  o

Article history:
Available online 6 July 2013

Keywords:
Insulin resistance
Muscle wasting
Protein-energy wasting
Ubiquitin–proteasome pathway
Myostatin

a  b  s  t  r  a  c  t

Diabetes  cannot  be  considered  simply  a disease  of  glucose  dysregulation;  it is a  chronic  inflammatory
disease  that affects  nearly  every  biological  process,  including  protein  metabolism.  Diabetes  is associated
with  disturbances  in muscle  protein  metabolism  that  results  in  decreased  muscle  mass  and  in some
cases,  loss in  the  activities  of  daily  living,  decreased  productivity  and  diminished  quality  of life. Alter-
ation  in  protein  metabolism  and  its effect  on  muscle  mass  and function  is  one  of  the most  challenging
and  least  understood  issues  in  the  management  of diabetes.  Central  among  insulin  action  in  muscle  is
suppression  of protein  degradation  pathways  and  up-regulation  of anabolic  pathways.  In  type  1  dia-
betes,  muscle  wasting  essentially  results  from  insulin  deficiency  and  this induces  of genes  involved  in
the  ubiquitin  proteasome  pathway.  On  the other  hand,  the chief  defect  that  leads  to muscle  atrophy  in
type  2 diabetes  is  decreased  insulin  responsiveness  primarily  in  muscle.  Decreased  insulin  responsive-
ness  has been  attributed  to  defects  in  the  insulin  signaling  pathways  secondary  to  inflammation  (e.g.,
NF-!B  activation  and  elevated  levels  of  TNF-",  IL-1 and IL-6), metabolic  acidosis,  increased  circulating
free  fatty  acids  and  glucotoxicity.  Furthermore,  emerging  pathways,  such  as myostatin/activin  A system
are  beginning  to  be uncovered.  We  conclude  with  a discussion  of  possible  interventions  to slow,  mitigate
or  reverse  muscle  wasting  associated  with  diabetes.

This  article  is  part  of a Directed  Issue  entitled:  Molecular  basis  of  muscle  wasting.
© 2013 Elsevier Ltd. All rights reserved.
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(Wang et al., 2006). Caspase-3 is also necessary because it cleaves
the complex structure of muscle to provide substrates for the UPS.
Detecting the 14 kDa actin fragment in human or rodent muscles
using western blot can assess caspase-3 activity (Workeneh et al.,
2006).

4. Metabolic acidosis

As stated earlier, BCAA metabolism is frequently abnormal in
T1DM and is exacerbated by acute and chronic metabolic acido-
sis. The muscle wasting that occurs during diabetic ketoacidosis
is particularly high. Type 1 diabetics can develop chronic acidosis
from the presence of renal tubular acidosis and the development of
chronic kidney disease. In acidotic rats, plasma and muscle BCAA
are better and rates of valine and leucine decarboxylation and
net transamination are higher. Acidosis affects the regulation of
BCAA metabolism by enhancing flux through the transaminase and
by directly stimulating oxidative catabolism through activation of
branched-chain alpha-keto acid dehydrogenase. Correction of acid-
osis reverses muscle catabolism in patients, but should be used with
caution in the setting of diabetic ketoacidosis due to the risk of
intracellular acidosis.

5. Type 2 diabetes

Patients with Type 2 diabetes (T2DM) are typically overweight
or obese, although there are exceptions. Studies have shown that
insulin resistance is associated with decreased lean mass/fat mass
ratio and is also positively correlated with visceral fat mass content
(Bjorntorp, 1991). Interestingly, involuntary weight loss in patients
with T2DM is significantly higher when associated with cardio-
vascular comorbidity (Doehner et al., 2012). Muscle loss is not a
sudden event, but a gradual and graded process. Across a wide
range, decreased muscle mass (relative to body size) is associated
with decreased insulin sensitivity. The loss of skeletal muscle mass
in T2DM patients occurs less predictably and to varying degrees
compared to T1DM patients.

A study by Park et al. examined body composition with dual-
energy X-ray absorptiometry (DXA) and CT longitudinally and
demonstrated excessive loss of appendicular lean mass and trunk
fat mass compared with nondiabetic subjects (Park et al., 2009).
In the study older women were especially susceptible to acceler-
ated skeletal muscle wasting, findings that remained significant
throughout the 6-year observation period. Another study, using
total body potassium, a ‘gold standard’ measure of body compo-
sition, showed patients with diabetes had decreased lean mass
compared to normal subjects (Pedersen et al., 2003). Although there
are other studies that show that patients with diabetes do not have
particularly diminished muscle mass, a consistent finding across
many reports is that these patients have a relatively higher per-
centage of body fat. It is common finding for diabetics to have body
fat concentrated in the truncal region (Bjorntorp, 1991; Heshka
et al., 2008) as well as intrahepatic and intramyocellular triglyc-
eride accumulation (Bajaj and Defronzo, 2003). Thus, in T2DM the
degree to which the disease process alters body composition and
conversely, how body composition influences insulin resistance, is
multi-factorial and the subject of ongoing research.

6. Insulin signaling and muscle metabolism in T2DM

The chief defect in T2DM is decreased insulin responsiveness
primarily in muscle, adipose tissue, and liver. The plasma insulin
concentrations in type 2 subjects are initially elevated in both fas-
ting and post-prandial states and hyperglycemia is the result of
both hepatic and peripheral (primarily muscle) insulin resistance

Fig. 1. This figure summarizes the major stimuli for muscle atrophy in type 2 dia-
betes. *FFA, free fatty acids.

as well as defects in insulin secretion. This peripheral unresponsive-
ness to insulin has been examined in some detail. In a thoughtful
approach using tracer methodology and controlling for amino acid
levels, Pereira et al. (2008) demonstrated that protein synthesis
diminished and suppression of protein breakdown was blunted as
a result of insulin infusion in subjects with T2DM. These findings
suggest that protein metabolism, much like glucose metabolism, is
insulin resistant in patients with T2DM.

Experimentally, the terminal pathway for muscle breakdown
through the UPP is identical to that of T1DM, but the upstream
signals are more varied. The number of insulin receptors appears
to be normal or increased, and the binding affinity for insulin of
the receptors not affected (Burant et al., 1986; Caro et al., 1987).
Decreased insulin responsiveness has been attributed to defects in
the insulin signaling pathways secondary to inflammation, elevated
circulating free fatty acids, chronic hyperinsulinemia, as well as glu-
cotoxicity, among other causes (Odegaard and Chawla, 2013). As a
result of impaired insulin receptor signaling following decreased
IR/IRS-1/PI3-kinase/Akt phosphorylation, several catabolic path-
ways become active in muscle ultimately resulting in protein
degradation through the ubiquitin–proteasome system (UPS). Fig. 1
shows heterogeneous influences present in T2DM can result in acti-
vation of this important pathway.

There is significant muscle wasting in small muscles of the
hands, feet and larger muscle groups associated with diabetic
neuropathy in type I and II DM.  In animal studies modeling hyper-
glycemia induced neuropathy or denervation, there is significant
muscle loss that ensues (Allen et al., 1997; Smith et al., 1988). The
mechanism for muscle wasting after denervation is again activa-
tion of the UPS. This highlights the complexity of muscle wasting
and why  it is difficult to taxonomize muscle wasting in clinical
practice; there are multiple and often concomitant triggers that
activate catabolic pathways.

7. Influence of nuclear factor Kappa B (NF-!B) on muscle
metabolism

Diabetes cannot be considered simply a disease of glucose
dysregulation, it is a chronic inflammatory disease, not the least
due to activation of the pro-inflammatory NF-!B pathway. NF-
!B is an inflammation-associated transcription factor, discovered
by the laboratory of Nobel Laureate David Baltimore in 1986 that
is involved in a number of biochemical activities that promote
defense against infectious disease and cellular stress. Chronically
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Causal relationship between insulin 
resistance and sarcopenia
Zi-jian Liu1   and Cui-feng Zhu2*   

Abstract 
Sarcopenia is a multifactorial disease characterized by reduced muscle mass and function, leading to disability, death, 
and other diseases. Recently, the prevalence of sarcopenia increased considerably, posing a serious threat to health 
worldwide. However, no clear international consensus has been reached regarding the etiology of sarcopenia. Several 
studies have shown that insulin resistance may be an important mechanism in the pathogenesis of induced muscle 
attenuation and that, conversely, sarcopenia can lead to insulin resistance. However, the causal relationship between 
the two is not clear. In this paper, the pathogenesis of sarcopenia is analyzed, the possible intrinsic causal relationship 
between sarcopenia and insulin resistance examined, and research progress expounded to provide a basis for the 
clinical diagnosis, treatment, and study of the mechanism of sarcopenia.
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Introduction
Sarcopenia refers to the phenomenon that the quality and 
function of muscles decrease with age, and it is an impor-
tant factor leading to disability, death, and other dis-
eases [77]. Its incidence varies widely depending on the 
means and criteria assessed [24]. Epidemiological surveys 
in Asia have found that the prevalence of sarcopenia is 
between 5.5% and 25.7%, with a higher prevalence in men 
(5.1–21.0%) than in women (4.1–16.3%) [12]. According 
to a global epidemiological survey conducted in 2022, the 
prevalence of sarcopenia is approximately 10% [80]. A 
large amount of clinical evidence has demonstrated that 
diseases of various systems of the body such as liver dis-
eases (e.g., cirrhosis and hepatic encephalopathy), kidney 
diseases, endocrine-related diseases (e.g., diabetes), heart 
diseases (e.g., heart failure), and cerebrovascular diseases 

(e.g., cerebral infarction) exhibit a correlation with sar-
copenia [29]. Therefore, sarcopenia has become a critical 
health problem threatening life and health.

At present, no international consensus has been 
reached regarding the causes of sarcopenia. Existing 
studies suggest that many factors such as malnutrition, 
cardiopulmonary disease, endocrine diseases (such as 
androgen deprivation and decreased thyroid hormone 
levels), drugs, and congenital inheritance can cause sar-
copenia. In recent years, the relationship between insulin 
resistance and sarcopenia has become a relatively novel 
hot topic. Considerable epidemiological evidence has 
indicated a significant association between the two [24]. 
However, existing literature does not specifically elabo-
rate on this complex association. In this paper, the patho-
genesis of sarcopenia is analyzed, the possible intrinsic 
causal relationship between insulin resistance and sar-
copenia examined, and research progress expounded to 
provide a basis for the clinical diagnosis, treatment, and 
study of the mechanism of sarcopenia (Fig. 1).
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proteins to its stimulatory effects is different: for exam-
ple, myosin heavy chain synthesis is not directly associ-
ated with insulin levels. An important effect of insulin 
on cells is maintaining the function of mitochondria, and 
insulin stimulation of mitochondrial protein synthesis 
is important for maintaining the normal metabolism of 
skeletal muscle cells.

Insulin can regulate mitochondrial function through 
the mTORC and FoxO transcription factor pathways 
because mTORC and FoxO1 can regulate PPAPγ activ-
ity factor 1α [17]. PGC1A controls mitochondrial 
gene transcription through nuclear respiratory factors 
1 and 2 (NRF1/2) and the nuclear transcription fac-
tor TFAM. Studies have shown that after insulin injec-
tion, increased levels of insulin can increase the levels 
of mRNA for nuclear genes encoding mitochondrial 
proteins (cytochrome c oxidase subunit IV) and mito-
chondrial genes, such as NADH dehydrogenase subunit 
IV (MT-ND4), and can promote the synthesis of mito-
chondrial proteins [44]. Zhao et  al. performed muscle 
biopsies 4  h after exogenous insulin infusion in healthy 
subjects,the results showed a two-fold increase in the 
number of phosphoproteins in isolates of mitochondria. 
Further analysis of the components of mitochondrial 
isolates revealed a substantial increase in the number of 
proteins associated with mitochondrial function, such 
as those responsible for mitochondrial transport and the 

TCA cycle [86]. Normal levels of mitochondrial protein 
synthesis are important for maintaining mitochondrial 
function [88, 98]. Scientists have found that mitochon-
drial activity is dramatically reduced in patients with con-
genital defects in insulin receptor signaling. In addition, 
elderly patients with insulin resistance show decreased 
insulin stimulation of mitochondrial protein synthesis 
and enzyme activity, resulting in decreased mitochon-
drial function. Lower mitochondrial oxidative capacity 
leads to fat accumulation within the skeletal muscle, lead-
ing to further development of insulin resistance [22, 51].

A large body of experimental evidence indicates that 
sufficient amounts of available amino acids are ini-
tiators, which recruit large amounts of mTORC1 [90], 
while insulin activates mTORC1 in response to a series 
of downstream pathways. This ultimately promotes 
increased amino acid perfusion and protein synthesis, 
both of which together maintain the quality and quantity 
of skeletal muscle cells (Fig. 2).

FOXO family induces skeletal muscle attenuation directly 
or by increasing protein degradation
In this section, we focus on the FoxO-family-regulated 
protein breakdown pathway. A large increase in protein 
breakdown is an important cause of muscle attenuation, 
and several studies have confirmed that insulin mainly 

Fig. 2 Cell stimulation by insulin and amino acids is the main factor that affects intracellular protein synthesis and increases intracellular perfusion 
of amino acids. Amino acids and insulin increase the activation level of mTORC1 via different pathways. Insulin relieves the inhibitory effect of the 
TSC on mTORC1 primarily by increasing the activation level of AKT, while amino acids can directly activate mTORC1. An increase in the activation 
level of mTORC1 subsequently promotes the synthesis of myocyte proteins. Red arrows represent inhibitory effects, and blue arrows represent 
activating effects. PIP3 phosphatidylinositol 3,4,5-triphosphate
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Abstract

Background: Skeletal muscle mass is controlled by myostatin and Akt-dependent signaling on mammalian target of
rapamycin (mTOR), glycogen synthase kinase 3b (GSK3b) and forkhead box O (FoxO) pathways, but it is unknown how these
pathways are regulated in critically ill human muscle. To describe factors involved in muscle mass regulation, we
investigated the phosphorylation and expression of key factors in these protein synthesis and breakdown signaling
pathways in thigh skeletal muscle of critically ill intensive care unit (ICU) patients compared with healthy controls.

Methodology/Principal Findings: ICU patients were systemically inflamed, moderately hyperglycemic, received insulin
therapy, and showed a tendency to lower plasma branched chain amino acids compared with controls. Using Western
blotting we measured Akt, GSK3b, mTOR, ribosomal protein S6 kinase (S6k), eukaryotic translation initiation factor 4E
binding protein 1 (4E-BP1), and muscle ring finger protein 1 (MuRF1); and by RT-PCR we determined mRNA expression of,
among others, insulin-like growth factor 1 (IGF-1), FoxO 1, 3 and 4, atrogin1, MuRF1, interleukin-6 (IL-6), tumor necrosis
factor a (TNF-a) and myostatin. Unexpectedly, in critically ill ICU patients Akt-mTOR-S6k signaling was substantially higher
compared with controls. FoxO1 mRNA was higher in patients, whereas FoxO3, atrogin1 and myostatin mRNAs and MuRF1
protein were lower compared with controls. A moderate correlation (r2 = 0.36, p,0.05) between insulin infusion dose and
phosphorylated Akt was demonstrated.

Conclusions/Significance: We present for the first time muscle protein turnover signaling in critically ill ICU patients, and we
show signaling pathway activity towards a stimulation of muscle protein synthesis and a somewhat inhibited proteolysis.
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Introduction

Skeletal muscle, which constitutes 30–40% of human body
weight [1], is critical for numerous functions such as breathing,
locomotion and metabolism, and this most abundant tissue also
serves as a large protein reservoir. Loss of muscle mass is a
hallmark of various diagnoses like cancer, chronic heart failure,
chronic obstructive pulmonary disease and HIV-infection, and
weight loss or low fat free mass independently predicts mortality in
these conditions [2,3]. Likewise, debilitating muscle atrophy is part
of critical illness [4,5,6,7,8] occurring at a mean rate of 3–4% of
fiber cross-sectional area per day [5]. Skeletal muscle mass is
regulated through the balance between the rates of protein
synthesis and protein breakdown. The signaling pathways
mediating this balance include, but are not limited to, the Akt-
mTOR, Akt-GSK3b, Akt-FoxO and the myostatin pathways
[9,10,11]. Akt (aka protein kinase B) is activated by insulin and

IGF-1 and has two known major downstream branches relevant to
muscle protein synthesis: the mTOR pathway, which is activated
by Akt, and the GSK3b pathway, which is inhibited by Akt.
mTOR seems to be a key regulator of cell size and protein
synthesis combining signals from growth factors and nutrients
[9,11]. mTOR is comprised of complex1 and 2 (mTORC1 and
mTORC2), and the effect of mTOR on protein synthesis is
mediated through mTORC1 by the activation of S6k and the
inhibition of 4E-BP1. Akt also phosphorylates and inactivates the
FoxO transcription factor family, which consists of FoxO1, 3, 4
and 6 [9]. The activation of FoxO3 causes muscle loss through
increased proteolysis, and FoxO3 induces the muscle specific
ubiquitin ligases atrogin1/MAFbx (from here on referred to as
atrogin1) and MuRF1 [12,13,14,15]. In fact, muscle that lack
either of these ligases atrophy less upon disuse [16], and atrogin1,
MuRF1 and FoxO1 belong to a set of muscle atrophy-related
genes termed ‘‘atrogenes’’ [17]. The transforming growth factor-b
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Summary
In critically ill ICU patients compared with healthy controls, we

show substantially higher Akt-mTOR-S6k signaling and lower
FoxO3, atrogene and myostatin expression directed towards
stimulated muscle protein synthesis and somewhat inhibited
proteolysis. This is a surprising finding given the atrophic state
that the patients most likely are in. The observed divergent
response of the FoxO transcription factors suggests different
functional roles for the specific FoxO members in human skeletal
muscle. The lower FoxO3, atrogene and TGF-b family member
expression can be explained by the higher Akt activation. The
unexpected higher Akt-mTOR-S6k signaling may reflect a
stimulating effect of insulin therapy on protein synthesis signaling,
increased protein synthesis due to increased availability of
intracellular amino acids resulting from increased proteolysis
and/or an attempt to restore skeletal muscle mass. Importantly, it
is currently unsolved whether the observed molecular responses
reflect changes in muscle protein turnover and how they affect an
apparent dysfunctional muscle remodeling machinery. Further,
the present study suggests members of Akt-regulated pathways as
proteins of interest in future studies of the molecular mechanisms
of insulin on skeletal muscle protein metabolism in human critical
illness. Due to the study design limitations in critical illness
investigations, ex vivo muscle cell cultures from patient donors
may be one approach to mechanistically clarify the role of
hormones and nutrients on muscle mass regulating signaling.
Despite the recent questioning of the intensity of insulin treatment

of critical illness hyperglycemia [83], in a clinical perspective the
effects of insulin on muscle protein metabolism should be
considered and further investigated.

Supporting Information

Figure S1 Lower IL-1b mRNA expression in muscle of
critically ill patients. Interleukin-1b (IL-1b) (left) and mono-
cyte chemoattractant protein-1 (MCP-1) (right) mRNA expression
in thigh skeletal muscle of critically ill intensive care unit (ICU)
patients compared with controls (CON). Data are fold change in
individual values relative to control mean. Each circle represents
one subject (black: controls, white: ICU patients) and the bar
represents the mean value. * p,0.05.
(TIF)

Figure S2 Lower tenascin-C mRNA expression in mus-
cle of critically ill patients. Tenascin-C mRNA expression in
thigh skeletal muscle of critically ill intensive care unit (ICU)
patients compared with controls (CON). Data are fold change in
individual values relative to control mean. Each circle represents
one subject (black: controls, white: ICU patients) and the bar
represents the mean value.
(TIF)

Figure S3 Lower actinin3 mRNA expression in muscle
of critically ill patients. IL-6 receptor (IL-6R) (left) and

Figure 9. Muscle protein turnover signaling in critically ill ICU patients. Schematic overview of the results for circulating factors and muscle
protein turnover signaling in ICU patients under the present study conditions. Arrows at the different targets show the levels in ICU patients
compared with controls. Dotted lines depict that protein turnover was not determined. Abbreviations: 4E-BP1: eukaryotic translation initiation factor
4E binding protein 1, Akt: v-akt murine thymoma viral oncogene (aka PKB), BCAA: branched chain amino acids, CRP: C-reactive protein, GDF-11:
growth differentiation factor 11, GSK3b: glycogen synthase kinase 3b, IGF-1: insulin-like growth factor 1, IL: interleukin, MCP-1: monocyte
chemoattractant protein-1 (aka CCL2), mTOR: mammalian target of rapamycin, MuRF1: muscle ring finger 1, s6K: ribosomal protein S6 kinase, TGF-b:
transforming growth factor b, TNF-a: tumor necrosis factor a.
doi:10.1371/journal.pone.0018090.g009
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Abstract
Insulin promotes muscle anabolism, but it is still unclear whether it stimulates muscle protein
synthesis in humans. We hypothesized that insulin can increase muscle protein synthesis only if it
increases muscle amino acid availability. We measured muscle protein and amino acid metabolism
using stable-isotope methodologies in 19 young healthy subjects at baseline and during insulin
infusion in one leg at low (LD, 0.05), intermediate (ID, 0.15), or high (HD, 0.30 mU·min−1·100
ml−1) doses. Insulin was infused locally to induce muscle hyperinsulinemia within the physiological
range while minimizing the systemic effects. Protein and amino acid kinetics across the leg were
assessed using stable isotopes and muscle biopsies. The LD did not affect phenylalanine delivery to
the muscle (−9 ± 18% change over baseline), muscle protein synthesis (16 ± 26%), breakdown, or
net balance. The ID increased (P < 0.05) phenylalanine delivery (+63 ± 38%), muscle protein
synthesis (+157 ± 54%), and net protein balance, with no change in breakdown. The HD did not
change phenylalanine delivery (+12 ± 11%) or muscle protein synthesis (+9 ± 19%), and reduced
muscle protein breakdown (−17 ± 15%), thus improving net muscle protein balance but to a lesser
degree than the ID. Changes in muscle protein synthesis were strongly associated with changes in
muscle blood flow and phenylalanine delivery and availability. In conclusion, physiological
hyperinsulinemia promotes muscle protein synthesis as long as it concomitantly increases muscle
blood flow, amino acid delivery and availability.
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Fig. 2.
Muscle protein fractional synthetic rates in the basal postabsorptive state and during low,
intermediate, and high insulin infusion in one leg. Values are means ± SE. A common letter
denotes that the changes from the baseline do not differ between groups (Tukey's test). *P <
0.05 vs. basal (paired t-test).
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Table 1

Physical characteristics of the subjects

LD ID HD P

n 6 7 6

Sex 4 M 2 F 3 M 4 F 4 M 2 F 0.60

Age, yr 29±3 25±2 28±2 0.51

Height, cm 169±5 169±4 170±2 0.99

Body weight, kg 72±7 63±6 74±5 0.44

Body mass index, kg/m2 25±2 22±1 26±2 0.19

Fat-free mass, kg 50±4 45±5 54±3 0.30

Fat mass, kg 18±4 11±1 17±3 0.21

Leg volume, liters 9.5±1.1 8.4±5.9 9.9±3.5 0.33

Leg muscle mass, kg 8.6±8.9 7.3±8.9 9.9±3.3 0.21

Values are means ± SE. Subjects were randomized to 3 groups receiving a low (LD), intermediate (ID), or high dose (HD) insulin infusion. P,
significance level for differences between groups.
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Fig. 3.
Correlations between the relative changes in muscle protein synthesis (ΔF0,M) and changes in
blood flow (A), phenylalanine delivery to the muscle (ΔFin; B), intracellular phenylalanine
availability (C), arterial phenylalanine concentration (D), muscle phenylalanine concentration
(E), and arterial insulin concentration (F). Values are shown as relative change over the basal
postabsorptive period.
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Abstract
Aims/hypothesis We aimed to investigate the role of insulin in
regulating human skeletal muscle metabolism in health and
diabetes.
Methods We conducted a systematic review and meta-
analysis of published data that examined changes in skeletal
muscle protein synthesis (MPS) and/or muscle protein break-
down (MPB) in response to insulin infusion. Random-effects
models were used to calculate weighted mean differences
(WMDs), 95% CIs and corresponding p values. Both MPS
and MPB are reported in units of nmol (100 ml leg vol.)−1

min−1.
Results A total of 104 articles were examined in detail. Of
these, 44 and 25 studies (including a total of 173 individuals)
were included in the systematic review and meta-analysis,
respectively. In the overall estimate, insulin did not affect
MPS (WMD 3.90 [95% CI −0.74, 8.55], p=0.71), but signif-
icantly reduced MPB (WMD −15.46 [95% CI −19.74,
−11.18], p<0.001). Overall, insulin significantly increased
net balance protein acquisition (WMD 20.09 [95% CI 15.93,
24.26], p<0.001). Subgroup analysis of the effect of insulin
on MPS according to amino acid (AA) delivery was per-
formed using meta-regression analysis. The estimate size
(WMD) was significantly different between subgroups based

on AA availability (p=0.001). An increase in MPS was ob-
served when AA availability increased (WMD 13.44 [95% CI
4.07, 22.81], p<0.01), but not when AA availability was re-
duced or unchanged. In individuals with diabetes and in the
presence of maintained delivery of AA, there was a significant
reduction in MPS in response to insulin (WMD −6.67 [95%
CI −12.29, −0.66], p<0.05).
Conclusions/interpretation This study demonstrates the com-
plex role of insulin in regulating skeletal muscle metabolism.
Insulin appears to have a permissive role in MPS in the pres-
ence of elevated AAs, and plays a clear role in reducing MPB
independent of AA availability.

Keywords Amino acids . Insulin .Meta-analysis .Muscle
protein breakdown .Muscle protein synthesis . Systematic
review

Abbreviations
AA Amino acid
MPB Muscle protein breakdown
MPS Muscle protein synthesis
NB Net balance
WMD Weighted mean difference

Introduction

In humans, proteins constitute approximately 15% of body
weight [1]. They are the primary macro-nutrient that forms
skeletal muscle, which in turn contains approximately 30–
45% of total body protein and contributes to 20–35% of
whole-body protein turnover. Both amino acids (AAs) and
insulin have been shown to play crucial roles in regulating
diurnal changes in skeletal muscle protein turnover [2], and
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Local intra-arterial insulin infusion appears to limit the effect
of systemic hypoglycaemia and hypoaminoacidaemia, there-
by avoiding the need for obligatory glucose (or AA) co-
infusion [33].

Meta-analysis of these 25 studies showed no significant
effect of insulin on MPS. Subgroup analysis, however,
revealed that in healthy individuals, the effect of insulin
on MPS only becomes significant when AA delivery to
the skeletal muscle is increased. These results have been
replicated by other researchers in studies where co-
infusion of AA and insulin has successfully increased
AA delivery to muscle [30, 31, 36–42]. In a study by
Fujita et al, exercising for 45 min successfully increased
AA delivery and MPS compared with non-exercising
controls, although exercise per se has acute anabolic
effects on muscle MPS [21]. In some studies, however,
increased AA delivery has not produced an insulin-
induced increase in MPS [16, 43]. This is probably
because the rises in AA delivery were very minimal
and achieved mainly through increased blood flow, rath-
er than an increased AA concentration. Older people
display resistance to the anabolic effect of insulin com-
pared with their younger counterparts, possibly through

mechanisms related to endothelial dysfunction, reduced
tissue perfusion and blunted anabolic signalling, rather
than reduced glucose tolerance [30]. However, in the
presence of increased AA delivery, insulin seems to
preserve its anabolic effect in healthy older people. This
seems to be the case whether the increments in AA
delivery to muscle are achieved via physiological [24,
38] or supraphysiological [30] concentrations of insulin,
pharmacologically using sodium nitroprusside [31] or
via exercise [21].

Increased insulin concentrations within the postpran-
dial range do not appear to affect MPS. A previous
study reported that, with incremental increases in AA
concentrations, MPS responded positively to insulin
concentrations of 139.0–194.5 pmol/l, rising by 22%
from baseline and by 72% when higher AA concentra-
tions were given [37]. On the other hand, another study
reported that, in the presence of fixed concentrations of
AA, increasing insulin concentration from 34.7 pmol/l
to 500.0 pmol/l did not produce any further significant
increments in MPS [39]. Insulin had no effect on MPS
when AA delivery was unchanged from baseline. These
results are also supported by other studies [17, 20,
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Fig. 2 Forest plot of random-
effects meta-analysis of WMD
(95% CI) on the effect of insulin
on MPS. No significant increase
in MPS was seen overall (p=
0.710). When stratified for AA
delivery, increased MPS was seen
where AAwas increased
(p<0.01), but no difference was
observed where AA delivery was
maintained (p=0.59) or decreased
(p=0.58). In individuals with
insulin resistance or diabetes (IR),
MPS was significantly reduced
(p<0.05) despite maintained AA
delivery. Numbers alongside the
author name differentiate different
trials by the same author; letters
signify different interventions or
participant characteristics within
one study
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Abstract
Aims/hypothesis We aimed to investigate the role of insulin in
regulating human skeletal muscle metabolism in health and
diabetes.
Methods We conducted a systematic review and meta-
analysis of published data that examined changes in skeletal
muscle protein synthesis (MPS) and/or muscle protein break-
down (MPB) in response to insulin infusion. Random-effects
models were used to calculate weighted mean differences
(WMDs), 95% CIs and corresponding p values. Both MPS
and MPB are reported in units of nmol (100 ml leg vol.)−1

min−1.
Results A total of 104 articles were examined in detail. Of
these, 44 and 25 studies (including a total of 173 individuals)
were included in the systematic review and meta-analysis,
respectively. In the overall estimate, insulin did not affect
MPS (WMD 3.90 [95% CI −0.74, 8.55], p=0.71), but signif-
icantly reduced MPB (WMD −15.46 [95% CI −19.74,
−11.18], p<0.001). Overall, insulin significantly increased
net balance protein acquisition (WMD 20.09 [95% CI 15.93,
24.26], p<0.001). Subgroup analysis of the effect of insulin
on MPS according to amino acid (AA) delivery was per-
formed using meta-regression analysis. The estimate size
(WMD) was significantly different between subgroups based

on AA availability (p=0.001). An increase in MPS was ob-
served when AA availability increased (WMD 13.44 [95% CI
4.07, 22.81], p<0.01), but not when AA availability was re-
duced or unchanged. In individuals with diabetes and in the
presence of maintained delivery of AA, there was a significant
reduction in MPS in response to insulin (WMD −6.67 [95%
CI −12.29, −0.66], p<0.05).
Conclusions/interpretation This study demonstrates the com-
plex role of insulin in regulating skeletal muscle metabolism.
Insulin appears to have a permissive role in MPS in the pres-
ence of elevated AAs, and plays a clear role in reducing MPB
independent of AA availability.

Keywords Amino acids . Insulin .Meta-analysis .Muscle
protein breakdown .Muscle protein synthesis . Systematic
review

Abbreviations
AA Amino acid
MPB Muscle protein breakdown
MPS Muscle protein synthesis
NB Net balance
WMD Weighted mean difference

Introduction

In humans, proteins constitute approximately 15% of body
weight [1]. They are the primary macro-nutrient that forms
skeletal muscle, which in turn contains approximately 30–
45% of total body protein and contributes to 20–35% of
whole-body protein turnover. Both amino acids (AAs) and
insulin have been shown to play crucial roles in regulating
diurnal changes in skeletal muscle protein turnover [2], and
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Local intra-arterial insulin infusion appears to limit the effect
of systemic hypoglycaemia and hypoaminoacidaemia, there-
by avoiding the need for obligatory glucose (or AA) co-
infusion [33].

Meta-analysis of these 25 studies showed no significant
effect of insulin on MPS. Subgroup analysis, however,
revealed that in healthy individuals, the effect of insulin
on MPS only becomes significant when AA delivery to
the skeletal muscle is increased. These results have been
replicated by other researchers in studies where co-
infusion of AA and insulin has successfully increased
AA delivery to muscle [30, 31, 36–42]. In a study by
Fujita et al, exercising for 45 min successfully increased
AA delivery and MPS compared with non-exercising
controls, although exercise per se has acute anabolic
effects on muscle MPS [21]. In some studies, however,
increased AA delivery has not produced an insulin-
induced increase in MPS [16, 43]. This is probably
because the rises in AA delivery were very minimal
and achieved mainly through increased blood flow, rath-
er than an increased AA concentration. Older people
display resistance to the anabolic effect of insulin com-
pared with their younger counterparts, possibly through

mechanisms related to endothelial dysfunction, reduced
tissue perfusion and blunted anabolic signalling, rather
than reduced glucose tolerance [30]. However, in the
presence of increased AA delivery, insulin seems to
preserve its anabolic effect in healthy older people. This
seems to be the case whether the increments in AA
delivery to muscle are achieved via physiological [24,
38] or supraphysiological [30] concentrations of insulin,
pharmacologically using sodium nitroprusside [31] or
via exercise [21].

Increased insulin concentrations within the postpran-
dial range do not appear to affect MPS. A previous
study reported that, with incremental increases in AA
concentrations, MPS responded positively to insulin
concentrations of 139.0–194.5 pmol/l, rising by 22%
from baseline and by 72% when higher AA concentra-
tions were given [37]. On the other hand, another study
reported that, in the presence of fixed concentrations of
AA, increasing insulin concentration from 34.7 pmol/l
to 500.0 pmol/l did not produce any further significant
increments in MPS [39]. Insulin had no effect on MPS
when AA delivery was unchanged from baseline. These
results are also supported by other studies [17, 20,
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Fig. 2 Forest plot of random-
effects meta-analysis of WMD
(95% CI) on the effect of insulin
on MPS. No significant increase
in MPS was seen overall (p=
0.710). When stratified for AA
delivery, increased MPS was seen
where AAwas increased
(p<0.01), but no difference was
observed where AA delivery was
maintained (p=0.59) or decreased
(p=0.58). In individuals with
insulin resistance or diabetes (IR),
MPS was significantly reduced
(p<0.05) despite maintained AA
delivery. Numbers alongside the
author name differentiate different
trials by the same author; letters
signify different interventions or
participant characteristics within
one study
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Abstract
Aims/hypothesis We aimed to investigate the role of insulin in
regulating human skeletal muscle metabolism in health and
diabetes.
Methods We conducted a systematic review and meta-
analysis of published data that examined changes in skeletal
muscle protein synthesis (MPS) and/or muscle protein break-
down (MPB) in response to insulin infusion. Random-effects
models were used to calculate weighted mean differences
(WMDs), 95% CIs and corresponding p values. Both MPS
and MPB are reported in units of nmol (100 ml leg vol.)−1

min−1.
Results A total of 104 articles were examined in detail. Of
these, 44 and 25 studies (including a total of 173 individuals)
were included in the systematic review and meta-analysis,
respectively. In the overall estimate, insulin did not affect
MPS (WMD 3.90 [95% CI −0.74, 8.55], p=0.71), but signif-
icantly reduced MPB (WMD −15.46 [95% CI −19.74,
−11.18], p<0.001). Overall, insulin significantly increased
net balance protein acquisition (WMD 20.09 [95% CI 15.93,
24.26], p<0.001). Subgroup analysis of the effect of insulin
on MPS according to amino acid (AA) delivery was per-
formed using meta-regression analysis. The estimate size
(WMD) was significantly different between subgroups based

on AA availability (p=0.001). An increase in MPS was ob-
served when AA availability increased (WMD 13.44 [95% CI
4.07, 22.81], p<0.01), but not when AA availability was re-
duced or unchanged. In individuals with diabetes and in the
presence of maintained delivery of AA, there was a significant
reduction in MPS in response to insulin (WMD −6.67 [95%
CI −12.29, −0.66], p<0.05).
Conclusions/interpretation This study demonstrates the com-
plex role of insulin in regulating skeletal muscle metabolism.
Insulin appears to have a permissive role in MPS in the pres-
ence of elevated AAs, and plays a clear role in reducing MPB
independent of AA availability.

Keywords Amino acids . Insulin .Meta-analysis .Muscle
protein breakdown .Muscle protein synthesis . Systematic
review
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Introduction

In humans, proteins constitute approximately 15% of body
weight [1]. They are the primary macro-nutrient that forms
skeletal muscle, which in turn contains approximately 30–
45% of total body protein and contributes to 20–35% of
whole-body protein turnover. Both amino acids (AAs) and
insulin have been shown to play crucial roles in regulating
diurnal changes in skeletal muscle protein turnover [2], and
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28–31, 34, 44]. In all healthy human studies where AA
availability has been reduced, MPS has been reduced or
remained unchanged [18, 19, 37, 45, 46], even in the
presence of supraphysiological concentrations of insulin
[18].

The meta-analysis of the 25 studies showed that
insulin exerts its regulation of lean muscle mass princi-
pally via an anticatabolic effect in reducing MPB. This
is more evident when looking at the data on NB, which
showed a positive effect on muscle mass. Therefore, the
proanabolic capabilities of insulin are predominantly
driven by its ability to attenuate skeletal MPB, rather
than any positive effect on MPS. This finding is in
agreement with assessments from other researchers
[16, 29].

The insulin-induced reduction in MPB appears to be
more potent when AAs are scarce. These findings are
consistent with other studies that have reported a reduc-
tion in response to insulin [30, 32, 37, 39, 42, 44] with
the exception of three studies, which did not observe
any significant change in MPB [45, 47, 48]. This might
well be due to anabolic resistance to insulin in a rela-
tively older study population and the presence of diabe-
tes mellitus. Interestingly, this maximal inhibition of

MPB by insulin occurs in response to very modest ele-
vations in insulin concentration (i.e. to 104.2 pmol/l)
[44].

Diabetes has been reported to attenuate the positive
effect of insulin on MPS in the presence of maintained
AA delivery [17, 20, 49]. However, in response to
long-term intensive s.c. insulin treatment, Halvatsiotis
et al found no difference in mitochondrial, sarcoplas-
mic or mixed MPS compared with healthy controls
who did not receive insulin [50]. Whether increased
AA intake in insulin-treated patients with diabetes will
lead to increased muscle mass is not known. However,
given the facilitative role of insulin in maintaining
muscle mass, particularly in the presence of increased
AA availability, it is tempting to speculate on the need
to advise patients with diabetes who are on insulin
treatment to increase their AA intake in order to har-
ness the positive effects of insulin on muscle metabo-
lism. In critically ill patients, where significant insulin
resistance is expected, increases in MPS have been
observed, but only when supraphysiological concentra-
tions of insulin have been used [33, 51]. In a study of
individuals with obesity [40] and heart failure [42],
MPB has been shown to reduce in response to insulin.
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Fig. 3 Forest plot of random-
effects meta-analysis of WMD
(95% CI) on the effect of insulin
on MPB. A significant reduction
in MPB was seen overall
(p<0.0001). Numbers alongside
the author name differentiate
different trials by the same author;
letters signify different
interventions or participant
characteristics within one study
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Abstract
Aims/hypothesis We aimed to investigate the role of insulin in
regulating human skeletal muscle metabolism in health and
diabetes.
Methods We conducted a systematic review and meta-
analysis of published data that examined changes in skeletal
muscle protein synthesis (MPS) and/or muscle protein break-
down (MPB) in response to insulin infusion. Random-effects
models were used to calculate weighted mean differences
(WMDs), 95% CIs and corresponding p values. Both MPS
and MPB are reported in units of nmol (100 ml leg vol.)−1

min−1.
Results A total of 104 articles were examined in detail. Of
these, 44 and 25 studies (including a total of 173 individuals)
were included in the systematic review and meta-analysis,
respectively. In the overall estimate, insulin did not affect
MPS (WMD 3.90 [95% CI −0.74, 8.55], p=0.71), but signif-
icantly reduced MPB (WMD −15.46 [95% CI −19.74,
−11.18], p<0.001). Overall, insulin significantly increased
net balance protein acquisition (WMD 20.09 [95% CI 15.93,
24.26], p<0.001). Subgroup analysis of the effect of insulin
on MPS according to amino acid (AA) delivery was per-
formed using meta-regression analysis. The estimate size
(WMD) was significantly different between subgroups based

on AA availability (p=0.001). An increase in MPS was ob-
served when AA availability increased (WMD 13.44 [95% CI
4.07, 22.81], p<0.01), but not when AA availability was re-
duced or unchanged. In individuals with diabetes and in the
presence of maintained delivery of AA, there was a significant
reduction in MPS in response to insulin (WMD −6.67 [95%
CI −12.29, −0.66], p<0.05).
Conclusions/interpretation This study demonstrates the com-
plex role of insulin in regulating skeletal muscle metabolism.
Insulin appears to have a permissive role in MPS in the pres-
ence of elevated AAs, and plays a clear role in reducing MPB
independent of AA availability.

Keywords Amino acids . Insulin .Meta-analysis .Muscle
protein breakdown .Muscle protein synthesis . Systematic
review

Abbreviations
AA Amino acid
MPB Muscle protein breakdown
MPS Muscle protein synthesis
NB Net balance
WMD Weighted mean difference

Introduction

In humans, proteins constitute approximately 15% of body
weight [1]. They are the primary macro-nutrient that forms
skeletal muscle, which in turn contains approximately 30–
45% of total body protein and contributes to 20–35% of
whole-body protein turnover. Both amino acids (AAs) and
insulin have been shown to play crucial roles in regulating
diurnal changes in skeletal muscle protein turnover [2], and
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A pesar de su efecto variable sobre la síntesis, 
la insulina aumenta significativamente el balance 
neto de proteínas musculares

This reduction, however, was significantly less than
that observed in healthy controls. Clearly, further stu-
dies are required to fully understand the role of insulin
resistance in regulating MPS and MPB in type 2
diabetes.

This review has several limitations. Different methods
of estimating skeletal muscle protein metabolism and
the lack of available primary data made it difficult to
perform a full quantitative assessment by meta-analysis
for all studies that met the inclusion criteria of the sys-
tematic review. We also acknowledge that the use of
multiple studies per publication means that pooling of
the studies is not entirely independent. In addition, since
this is a meta-analysis of experimental studies, a full
assessment of bias—as would normally be conducted
in meta-analyses of randomised controlled trials [52]
(e.g. sequence generation and allocation concealment to
check for selection bias; blinding to check for possible
performance bias, incomplete outcome data, selective
reporting bias and other sources of bias)—could not be

performed, as none of the studies used these methods
for patient allocation. Furthermore, since all of the stud-
ies were of similar size, the funnel plot analysis might
not be completely reliable in informing us of any pub-
lication bias.

In summary, this systematic review and meta-analysis
suggests that the main role of insulin in human skeletal
muscle anabolism is facilitative and is influenced by the
rate of AA delivery. In situations where AA delivery is
unchanged, supraphysiological concentrations of insulin
are needed to achieve skeletal muscle anabolism. How-
ever, the role of insulin in reducing MPB is clearly
evident in most studies. This effect is blunted in older
people and in those with insulin resistance. This resis-
tance is likely to be related to impaired insulin signal-
ling of muscle protein metabolism and endothelial dys-
function, rather than to glucose intolerance. Further
evidence is required to translate these findings into
strategies to maximise muscle mass among patients with
insulin-treated diabetes.
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Fig. 4 Forest plot of random-
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differentiate different trials by the
same author; letters signify
different interventions or
participant characteristics within
one study
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Abstract
Type 2 diabetes (T2DM) subjects failing diet treatment are characterized by hyperinsulinemia and
insulin resistance leading to fasting and postprandial hyperglycemia and hyperlipidemia. Energy is
essential for allowing the process of protein synthesis to proceed. Additionally, insulin can
stimulate protein synthesis in human muscle. The aims of this study were to determine if poorly
controlled T2DM affects postabsorptive muscle protein anabolism, and if the muscle anabolic
response to hyperinsulinemia with high energy availability is maintained. Control (n = 6) and
T2DM subjects (n = 6) were studied in the postabsorptive state and during an isoenergetic high
nutritional energy clamp (relative to postabsorptive state). Muscle protein synthesis and
breakdown (nmol · min−1 · 100 g leg muscle−1) were assessed using stable isotope methodology,
femoral arterio-venous sampling, muscle biopsies, and a three-pool model to calculate protein
turnover. Postabsorptive phenylalanine net balance and whole body rate of appearance (Ra) were
not different between groups; however, basal muscle protein breakdown was higher in T2DM (94
± 9) than in controls (58 ± 12) (P < 0.05) and muscle protein synthesis tended (P = 0.07) to be
elevated in T2DM (66 ± 14) compared with controls (39 ± 6). During the clamp, net balance
increased, whole body Ra and muscle protein breakdown decreased (P < 0.05), and muscle protein
synthesis tended to decrease (P = 0.08) to a similar extent in both groups. We conclude that
postabsorptive muscle protein turnover is elevated in poorly controlled T2DM, however, there is
no excessive loss of muscle protein because net balance is not different from controls. Moreover,
the anabolic response to increased insulin and energy availability is maintained in T2DM.
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FIGURE 1.
Study design consisting of a basal postabsorptive period and a high energy-hyperinsulinemic
clamp period. ICG, indocyanine green.
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FIGURE 3.
Muscle protein breakdown in controls and T2DM subjects under basal postabsorptive and
clamp conditions. Values are means ± SEM, n = 6. * Different from basal, P < 0.05. #
Different from controls, P < 0.05.
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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/m2]), 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 (β − 0.1 (95% CI − 0.3 to − 0.02) kg/m2; p = 0.02), but not with a change in GS (β − 0.9 
(95% CI − 1.9 to 0.04) kg) or TUG (β − 0.1 (95% CI − 0.7 to 0.5) s). Insulin therapy was positively associated with change 
in SMI (β 0.6 (95% CI 0.3–0.9) kg/m2; p = 0.001), but not in GS (β − 1.6 (95% CI − 4.1 to 0.8) kg) or TUG (β 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.

Keywords Muscle function · Muscle mass · Diabetes · KORA-Age · Sarcopenia · Insulin

Introduction

Older adults are at high risk for frailty, immobility and loss 
of independence. One of the factors most strongly associated 
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 
a driving force of muscle dysfunction. Mechanisms poten-
tially explaining diabetes-related muscle dysfunction are 
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 
anti-diabetic drugs [4]. Moreover, T2D and sarcopenia share 
several common risk factors, such as obesity, physical inac-
tivity and chronic low-grade inflammation [5]. Skeletal mus-
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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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 
− 3.3 to 2.0) 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/m2, men: − 0.2 
(95% CI − 0.5 to 0.2) kg/m2) 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/m2; men: 0.0 (95% CI − 0.4 to 0.3) kg/m2). The time 
needed to complete the TUG increased more strongly in 
women with T2D compared to women without T2D (0.7 
(95% CI − 0.5 to 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% 
CI − 2.4 to 0.4) s vs. − 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

Mann–Whitney U test was used for continuous variables, Chi-square test for categorical variables
a Mean ± standard deviation, or proportion (%)
b The p value is related to the null hypothesis of no differences between those with and without T2D
x For sex [female]
y Insulin 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

Total a (n = 731) Diabetesa (n = 118 (16.1%)) No  diabetesa (n = 613 (83.9%)) p  valueb

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) 0.9820x

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/m2) 28.3 ± 4.5 28.4 ± 3.9 31.0 ± 4.0 29.9 ± 4.4 27.7 ± 4.4 28.1 ± 3.7 < 0.001/0.007
GS (kg) 20.7 ± 5.3 34.3 ± 7.6 20.2 ± 5.9 34.4 ± 7.5 20.7 ± 5.1 34.3 ± 7.7 0.409/0.602
SMI (kg/m2) 7.4 ± 0.9 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
HbA1c (%) (mmol/mol) 5.7 ± 0.5 (39) 5.7 ± 0.6 (39) 6.5 ± 0.7 (48) 6.5 ± 0.6 (48) 5.6 ± 0.3 (38) 5.6 ± 0.5 (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  therapyy 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)
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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/m2]), 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 (β − 0.1 (95% CI − 0.3 to − 0.02) kg/m2; p = 0.02), but not with a change in GS (β − 0.9 
(95% CI − 1.9 to 0.04) kg) or TUG (β − 0.1 (95% CI − 0.7 to 0.5) s). Insulin therapy was positively associated with change 
in SMI (β 0.6 (95% CI 0.3–0.9) kg/m2; p = 0.001), but not in GS (β − 1.6 (95% CI − 4.1 to 0.8) kg) or TUG (β 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.

Keywords Muscle function · Muscle mass · Diabetes · KORA-Age · Sarcopenia · Insulin

Introduction

Older adults are at high risk for frailty, immobility and loss 
of independence. One of the factors most strongly associated 
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 
a driving force of muscle dysfunction. Mechanisms poten-
tially explaining diabetes-related muscle dysfunction are 
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 
anti-diabetic drugs [4]. Moreover, T2D and sarcopenia share 
several common risk factors, such as obesity, physical inac-
tivity and chronic low-grade inflammation [5]. Skeletal mus-
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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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 HbA1c 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 HbA1c 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 HbA1c 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 

Table 3  Prospective association 
between type of treatment 
(insulin versus oral anti-diabetic 
medication only) and change in 
muscle parameters over 3 years 
of follow-up

Results of linear regression models, dependent variable Δ 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/m2), physical activity (score per unit), HbA1c (%), 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

Model 1 Model 2
Regression coef-
ficient (95% CI)

p value Regression coefficient (95% CI) p value

Δ GS Total n = 90 − 1.2 (− 3.6 to 1.1) 0.294 − 1.6 (− 4.1 to 0.8) 0.190
Men n = 47 − 3.0 (− 6.3 to 0.4) 0.081 − 3.4 (− 6.7 to 0.02) 0.051
Women n = 43 0.1 (− 3.1 to 3.3) 0.927 0.4 (− 3.3 to 4.1) 0.830

Δ 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
Women n = 43 0.5 (− 0.02 to 1.1) 0.060 0.8 (0.2–1.4) 0.009

Δ TUG Total n = 79 1.4 (− 0.3 to 3.0) 0.096 1.6 (− 0.2 to 3.4) 0.086
Men n = 43 0.1 (− 2.0 to 2.2) 0.946 0.4 (− 2.0 to 2.7) 0.758
Women n = 36 2.7 (0.1–5.4) 0.041 4.3 (1.1–7.5) 0.010
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a b s t r a c t

Objectives: Type 2 diabetes is a risk factor for sarcopenia. Evidence on the prevention of sarcopenia using
blood glucoseelowering therapy is limited. We aimed to examine the relationship between changes in
glycemic control and sarcopenia and the effect of antidiabetic agents against sarcopenia in patients with
type 2 diabetes.
Design: We conducted an observational longitudinal study.
Setting and Participants: In total, 588 Japanese patients with diabetes of an ongoing multicenter study
completed 1-year follow-up measurements for sarcopenia and clinical data.
Methods: The data set of the Multicenter Study for Clarifying Evidence for Sarcopenia in patients with
Diabetes Mellitus (the MUSCLES-DM study) was analyzed.
Results: During the follow-up period, the frequency of sarcopenia marginally increased, and the means of
skeletal muscle mass index (SMI), handgrip strength, and gait speed did not show any changes. However,
on dividing into 5 groups depending on the degree of changes in glycated hemoglobin (HbA1c) value, the
patients with a decrease of !1% in HbA1c exhibited a significant increase in SMI. Our analysis revealed
similar results for gait speed but not handgrip strength. Using the multiple linear regression model, we
identified that a !1% decrease in HbA1c value was an independent determinant of the changes in SMI and
gait speed. We also determined that insulin use at baseline was an independent factor for the changes in
SMI.
Conclusions and Implications: Correction of poor glycemic control and use of insulin were significantly
associated with the increase in skeletal muscle mass or gait speed in Japanese patients with type 2
diabetes. The current finding increases our understanding of the importance of glycemic control for the
prevention of cardiovascular diseases and sarcopenia.

! 2020 The Authors. Published by Elsevier Inc. on behalf of AMDA e The Society for Post-Acute and
Long-Term Care Medicine. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

The primary goal in the treatment of type 2 diabetes is to prevent
diabetic complications and ensure a life span similar to that of
nondiabetic individuals. However, in older people, unless appropriate
measures are adopted against geriatric syndrome (eg, falls or frailty),
biological life expectancy can be extended but not healthy life ex-
pectancy. Type 2 diabetes is a well-known risk factor for geriatric
syndrome, including depressive symptoms, cognitive dysfunction, and
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Exercise was associated with stronger handgrip strength
(29.3 ! 8.5 kg vs 27.3 ! 10.0 kg, P ¼ .007) and faster gait speed
(1.22 ! 0.23 m/s vs 1.13 ! 0.27 m/s, P < .001), but not with SMI
(7.5 ! 1.2 vs 7.5 ! 1.2, P ¼ .75) at baseline, though no significant as-
sociation was observed with handgrip strength in the follow-up
investigation (Table 2). During the follow-up period, 76 patients

started exercising, whereas 71 patients discontinued it. However,
changes in the habit did not affect percentage changes in SMI, hand-
grip strength, and gait speed (Supplementary Table 2).

Discussion

We longitudinally observed the relationship between glycemic
control and sarcopenia and its components (muscle mass, handgrip
strength, and gait speed) over 1 year. SMI and gait speed increased
significantly in the subgroup in which the HbA1c value decreased by
1% or more. Our study is the first to report that better glycemic control
exerted favorable effects on muscle mass and physical functions. In
addition, insulin use at baseline showed an independent and positive
correlation with the changes in SMI, considering age, sex, body mass
index, and other covariates. Several diabetes specific (eg, glycemic
levels and medication) and nonspecific (eg, age, body composition,
and nutritional status) factors have been identified as risk factors for
sarcopenia.5e8 However, there is insufficient evidence regarding the
usefulness of any improvement of these risk factors, particularly blood
glucoseelowering interventions, in the prevention of sarcopenia. Our
findings attempt to fill the gap in the diabetes-sarcopenia
interrelationship.

Previous studies demonstrated that insulin resistance and chronic
inflammation caused by hyperglycemia led to musclewasting through
the pathways involving serine-threonine kinase Akt (protein kinase
B)9 or transcription factor forkhead box O.10 Additionally, the accu-
mulation of advanced glycation end products, whose levels partially
reflect long-term glycemic profiles,8 led to a decline in muscle mass11

through its receptor-mediated downregulation of the Akt signaling
pathway.12 The existence of direct molecular pathways indicates that
the favorable effects on sarcopenia due to reduction in HbA1c values
were not just an epiphenomenon of unmeasurable effects of potential
confounding factors.

Poor glycemic control in patients with type 2 diabetes was re-
ported to be a risk factor for sarcopenia.8 In addition, a longitudinal
study in a Korean population revealed that a high glycemic level

Fig. 1. Association of changes in HbA1c level during the follow-up period with SMI, grip strength, and gait speed. Change. Values are mean percentage change and 95% confidence
interval of (A) SMI, (B) hand grip strength, and (C) gait speed. Statistical significance was assessed by Dunnett test considering the subgroup of HbA1c change !0.3% as a reference
(xP < .001). Number of patients in each group was as follows: #1.0% decrease: 53, #0.3% decrease: 119, !0.3%: 279, #0.3% increase: 106, and #1.0% increase: 31.

Table 1
Clinical Characteristics of Study Patients (n ¼ 588)

Baseline 1-y Follow-up P Value

Age (y) 70.0 ! 8.9 71.0 ! 8.9
Sex, male (%) 58.8
Body weight (kg) 63.4 ! 12.0 63.5 ! 12.0 .84
BMI 24.7 ! 4.0 24.8 ! 3.9 .002
Waist circumference (cm) 90.5 ! 10.2 91.2 ! 10.1 <.001
Creatinine (mg/dL) 0.8 ! 0.3 0.9 ! 0.3 .003
HbA1c (%) 7.3 ! 1.2 7.1 ! 1.0 .001
HbA1c (mmol/mol) 55.8 ! 12.7 54.5 ! 10.5 .001
Regular exercise habit (%) 55.6 56.5 .68
Antihyperglycemic treatment
Sulfonylureas (%) 28.1 27.4 .49
Glinides (%) 9.5 10.4 .32
Biguanides (%) 39.1 41.8 .014
Thiazolidinediones (%) 15.3 16.3 .32
DPP-4 inhibitors (%) 61.6 62.4 .52
SGLT-2 inhibitors (%) 12.8 15.3 .019
a-Glucosidase inhibitor (%) 14.7 16.7 .028
Number of oral drugs 1.8 ! 1.3 1.9 ! 1.3 <.001
GLP-1 analogs (%) 4.6 4.8 .81
Insulin (%) 25.9 26.5 .47

Muscle mass and function
SMI 7.5 ! 1.2 7.5 ! 1.2 .80
Handgrip strength (kg) 28.4 ! 9.3 28.3 ! 9.4 .40
Gait speed (m/s) 1.18 ! 0.25 1.17 ! 0.25 .11
Sarcopenia (%) 6.3 7.8 .12

BMI, bodymass index; DPP-4, dipeptidyl peptidase-4; GLP-1, glucagon-like peptide-
1; HbA1c, glycated hemoglobin A1c; SGLT-2, sodium-glucose cotransporter-2.
Values are mean ! standard deviation or frequency. Statistical significance was
assessed by paired t test or McNemar test.
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Objectives: Type 2 diabetes is a risk factor for sarcopenia. Evidence on the prevention of sarcopenia using
blood glucoseelowering therapy is limited. We aimed to examine the relationship between changes in
glycemic control and sarcopenia and the effect of antidiabetic agents against sarcopenia in patients with
type 2 diabetes.
Design: We conducted an observational longitudinal study.
Setting and Participants: In total, 588 Japanese patients with diabetes of an ongoing multicenter study
completed 1-year follow-up measurements for sarcopenia and clinical data.
Methods: The data set of the Multicenter Study for Clarifying Evidence for Sarcopenia in patients with
Diabetes Mellitus (the MUSCLES-DM study) was analyzed.
Results: During the follow-up period, the frequency of sarcopenia marginally increased, and the means of
skeletal muscle mass index (SMI), handgrip strength, and gait speed did not show any changes. However,
on dividing into 5 groups depending on the degree of changes in glycated hemoglobin (HbA1c) value, the
patients with a decrease of !1% in HbA1c exhibited a significant increase in SMI. Our analysis revealed
similar results for gait speed but not handgrip strength. Using the multiple linear regression model, we
identified that a !1% decrease in HbA1c value was an independent determinant of the changes in SMI and
gait speed. We also determined that insulin use at baseline was an independent factor for the changes in
SMI.
Conclusions and Implications: Correction of poor glycemic control and use of insulin were significantly
associated with the increase in skeletal muscle mass or gait speed in Japanese patients with type 2
diabetes. The current finding increases our understanding of the importance of glycemic control for the
prevention of cardiovascular diseases and sarcopenia.

! 2020 The Authors. Published by Elsevier Inc. on behalf of AMDA e The Society for Post-Acute and
Long-Term Care Medicine. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

The primary goal in the treatment of type 2 diabetes is to prevent
diabetic complications and ensure a life span similar to that of
nondiabetic individuals. However, in older people, unless appropriate
measures are adopted against geriatric syndrome (eg, falls or frailty),
biological life expectancy can be extended but not healthy life ex-
pectancy. Type 2 diabetes is a well-known risk factor for geriatric
syndrome, including depressive symptoms, cognitive dysfunction, and
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JAMDA 22 (2021) 834e838 (HbA1c ! 8.5% or 69 mmol/mol) in older patients with diabetes was
associated with low muscle mass and muscle quality.13 Furthermore,
postprandial hyperglycemia, assessed by blood glucose self-
monitoring, was suggested to be an independent risk factor for low
muscle mass, weak handgrip strength, and slow gait speed.14 How-
ever, a cross-sectional study reported conflicting results in patients
with diabetes with a mean HbA1c value of 7.0% (53 mmol/mol).15 This
discrepancy might be due to different glycemic levels in the study
population. In particular, a high HbA1c value, approximately !8.0%
(64 mmol/mol), in patients with type 2 diabetes should be considered
as a risk factor for sarcopenia. Therefore, correcting glycemic control
in such patients may have a greater effect on skeletal muscle pheno-
types. In this regard, our results strongly support that blood
glucoseelowering interventions are effective against sarcopenia.

In this study, we enrolled patients when they were being treated
by primary physicians according to the standards of medical care in
type 2 diabetes, including proper diet, exercise, and medications.
Therefore, these factors needed to be considered when investigating
the blood glucoseelowering effects on the indices of sarcopenia.
Multivariate analysis showed that a !1% decrease in the HbA1c value
was a factor influencing the improvement in SMI and gait speed, in-
dependent of exercise habit (Figure 2). From these results, we deduce
that the changes in glycemic control have an important effect on SMI
and gait speed independent of the changes in exercise habits.

Resistance training was effective for improving the size and
strength of muscles and metabolic health in older adults with type 2
diabetes.16 However, a study reported that adhering to exercise was
difficult for patients with diabetes because of improving glycemic
control.17 Therefore, we consider that a combination intervention of
antihyperglycemic treatment and exercise might be better than ex-
ercise intervention alone to maintain muscle mass or physical func-
tions. However, further investigations will be needed to clarify the
beneficial effects of correction of hyperglycemia on preventing the
decline of muscle mass or physical functions because this study was
observational and did not have detailed information on exercise habits
(intensity, time, duration, etc).

In this study, skeletal muscle mass was maintained or increased in
patients using insulin. As insulin is an anabolic hormone18 and a
subcutaneous injection acts on skeletal muscle and adipose tissue

prior to liver, theoretically, insulin use could positively function on
skeletal muscle. However, a study reported that supraphysiological
hyperinsulinemia is necessary to stimulate muscle protein synthesis
and anabolic signaling in older individuals because of the existence of
age-related insulin resistance.19 Moreover, a meta-analysis investi-
gating the role of insulin in the regulation of human skeletal muscle
protein synthesis and breakdown demonstrated that insulin has a
permissive role inmuscle protein synthesis in the presence of elevated
amino acid levels. Additionally, it plays a definite role in reducing
muscle protein breakdown independent of amino acid availability.20

Therefore, insulin use contributes to maintaining muscle mass and
prevents the incidence or progression of sarcopenia in patients with
diabetes.

According to a review summarizing the effects of antidiabetic
drugs on skeletal muscle, insulin, thiazolidine drugs, glucagon-like
peptide-1 (GLP-1) analogs, and dipeptidyl peptidase-4 (DPP-4) in-
hibitors might be useful or have no impact on the maintenance of the
skeletal muscle mass, whereas the effects of biguanides and sodium-
glucose cotransporter-2 (SGLT2) inhibitors are unknown, and sulfo-
nylureas and glinides might be unfavorable.21 In this study, muscle

Table 2
Linear Regression Analysis of Percentage Changes in SMI, Handgrip Strength, and
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Baseline handgrip strength
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HbA1c (%) "0.003 .966 "0.096 .093 "0.067 .210
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use
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Measurement site was included in the regression model as dummy variables.

Fig. 2. Associations between antihyperglycemic drug use at baseline and changes in
SMI, grip strength, and gait speed during the follow-up period. Values are mean per-
centage changes and 95% confidence interval of (A) SMI, (B) hand grip strength, and (C)
gait speed in patients taking each class of antihyperglycemic drugs. Differences in the
values between patients using and not using each drug were assessed by analysis of
variance (#P < .001, {P ¼ .002, xP ¼ .029, yP ¼ .046).
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a b s t r a c t

Objectives: Type 2 diabetes is a risk factor for sarcopenia. Evidence on the prevention of sarcopenia using
blood glucoseelowering therapy is limited. We aimed to examine the relationship between changes in
glycemic control and sarcopenia and the effect of antidiabetic agents against sarcopenia in patients with
type 2 diabetes.
Design: We conducted an observational longitudinal study.
Setting and Participants: In total, 588 Japanese patients with diabetes of an ongoing multicenter study
completed 1-year follow-up measurements for sarcopenia and clinical data.
Methods: The data set of the Multicenter Study for Clarifying Evidence for Sarcopenia in patients with
Diabetes Mellitus (the MUSCLES-DM study) was analyzed.
Results: During the follow-up period, the frequency of sarcopenia marginally increased, and the means of
skeletal muscle mass index (SMI), handgrip strength, and gait speed did not show any changes. However,
on dividing into 5 groups depending on the degree of changes in glycated hemoglobin (HbA1c) value, the
patients with a decrease of !1% in HbA1c exhibited a significant increase in SMI. Our analysis revealed
similar results for gait speed but not handgrip strength. Using the multiple linear regression model, we
identified that a !1% decrease in HbA1c value was an independent determinant of the changes in SMI and
gait speed. We also determined that insulin use at baseline was an independent factor for the changes in
SMI.
Conclusions and Implications: Correction of poor glycemic control and use of insulin were significantly
associated with the increase in skeletal muscle mass or gait speed in Japanese patients with type 2
diabetes. The current finding increases our understanding of the importance of glycemic control for the
prevention of cardiovascular diseases and sarcopenia.

! 2020 The Authors. Published by Elsevier Inc. on behalf of AMDA e The Society for Post-Acute and
Long-Term Care Medicine. This is an open access article under the CC BY-NC-ND license (http://
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The primary goal in the treatment of type 2 diabetes is to prevent
diabetic complications and ensure a life span similar to that of
nondiabetic individuals. However, in older people, unless appropriate
measures are adopted against geriatric syndrome (eg, falls or frailty),
biological life expectancy can be extended but not healthy life ex-
pectancy. Type 2 diabetes is a well-known risk factor for geriatric
syndrome, including depressive symptoms, cognitive dysfunction, and
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(HbA1c ! 8.5% or 69 mmol/mol) in older patients with diabetes was
associated with low muscle mass and muscle quality.13 Furthermore,
postprandial hyperglycemia, assessed by blood glucose self-
monitoring, was suggested to be an independent risk factor for low
muscle mass, weak handgrip strength, and slow gait speed.14 How-
ever, a cross-sectional study reported conflicting results in patients
with diabetes with a mean HbA1c value of 7.0% (53 mmol/mol).15 This
discrepancy might be due to different glycemic levels in the study
population. In particular, a high HbA1c value, approximately !8.0%
(64 mmol/mol), in patients with type 2 diabetes should be considered
as a risk factor for sarcopenia. Therefore, correcting glycemic control
in such patients may have a greater effect on skeletal muscle pheno-
types. In this regard, our results strongly support that blood
glucoseelowering interventions are effective against sarcopenia.

In this study, we enrolled patients when they were being treated
by primary physicians according to the standards of medical care in
type 2 diabetes, including proper diet, exercise, and medications.
Therefore, these factors needed to be considered when investigating
the blood glucoseelowering effects on the indices of sarcopenia.
Multivariate analysis showed that a !1% decrease in the HbA1c value
was a factor influencing the improvement in SMI and gait speed, in-
dependent of exercise habit (Figure 2). From these results, we deduce
that the changes in glycemic control have an important effect on SMI
and gait speed independent of the changes in exercise habits.

Resistance training was effective for improving the size and
strength of muscles and metabolic health in older adults with type 2
diabetes.16 However, a study reported that adhering to exercise was
difficult for patients with diabetes because of improving glycemic
control.17 Therefore, we consider that a combination intervention of
antihyperglycemic treatment and exercise might be better than ex-
ercise intervention alone to maintain muscle mass or physical func-
tions. However, further investigations will be needed to clarify the
beneficial effects of correction of hyperglycemia on preventing the
decline of muscle mass or physical functions because this study was
observational and did not have detailed information on exercise habits
(intensity, time, duration, etc).

In this study, skeletal muscle mass was maintained or increased in
patients using insulin. As insulin is an anabolic hormone18 and a
subcutaneous injection acts on skeletal muscle and adipose tissue

prior to liver, theoretically, insulin use could positively function on
skeletal muscle. However, a study reported that supraphysiological
hyperinsulinemia is necessary to stimulate muscle protein synthesis
and anabolic signaling in older individuals because of the existence of
age-related insulin resistance.19 Moreover, a meta-analysis investi-
gating the role of insulin in the regulation of human skeletal muscle
protein synthesis and breakdown demonstrated that insulin has a
permissive role inmuscle protein synthesis in the presence of elevated
amino acid levels. Additionally, it plays a definite role in reducing
muscle protein breakdown independent of amino acid availability.20

Therefore, insulin use contributes to maintaining muscle mass and
prevents the incidence or progression of sarcopenia in patients with
diabetes.

According to a review summarizing the effects of antidiabetic
drugs on skeletal muscle, insulin, thiazolidine drugs, glucagon-like
peptide-1 (GLP-1) analogs, and dipeptidyl peptidase-4 (DPP-4) in-
hibitors might be useful or have no impact on the maintenance of the
skeletal muscle mass, whereas the effects of biguanides and sodium-
glucose cotransporter-2 (SGLT2) inhibitors are unknown, and sulfo-
nylureas and glinides might be unfavorable.21 In this study, muscle

Table 2
Linear Regression Analysis of Percentage Changes in SMI, Handgrip Strength, and
Gait Speed During the Follow-up Period

Percentage Change During Follow-up Period

SMI Handgrip
Strength

Gait Speed

b P Value b P Value b P Value

Age (years) "0.021 .638 "0.178 <.001 "0.236 <.001
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Baseline handgrip strength
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Regular exercise habit 0.015 .719 0.081 .054 0.050 .208
Antihyperglycemic drug

use
Insulin 0.115 .022
DPP-4 inhibitors "0.073 .104
SGLT-2 inhibitors "0.069 .125
a-Glucosidase inhibitor "0.068 .094

b, standardized regression coefficient; BMI, body mass index; DPP-4, dipeptidyl
peptidase-4; HbA1c, glycated hemoglobin A1c; SGLT-2, sodium-glucose cotrans-
porter-2.
Measurement site was included in the regression model as dummy variables.

Fig. 2. Associations between antihyperglycemic drug use at baseline and changes in
SMI, grip strength, and gait speed during the follow-up period. Values are mean per-
centage changes and 95% confidence interval of (A) SMI, (B) hand grip strength, and (C)
gait speed in patients taking each class of antihyperglycemic drugs. Differences in the
values between patients using and not using each drug were assessed by analysis of
variance (#P < .001, {P ¼ .002, xP ¼ .029, yP ¼ .046).
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Lower insulin level is associated
with sarcopenia in
community-dwelling frail and
non-frail older adults
Yanxia Lu1, Wee Shiong Lim2,3, Xia Jin4,
Ma Schwe Zin Nyunt5, Tamas Fulop6, Qi Gao5, Su Chi Lim7,
Anis Larbi6,8 and Tze Pin Ng5*
1Department of Medical Psychology and Ethics, School of Basic Medical Sciences, Cheeloo College
of Medicine, Shandong University, Jinan, China, 2Department of Geriatric Medicine, Tan Tock Seng
Hospital, Singapore, Singapore, 3Lee Kong Chian School of Medicine, Nanyang Technological
University, Singapore, Singapore, 4The Third Hospital of Jinan, Jinan, China, 5Gerontology Research
Programme, Department of Psychological Medicine, National University Health System, Yong Loo
Lin School of Medicine, National University of Singapore, Singapore, Singapore, 6Department
of Medicine, Research Center on Aging, University of Sherbrooke, Sherbrooke, QC, Canada,
7Department of Endocrinology, Khoo Teck Puat Hospital, Singapore, Singapore, 8Biology of Ageing
Laboratory, Singapore Immunology Network (SIgN), Agency for Science Technology and Research
(A⇤STAR), Biopolis, Singapore, Singapore

Background: Sarcopenia is common among older individuals with and
without type 2 diabetes mellitus (T2DM). There are conflicting evidence
in support of the role of insulin in the development of age-related and
T2DM-related sarcopenia. We investigated the relationships between the
levels of fasting insulin and other blood biomarkers related to insulin or lipid
metabolism with the presence of sarcopenia in two independent studies.

Materials andmethods: In 246 pre-frail frail older individuals with (n = 41) and
without T2DM (n = 205) in the Singapore Frailty Interventional Trial, sarcopenia
was defined by low appendicular lean mass (ALM) relative to total body mass
(skeletal muscle index, SMI = ALM/height2) and low lower limb strength or
gait speed according to the Asian Working Group for Sarcopenia (AWGS)
criteria released in 2019, and related to levels of fasting insulin and glucose,
C-peptide, IGF-1, leptin, and active ghrelin. This investigation was validated in
another independent study sample of 189 robust and pre-frail frail elderly in
the Singapore Longitudinal Aging Study Wave 2 (SLAS-2).

Results: Compared to non-sarcopenic individuals, those with sarcopenia and
possible sarcopenia showed significantly lower fasting insulin (p < 0.05) in
pre-frail/frail and non-frail older individuals. Consistent trends of relationships
were observed for serum levels of C-peptide, IGF-1, leptin, and active ghrelin.
In multivariable logistic regression models, sarcopenia was independently
associated with low insulin (p < 0.05). Levels of fasting insulin, C-peptide,
and leptin were also significantly associated with BMI, SMI, knee extension
strength, gait speed, and physical activity score.
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healthy counterparts (60). The discrepancies in these studies
may be caused by disparate e�ects of leptin on di�erent
populations such as obese individuals, hemodialysis subjects,
and individuals with di�erent ethnicities. These findings taken
together thus also support the direct and indirect role of
insulin in increasing muscle mass and function, regardless of
diabetes status.

The present study defined sarcopenia according to the
latest population-specific standardized criteria for Asian elderly:
AWGS 2019. Furthermore, we validated our results derived

from pre-frail frail older individuals in another independent
study sample of robust and pre-frail frail older individuals,
thus supporting the robustness of these findings. However,
there are limitations in the cross-sectional study design and
future studies employing longitudinal measurements should
be undertaken to elucidate its temporal causal relationship.
There is also limited sample size in this study. Insulin secretion
and impaired insulin signaling may be a primary defect in
sarcopenia associated with their prognosis and quality of life in

TABLE 2 Blood biomarker concentrations of sarcopenia groups in frailty intervention trial (FIT) study subjects and Singapore longitudinal ageing
studies (SLAS) subjects.

Sarcopenic subgroups

Sarcopenia Possible sarcopenia Non-sarcopenia P

Exploratory study

Fasting insulin (pg/ml) 453.57 ± 318.30 375.90 ± 233.30*+ 489.34 ± 328.09 565.32 ± 453.61 0.023

C-peptide (ng/ml) 1.54 ± 0.85 1.35 ± 0.63 1.64 ± 0.81 1.72 ± 1.39 0.067

Fasting glucose (mmol/L) 5.33 ± 1.28 5.35 ± 1.37 5.36 ± 1.29 5.16 ± 0.80 0.755

IGF-1 (ng/ml) 1.02 ± 0.74 1.02 ± 0.72 0.99 ± 0.76 1.12 ± 0.77 0.751

Leptin (ng/ml) 11.07 ± 10.05 8.92 ± 9.49+ 13.16 ± 10.72 9.70 ± 7.27 0.029

Active ghrelin (pg/ml) 3.90 ± 4.51 3.47 ± 3.63 3.89 ± 4.72 5.38 ± 6.00 0.255

Validation study

Fasting insulin (pg/ml) 307.92 ± 251.07 232.87 ± 206.93*+ 395.47 ± 251.30 351.33 ± 303.28 <0.001

C-peptide (ng/ml) 1.03 ± 0.45 0.90 ± 0.36*+++ 1.17 ± 0.49 1.14 ± 0.53 <0.001

Fasting glucose (mmol/L) 6.19 ± 1.57 6.23 ± 1.70 6.27 ± 1.53 5.94 ± 1.18 0.596

IGF-1 (ng/ml) 14.60 ± 7.15 15.36 ± 7.59 13.75 ± 6.97 14.47 ± 6.46 0.514

Leptin (ng/ml) 15.53 ± 16.23 10.96 ± 9.27+++ 23.27 ± 21.87** 13.34 ± 13.39 <0.001

Active ghrelin (pg/ml) 21.57 ± 16.96 22.39 ± 16.95 21.97 ± 16.70 18.42 ± 17.67 0.510

** P < 0.01, * P < 0.05 vs. the non-sarcopenia group; +++ P < 0.001, + P < 0.05 vs. the possible sarcopenia group.

TABLE 3 Odds ratio of association of blood biomarkers with sarcopenia in whole sample.

Per unit
of Biomarker

Middle tertile vs.
bottom tertile

Top tertile vs. bottom
tertile

P (Trend)

OR (95% CI) P OR (95% CI) P OR (95% CI) P

Exploratory study

Insulin (pg/ml) 0.998 (0.996–1.000) 0.065 1.739 (0.381–7.947) 0.475 0.297 (0.080–1.111) 0.071 0.083

C-peptide (ng/ml) 0.724 (0.402–1.305) 0.283 1.367 (0.404–4.630) 0.615 1.359 (0.320–5.777) 0.678 0.641

Fasting glucose (mmol/L) 1.055 (0.589–1.892) 0.857 1.524 (0.483–4.805) 0.472 0.785 (0.221–2.792) 0.708 0.860

IGF-1 (ng/ml) 0.894 (0.421–1.899) 0.771 0.913 (0.235–3.543) 0.896 0.972 (0.252–3.745) 0.967 0.978

Leptin (ng/ml) 0.977 (0.915–1.043) 0.487 0.670 (0.156–2.878) 0.590 0.377 (0.069–2.044) 0.258 0.255

Active ghrelin (pg/ml) 0.927 (0.827–1.040) 0.199 1.017 (0.267–3.875) 0.980 0.819 (0.233–2.875) 0.756 0.749

Validation study

Insulin (pg/ml) 0.998 (0.996–1.000) 0.047 0.750 (0.257–2.191) 0.599 0.372 (0.130–1.066) 0.066 0.069

C-peptide (ng/ml) 0.286 (0.099–0.827) 0.021 1.049 (0.340–3.239) 0.934 0.346 (0.118–1.018) 0.054 0.052

Fasting glucose (mmol/L) 1.232 (0.873–1.740) 0.236 1.155 (0.415–3.211) 0.783 1.401 (0.458–4.287) 0.554 0.553

IGF-1 (ng/ml) 1.008 (0.938–1.083) 0.829 0.814 (0.229–2.891) 0.750 0.836 (0.246–2.842) 0.774 0.768

Leptin (ng/ml) 0.952 (0.900–1.007) 0.086 0.572 (0.182–1.799) 0.339 0.291 (0.059–1.429) 0.128 0.131

Active ghrelin (pg/ml) 1.014 (0.984–1.045) 0.370 1.376 (0.514–3.683) 0.526 2.579 (0.815–8.159) 0.107 0.110

Data are adjusted for sex, age, status of diabetes, and percentage of whole body fat mass. P for trends across tertiles can be estimated by assigning ordinal scores of 1, 2, and 3 to the lowest,
middle, and top tertile and repeating the logistic regressions. OR, odds ratio.
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Associations with HOMA-IR and PDM prevalence
persisted after adjustment for age, sex, race/ethnicity, gen-
eralized obesity and overweight status, and central obesity
(Table 3.) In addition to strong and significant trends in
both outcomes from lowest to highest quartile of SMI,
there was significant reduction from the third highest to
the top quartile: HOMA-IR ratio, 0.86 [95% confidence
interval (CI), 0.82–0.90] and PDM prevalence ratio, 0.83
(95% CI, 0.72–0.96). Associations were even stronger
when participants with diabetes were excluded to reduce

confounding by reverse causation (i.e. diabetes leading to
decreased SMI; see Table 2).

Based on these findings, we reran the models with SMI
as continuous predictor for outcomes that had shown sig-
nificant linear trends across SMI quartiles and included
adjustment for age, sex, race/ethnicity, continuous BMI,
generalized obesity and overweight status, and central
obesity. Adjusted associations (per 10% increase in SMI)
are presented in Table 4. After excluding participants with
overt diabetes, per 10% increment in SMI, there was a
14% relative reduction in HOMA-IR (95% CI, 10–18%)
and 23% relative reduction in PDM prevalence (95% CI,
11–33%).

Analyses with MMI as the continuous predictor (to test
whether findings were sensitive to weight vs. height nor-

TABLE 3. Adjusted associations of SMI (by quartiles) with insulin resistance and dysglycemia, adjusted for age, sex,
race, generalized obesity, overweight, and central obesity

SMI

P for
trend

Lowest quartile
(SMI < 29%)

2nd quartile
(29 < SMI < 35%)

3rd quartile
(35 < SMI < 39%)

Highest quartile
(SMI > 40%)

Outcomes
HOMA–IR ratio ref 0.95 (0.90–1.00) 0.87 (0.83–0.92)c 0.74 (0.69–0.80)b !0.0001
HbA1C ratio ref 1.004 (0.994–1.015) 1.003 (0.989–]1.018) 1.007 (0.989–1.026) 0.5
PDM risk ratioa ref 0.86 (0.76–0.96) 0.81 (0.70–0.93) 0.72 (0.60–0.87)b 0.0007
Diabetes risk ratio ref 1.33 (1.05–1.69) 1.44 (1.01–2.05) 1.16 (0.79–1.70) 0.4

After excluding diabetics
HOMA–IR ratio ref 0.91 (0.88–0.95) 0.83 (0.80–0.87)c 0.71 (0.67–0.75)b !0.0001
HbA1C ratio ref 0.987 (0.982–0.993) 0.983 (0.975–0.991) 0.986 (0.976–0.996) 0.03
Prediabetes risk ratio ref 0.72 (0.63–0.83) 0.65 (0.55–0.76)c 0.59 (0.48–0.72)b !0.0001

Data are expressed as ratio (95% CI). ref, Reference.
a Diabetes is present if one or more of the following occurs: HbA1C !6.5%, fasting glucose !7 mmol/liter, self-report of diabetes, or use of
diabetes medications. The more inclusive PDM was defined by the following: 1) HbA1C !6%; or 2) fasting glucose !5.5 mmol/liter (100 mg/dl);
or 3) self-reported DM; or 4) use of DM medications.
b Statistically significant (P ! 0.05) difference between the highest quartile of SMI and 3rd quartile of SMI.
c Statistically significant (P ! 0.05) difference between 3rd and 2nd quartiles of SMI.

TABLE 4. Adjusted associations of SMI (continuous)
and MMI (continuous) with insulin resistance and
dysglycemia, adjusted for age, sex, race, BMI
(continuous), generalized obesity, overweight, and
central obesity

Predictors SMI (per 10%) MMI (per kg/m2)
Outcomes

HOMA–IR ratio 0.89 (0.85–0.94) 0.97 (0.96–0.995)
PDM risk ratioa 0.88 (0.79–0.99) 0.96 (0.92–0.997)

After excluding
diabetics

HOMA–IR ratio 0.86 (0.82–0.89) 0.96 (0.94–0.97)
HbA1C ratio 1.001 (0.995–1.008) 0.997 (0.994–0.9997)
Prediabetes risk ratio 0.77 (0.67–0.89) 0.91 (0.87–0.96)

Data are expressed as ratio (95% CI).
a Diabetes is present if one or more of the following occurs: HbA1C
!6.5%, fasting glucose !7 mmol/liter, self-report of diabetes, or use
of diabetes medications. Prediabetes or diabetes was defined by the
following: 1) HbA1C !6%; or 2) fasting glucose !5.5 mmol/liter (100
mg/dl); or 3) self-reported DM; or 3) use of DM medications.

FIG. 1. LOESS smoothed plots (natural log-transformed) of HOMA-IR
and HbA1C as functions of SMI over the 5th to 95th percentiles of the
SMI distribution. A, Ln insulin resistance (LNIR) vs. SMI. B, Ln HbA1C
(lnghp) vs. SMI.
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The prediction of Metabolic Syndrome 
alterations is improved by combining waist 
circumference and handgrip strength 
measurements compared to either alone
Jose P. Lopez-Lopez1,2, Daniel D. Cohen2, Daniela Ney-Salazar1, Daniel Martinez2, Johanna Otero2, 
Diego Gomez-Arbelaez2, Paul A. Camacho1, Gregorio Sanchez-Vallejo3, Edgar Arcos4, Claudia Narvaez5, 
Henry Garcia6, Maritza Perez7, Dora I. Molina8, Carlos Cure9, Aristides Sotomayor10, Álvaro Rico11, 
Eric Hernandez-Triana12, Myriam Duran2, Fresia Cotes13, Darryl P. Leong14, Sumathy Rangarajan14, Salim Yusuf14 
and Patricio Lopez-Jaramillo1,2* 

Abstract 
Background: Adiposity is a major component of the metabolic syndrome (MetS), low muscle strength has also been 
identified as a risk factor for MetS and for cardiovascular disease. We describe the prevalence of MetS and evaluate the 
relationship between muscle strength, anthropometric measures of adiposity, and associations with the cluster of the 
components of MetS, in a middle-income country.

Methods: MetS was defined by the International Diabetes Federation criteria. To assess the association between 
anthropometric variables (waist circumference (WC), waist-to-hip ratio (W/H), body mass index (BMI)), strength (hand-
grip/kg bodyweight (HGS/BW)) and the cluster of MetS, we created a MetS score. For each alteration (high triglycer-
ides, low HDLc, dysglycemia, or high blood pressure) one point was conferred. To evaluate the association an index of 
fat:muscle and MetS score, participants were divided into 9 groups based on combinations of sex-specific tertiles of 
WC and HGS/BW.

Results: The overall prevalence of MetS in the 5,026 participants (64% women; mean age 51.2 years) was 42%. Lower 
HGS/BW, and higher WC, BMI, and W/H were associated with a higher MetS score. Amongst the 9 HGS/BW:WC groups, 
participants in the lowest tertile of HGS/BW and the highest tertile of WC had a higher MetS score (OR = 4.69 in 
women and OR = 8.25 in men;p < 0.01) compared to those in the highest tertile of HGS/BW and in the lowest tertile of 
WC.

Conclusion: WC was the principal risk factor for a high MetS score and an inverse association between HGS/BW and 
MetS score was found. Combining these anthropometric measures improved the prediction of metabolic alterations 
over either alone.

Keywords: Metabolic syndrome, Handgrip strength, Abdominal obesity, Body mass index, Cardiovascular disease
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Background
Metabolic syndrome (MetS) is associated with a higher 
risk of cardiovascular disease (CVD) mortality and total 
mortality [1]. The cluster of the metabolic alterations 

Open Access

Cardiovascular Diabetology

*Correspondence:  jplopezj@gmail.com
1 Institute Masira, Medical School, Universidad de Santander, Santander, 
Colombia
Full list of author information is available at the end of the article

3473

Page 7 of 11Lopez-Lopez et al. Cardiovasc Diabetol           (2021) 20:68  

Combining adiposity and muscle strength measurements 
increases the prediction of metabolic alterations.
We found that lower muscle strength and higher central 
adiposity as defined by waist circumference, were inde-
pendently associated with a higher MetS score, represent-
ing a greater number of alterations of the components of 

the MetS cluster. We also noted that combining WC and 
HGS/BW, a potential proxy fat: muscle index, had a sum-
mative effect on the risk of having a higher MetS score.

Our cross-sectional analysis showed a stronger asso-
ciation between a higher MetS score and WC than BMI, 
confirming previous studies showing that in Latin-Amer-
ican and Chinese population, WC is a stronger predic-
tor of major cardiovascular events such as myocardial 
infarction or stroke than BMI, particularly in men [8, 
21]. Similarly, in diabetic Chinese adults, high visceral 
fat measured by a visceral adiposity index and WC were 
associated with a higher prevalence of diabetic kidney 
disease and CVD compared to BMI [22]. These findings 
may be related to the higher inflammatory load asso-
ciated with visceral adipose tissue accumulation, and 
inflammation is considered a key factor associated with 
insulin resistance, MetS and CVD [23, 24]. The low-grade 
pro-inflammatory state characterized by high C-reactive 
protein levels is observed in adults and youth in our pop-
ulation with high visceral adiposity [25, 26]. However, the 
accumulation of visceral fat is not the only contributing 
factor in the development of a pro-inflammatory state. 
The accumulation of cardiac fat is also associated with 
higher levels of pro-inflammatory cytokines such as IL-6, 
IL-1, TNF-α, and the expression of adipokine fatty acid-
binding protein 4 (FABP4) that are associated with the 
development of MetS and the extent of coronary artery 
disease [27, 28]. Hence, overall fat measurement should 
not be underestimated. For example, in a cohort of 1,332 
Italian children and adolescents (14.4 ± 1.8 yrs), when 
comparing different adiposity indices and body composi-
tion, the diagnostic accuracy of BMI in identifying MetS 
was similar to that of WC, W/H, or body mass fat index 
(BMI x fat mass% by impedance x WC) [29]. However, 
BMI cannot discriminate between lean body mass and 
fat mass; hence, BMI is not necessarily an appropriate 
parameter of excessive adiposity. Body fat distribution 
may be more valuable than overall adiposity in the pre-
diction of metabolic alterations. This aligns with the con-
cept of an obesity paradox whereby subjects with higher 
BMI levels were shown to have lower levels of cardiovas-
cular events [30]. Obesity induced alterations in body 
composition include both an increase in adipose and in 
low-density lean tissue, without an increment in normal- 
lean density tissue, suggesting a fatty infiltration of mus-
cular tissue [31].

Furthermore, studies in Colombian adults have dem-
onstrated that individuals with a high BMI due to higher 
muscle mass have a lower risk of CVD than individu-
als with the same BMI due to elevated adipose mass 
[32]. This highlights that not only adipose tissue influ-
ences insulin action, other tissues such as muscle and 
hepatic tissue also affect this interaction. Therefore, in 
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age associated with metabolic score. The reference categories are 
WC tertile 1 and HGS/BW tertile 3. b Association between waist 
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proportional odds model using waist circumference, handgrip 
strength/bodyweight and age associated with metabolic score. The 
reference categories are WC tertile 1 and HGS/BW tertile 3
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Abstract

Aim: To investigate the association of sarcopenia with cardiovascular disease (CVD)

incidence in people with type 2 diabetes.

Materials and Methods: A prospective cohort study with 11 974 White European

UK Biobank participants with type 2 diabetes, aged 40-70 years, included. Sarcope-

nia was defined based on the European Working Group on Sarcopenia in Older Peo-

ple as either non-sarcopenic or sarcopenic. Outcomes included CVD, stroke, heart

failure (HF) and myocardial infarction (MI). The association between sarcopenia and

the incidence of outcomes was investigated using Cox proportional hazard models

adjusted for sociodemographic and lifestyle factors. The rate advancement period

was used to estimate the time period by which CVD is advanced because of

sarcopenia.

Results: Over a median follow-up of 10.7 years, 1957 participants developed CVDs:

373 had a stroke, 307 had an MI and 742 developed HF. Compared with non-

sarcopenia, those with sarcopenia had higher risks of CVD (HR 1.89 [95% CI 1.61;

2.21]), HF (HR 2.59 [95% CI 2.12; 3.18]), stroke (HR 1.90 [95% CI 1.38; 2.63]), and

MI (HR 1.56 [95% CI 1.04; 2.33]) after adjustment for all covariates. Those with sar-

copenia had CVD incidence rates equivalent to those without sarcopenia who were

14.5 years older. Similar results were found for stroke, HF and MI.

Conclusions: In people with type 2 diabetes, sarcopenia increased the risk of devel-

oping CVD, which might occur earlier than in those without sarcopenia. Therefore,

sarcopenia screening and prevention in patients with type 2 diabetes may be useful

to prevent the complications of CVD.

K E YWORD S

gait speed, hand strength, heart diseases, muscle mass, skeleton muscle, type 2 diabetes

Frederick K. Ho, Carlos Celis-Morales and Stuart R. Gray contributed equally and are joint senior authors.

Received: 20 July 2023 Revised: 22 September 2023 Accepted: 4 October 2023

DOI: 10.1111/dom.15338

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited and is not used for commercial purposes.
© 2023 The Authors. Diabetes, Obesity and Metabolism published by John Wiley & Sons Ltd.

Diabetes Obes Metab. 2023;1–8. wileyonlinelibrary.com/journal/dom 1

Diabetes Obes Metab. 2023;1–8. 

models. In Model 2 (the fully adjusted model), sarcopenia was associ-

ated with a 90% (HR 1.90 [95% CI 1.38; 2.63]) higher risk of incident

stroke. A similar result was found in the sensitivity analysis (HR 1.89

[95% CI 1.36; 2.61]).

For HF, in the minimally adjusted model, sarcopenia was associ-

ated with a 3-fold (HR 3.03 [95% CI 2.51; 3.65]) higher risk of incident

HF. The magnitude of the association was attenuated when further

adjusted for lifestyle factors (HR 2.59 [95% CI 2.12; 3.18]) and in the

sensitivity analysis (HR 2.28 [95% CI 1.86; 2.24]).

For MI in the minimally adjusted and fully adjusted model, there

was an association of sarcopenia with an 82% (HR 1.82 [95% CI 1.24;

2.67]) and 56% (HR 1.56 [95% CI 1.04; 2.33]) higher risk of incident

MI, respectively. However, the association was attenuated when BMI

was added as a covariate (sensitivity analysis) (HR 1.49 [95% CI

0.99; 2.24]).

The associations of weak grip strength (Figure S3) and slow walk-

ing pace (Figure S4) with incident CVD were examined, the magnitude

and direction of the associations were similar as when sarcopenia was

the exposure. In the fully adjusted model, participants who had

weaker grip strength had a higher risk of CVD (HR 1.85 [95% CI 1.58;

2.17]), stroke (HR 1.82 [95% CI 1.32; 2.53]), HF (HR 2.54 [95% CI

2.07; 3.12]) and MI (HR 1.59 [95% CI 1.06; 2.37]) compared with

those with normal grip strength (Figure S3). Likewise, individuals who

reported a slow walking pace had a higher risk of CVD (HR 1.92 [95%

CI 1.64; 2.24]), stroke (HR 1.84 [95% CI 1.33; 2.55]), HF (HR 2.63

[95% CI 2.15; 3.22]) and MI (HR 1.59 [95% CI 1.06; 2.38]) compared

with those with normal pace (Figure S4). The magnitudes of the

associations were slightly attenuated but remained statistically signifi-

cant in the sensitivity analyses after adjustment for BMI.

The associations between muscle mass and incident CVD varied

(Figure S5). There was no association between low muscle mass and

incident CVD in the minimal and fully adjusted models, but there was

a higher risk of CVD when the analysis was further adjusted for BMI

(HR 2.12 [95% CI 1.09; 4.11]). The associations between low muscle

mass and incident stroke were similar across the three models, with a

3.4-fold higher risk in the fully adjusted model (Model 2) (HR 3.39

[95% CI 1.25; 9.19]). No association of low muscle mass with incident

HF was found (HR 1.07 [95% CI 0.34; 3.34]). The association between

low muscle mass and incident MI are not shown because of the small

number of participants.
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F IGURE 1 Association between sarcopenia and incidence of cardiovascular disease, stroke, myocardial infarction and heart failure in people
with type 2 diabetes. Data are presented as hazard ratios (HRs) and their 95% CIs. Non-sarcopenia was the reference group (HR = 1.00). Model
1 (the minimally adjusted model) included age, sex, deprivation index and education. Model 2 (the fully adjusted model) was further adjusted for
Model 1, but also included processed meat, smoking status, alcohol intake, total sedentary time, total physical activity and type 2 diabetes
duration. Model 3 (sensitivity analysis) was adjusted as in Model 2, but also included body mass index. CI, confidence interval.

TABLE 2 The RAP among sarcopenia compared with non-
sarcopenia.

Outcomes RAP (95% CI)

Cardiovascular disease 14.5 (13.1; 15.6)

Stroke 13.7 (10.8; 15.1)

Heart failure 13.7 (13.3; 14.0)

Myocardial infarction 12.8 (2.4; 16.3)

Note: An estimate based on HRs of age and sarcopenia with all outcomes
of Model 2 (Figure 1). The unit of RAP estimation was years.
Abbreviations: CI, confidence interval; HR, hazard ratio; RAP, rate
advancement period.
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models. In Model 2 (the fully adjusted model), sarcopenia was associ-
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weaker grip strength had a higher risk of CVD (HR 1.85 [95% CI 1.58;

2.17]), stroke (HR 1.82 [95% CI 1.32; 2.53]), HF (HR 2.54 [95% CI

2.07; 3.12]) and MI (HR 1.59 [95% CI 1.06; 2.37]) compared with

those with normal grip strength (Figure S3). Likewise, individuals who

reported a slow walking pace had a higher risk of CVD (HR 1.92 [95%

CI 1.64; 2.24]), stroke (HR 1.84 [95% CI 1.33; 2.55]), HF (HR 2.63

[95% CI 2.15; 3.22]) and MI (HR 1.59 [95% CI 1.06; 2.38]) compared

with those with normal pace (Figure S4). The magnitudes of the

associations were slightly attenuated but remained statistically signifi-

cant in the sensitivity analyses after adjustment for BMI.

The associations between muscle mass and incident CVD varied

(Figure S5). There was no association between low muscle mass and

incident CVD in the minimal and fully adjusted models, but there was

a higher risk of CVD when the analysis was further adjusted for BMI

(HR 2.12 [95% CI 1.09; 4.11]). The associations between low muscle

mass and incident stroke were similar across the three models, with a

3.4-fold higher risk in the fully adjusted model (Model 2) (HR 3.39

[95% CI 1.25; 9.19]). No association of low muscle mass with incident

HF was found (HR 1.07 [95% CI 0.34; 3.34]). The association between

low muscle mass and incident MI are not shown because of the small

number of participants.
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F IGURE 1 Association between sarcopenia and incidence of cardiovascular disease, stroke, myocardial infarction and heart failure in people
with type 2 diabetes. Data are presented as hazard ratios (HRs) and their 95% CIs. Non-sarcopenia was the reference group (HR = 1.00). Model
1 (the minimally adjusted model) included age, sex, deprivation index and education. Model 2 (the fully adjusted model) was further adjusted for
Model 1, but also included processed meat, smoking status, alcohol intake, total sedentary time, total physical activity and type 2 diabetes
duration. Model 3 (sensitivity analysis) was adjusted as in Model 2, but also included body mass index. CI, confidence interval.

TABLE 2 The RAP among sarcopenia compared with non-
sarcopenia.

Outcomes RAP (95% CI)

Cardiovascular disease 14.5 (13.1; 15.6)

Stroke 13.7 (10.8; 15.1)

Heart failure 13.7 (13.3; 14.0)

Myocardial infarction 12.8 (2.4; 16.3)

Note: An estimate based on HRs of age and sarcopenia with all outcomes
of Model 2 (Figure 1). The unit of RAP estimation was years.
Abbreviations: CI, confidence interval; HR, hazard ratio; RAP, rate
advancement period.
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Abstract: To demonstrate the association of the serum creatinine/serum cystatin C ratio (sarcopenia
index, SI) with clinical outcomes including cardiovascular and bleeding risk in older patients who
underwent percutaneous coronary intervention (PCI), we analyzed a multicenter nation-wide pooled
registry. A total of 1086 older patients (65 years or older) who underwent PCI with second-generation
drug-eluting stents (DES) were enrolled. The total population was divided into quartiles according to
the SI, stratified by sex. The primary clinical outcomes were major adverse cardiovascular events
(MACE, all-cause death, myocardial infarction and target lesion revascularization) and thrombolysis
in myocardial infarction major and minor bleeding during a 3-year follow-up period. In the total
population, MACE occurred within 3 years in 154 (14.2%) patients. The lowest SI quartile group (Q1)
had a significantly higher 3-year MACE rate (Q1 vs. Q2–4; 23.1% vs. 11.2%, p < 0.001), while bleeding
event rates were similar between the groups (Q1 vs. Q2–4; 2.6% vs. 2.2%, p = 0.656). The Cox
proportional hazard model showed that lower SI is an independent predictor for MACE events
(HR 2.23, 95% CI 1.62–3.07, p < 0.001). The SI, a surrogate for the degree of muscle mass, is associated
with cardiovascular and non-cardiovascular death, but not with bleeding in older patients who
underwent PCI.

Keywords: percutaneous coronary intervention; sarcopenia; creatinine; cystatin C

1. Introduction

Sarcopenia is a progressive, generalized skeletal muscle disorder characterized by low muscle
strength, low muscle quantity or quality, and low physical performance [1]. The conventional
diagnostic criteria for sarcopenia include both low muscle mass and low muscle function. However,
it is not easy to accurately measure muscle mass in routine clinical practice, because measuring the
skeletal muscle index requires bioimpedance analysis, computed tomography (CT), dual energy X-ray
absorptiometry (DEXA) or magnetic resonance imaging (MRI) [2]. By contrast, an indicator that can be
easily calculated that reflects skeletal muscle simply is the serum creatinine/serum cystatin C ratio,
the so-called sarcopenia index (SI) [3–6]. Studies have also been published suggesting that low SI can
predict poor prognosis in severely ill patients or those with cancer [5–7].

However, the clinical relevance of SI in older patients undergoing percutaneous coronary
intervention (PCI) who have low skeletal muscle or sarcopenia is limited and insu�cient [8,9].
Therefore, the purpose of this study was to demonstrate the association of SI with clinical outcomes
including cardiovascular and bleeding risk in older patients who underwent PCI.
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Figure 3. Cumulative incidence of events with quartiles of sarcopenia index. Overall, the lowest 
quartile group had a higher major advance cardiovascular event (MACE) rate, while there were no 
significant differences in bleeding events. SI = sarcopenia index; MACE = major advance 
cardiovascular event; PCI = percutaneous coronary intervention; HR = hazard ratio; CI = confidence 
interval. 

Figure 3. Cumulative incidence of events with quartiles of sarcopenia index. Overall, the lowest
quartile group had a higher major advance cardiovascular event (MACE) rate, while there were no
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event; PCI = percutaneous coronary intervention; HR = hazard ratio; CI = confidence interval.
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Destacados

 La coexistencia frecuente de 
sarcopenia y DM2 en Colombia 
empeora los desenlaces 
clínicos y aumenta el riesgo de 
complicaciones, lo que resalta 
la importancia de brindar una 
atención médica especializada y 
multidisciplinaria.

 El manejo de pacientes con 
sarcopenia y DM2 requiere de un 
enfoque multidisciplinario, por 
lo que se desarrolló un consenso 
de expertos para optimizar la 
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Introducción: la sarcopenia es una condición musculoesquelética de carácter progresivo, 
definida por la disminución de la masa y la fuerza muscular, y se estima que impacta entre el 
10,0 % y el 16,0 % de la población adulta mayor a nivel mundial, deteriorando su funcionalidad, 
autonomía y calidad de vida. En personas con DM2, la prevalencia de sarcopenia puede 
alcanzar el 20,9 %, siendo más común en adultos mayores. En Colombia, la elevada carga de 
ambas condiciones agrava el pronóstico funcional y metabólico, lo que demanda un enfoque 
clínico multidisciplinario y adaptado al contexto nacional.
Objetivo:  Establecer recomendaciones basadas en evidencia científica para el abordaje 
integral de los pacientes con sarcopenia y diabetes mellitus tipo 2 en Colombia, optimizando 
la toma de decisiones clínicas.
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proteica mitigan la pérdida muscular inducida por 
dietas hipocalóricas. Además, terapias emergentes 
(agonistas de GLP-1 y antagonistas de miostatina) 
ofrecen nuevas oportunidades para romper el 
ciclo fisiopatológico entre estas condiciones; sin 
embargo, su implementación debe considerar 
barreras como la fragilidad y la baja alfabetización 
en salud en adultos mayores (79).

La sarcopenia, caracterizada por la pérdida 
de masa y función muscular, reduce la capacidad 
del cuerpo para utilizar la glucosa, aumentando la 
resistencia a la insulina y el riesgo de desarrollar 
DM2. La infiltración de grasa en el músculo 
(mioesteatosis) y la disminución de la actividad 
física asociada a la sarcopenia agravan la disfunción 
metabólica (79). Estudios han demostrado que 
la pérdida de fibras musculares tipo I, ricas en 
mitocondrias y con alta capacidad oxidativa, 
disminuye la captación y utilización de glucosa, 
elevando los niveles de glucosa en sangre y 
empeorando la resistencia a la insulina (13).

Por otro lado, de la sarcopenia hacia la DM2, el 
riesgo se genera no solo por el hecho de metabolizar 
el 80,0 % de la glucosa cuando existe la sarcopenia, 
sino también por ser un factor desencadenante 
y perpetuante de la obesidad asociada al gasto 
calórico basal bajo y relacionado con el ejercicio. 
Estos pacientes tienen una disminución de 
diferentes mioquinas como la irisina, que es un 
factor determinante en la “marronización” del tejido 
adiposo. Así mismo, la dinapenia se relaciona con 
un mayor riesgo de DM2, posiblemente vinculado 
a la disminución de mioquinas. Finalmente, la 
mioesteatosis, caracterizada por la acumulación de 
lípidos intramusculares, induce resistencia periférica 
a la insulina mediante la activación de vías como 
las c-Jun N-terminal quinasas, que alteran la 
señalización insulínica y contribuyen a la disfunción 
endotelial (78, 80-83).

La evidencia muestra una fuerte asociación entre 
sarcopenia y DM2. Personas con DM2 tienen un 
mayor riesgo de sarcopenia y algunos estudios han 
reportado aumentos significativos entre 1,51 veces 
y 1,95 veces (10, 84-85). Además, la sarcopenia en 
diabéticos incrementa complicaciones como caídas, 
hipoglucemia y mortalidad, destacando una relación 
bidireccional entre ambas condiciones (32).

Pregunta 5. ¿Cuáles medicamentos 
hipoglucemiantes se recomienda 
utilizar en pacientes con DM2 y 
sarcopenia?

Evaluar el impacto de los agentes antidiabéticos 
en pacientes con diabetes mellitus y sarcopenia es 
crucial para identificar aquellos tratamientos que 
puedan mitigar o prevenir la progresión de esta 
condición. A continuación, se presenta un resumen 
de los efectos documentados de las distintas clases 
de fármacos antidiabéticos sobre parámetros 
asociados con la sarcopenia (86-87):
 Metformina: presenta un efecto positivo 

o neutral. Su uso se asocia con una menor 
pérdida de masa muscular esquelética total 
y apendicular, así como con una menor 
disminución en la velocidad de la marcha 
habitual y no altera los resultados de la 
prueba de fuerza de agarre.

 Agonistas del receptor GLP-1 (aGLP-
1): efecto neutral. Los estudios de los 
GLP-1 en las dosis recomendadas para 
el manejo del paciente con diabetes no 
reportan cambios significativos en la masa 
muscular esquelética.

 Inhibidores de la DPP-4 (iDPP-4): 
efecto positivo o neutral. La evidencia 
sugiere que el uso de estos medicamentos 
impacta positivamente en los parámetros 
de sarcopenia.

 Inhibidores del SGLT-2 (iSGLT-2): 
efecto neutro o incierto. No se han 
reportaron cambios significativos en la 
masa muscular esquelética.

 Insulina: efecto positivo. Se ha informado 
que previene la disminución de la masa 
muscular en las extremidades inferiores, 
no afecta la velocidad de la marcha y está 
asociada con una menor probabilidad de 
reducción del índice de masa muscular 
esquelética. Se recomienda dado su efecto 
sobre la ganancia de peso (26).

 Sulfonilureas y glinidas: tienen un efecto 
negativo, aunque la evidencia es limitada. 
Se han asociado con una disminución en 
la masa muscular esquelética, el índice de 
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ciclo fisiopatológico entre estas condiciones; sin 
embargo, su implementación debe considerar 
barreras como la fragilidad y la baja alfabetización 
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elevando los niveles de glucosa en sangre y 
empeorando la resistencia a la insulina (13).

Por otro lado, de la sarcopenia hacia la DM2, el 
riesgo se genera no solo por el hecho de metabolizar 
el 80,0 % de la glucosa cuando existe la sarcopenia, 
sino también por ser un factor desencadenante 
y perpetuante de la obesidad asociada al gasto 
calórico basal bajo y relacionado con el ejercicio. 
Estos pacientes tienen una disminución de 
diferentes mioquinas como la irisina, que es un 
factor determinante en la “marronización” del tejido 
adiposo. Así mismo, la dinapenia se relaciona con 
un mayor riesgo de DM2, posiblemente vinculado 
a la disminución de mioquinas. Finalmente, la 
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a la insulina mediante la activación de vías como 
las c-Jun N-terminal quinasas, que alteran la 
señalización insulínica y contribuyen a la disfunción 
endotelial (78, 80-83).

La evidencia muestra una fuerte asociación entre 
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mayor riesgo de sarcopenia y algunos estudios han 
reportado aumentos significativos entre 1,51 veces 
y 1,95 veces (10, 84-85). Además, la sarcopenia en 
diabéticos incrementa complicaciones como caídas, 
hipoglucemia y mortalidad, destacando una relación 
bidireccional entre ambas condiciones (32).

Pregunta 5. ¿Cuáles medicamentos 
hipoglucemiantes se recomienda 
utilizar en pacientes con DM2 y 
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Evaluar el impacto de los agentes antidiabéticos 
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crucial para identificar aquellos tratamientos que 
puedan mitigar o prevenir la progresión de esta 
condición. A continuación, se presenta un resumen 
de los efectos documentados de las distintas clases 
de fármacos antidiabéticos sobre parámetros 
asociados con la sarcopenia (86-87):
 Metformina: presenta un efecto positivo 

o neutral. Su uso se asocia con una menor 
pérdida de masa muscular esquelética total 
y apendicular, así como con una menor 
disminución en la velocidad de la marcha 
habitual y no altera los resultados de la 
prueba de fuerza de agarre.

 Agonistas del receptor GLP-1 (aGLP-
1): efecto neutral. Los estudios de los 
GLP-1 en las dosis recomendadas para 
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impacta positivamente en los parámetros 
de sarcopenia.
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efecto neutro o incierto. No se han 
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proteica mitigan la pérdida muscular inducida por 
dietas hipocalóricas. Además, terapias emergentes 
(agonistas de GLP-1 y antagonistas de miostatina) 
ofrecen nuevas oportunidades para romper el 
ciclo fisiopatológico entre estas condiciones; sin 
embargo, su implementación debe considerar 
barreras como la fragilidad y la baja alfabetización 
en salud en adultos mayores (79).

La sarcopenia, caracterizada por la pérdida 
de masa y función muscular, reduce la capacidad 
del cuerpo para utilizar la glucosa, aumentando la 
resistencia a la insulina y el riesgo de desarrollar 
DM2. La infiltración de grasa en el músculo 
(mioesteatosis) y la disminución de la actividad 
física asociada a la sarcopenia agravan la disfunción 
metabólica (79). Estudios han demostrado que 
la pérdida de fibras musculares tipo I, ricas en 
mitocondrias y con alta capacidad oxidativa, 
disminuye la captación y utilización de glucosa, 
elevando los niveles de glucosa en sangre y 
empeorando la resistencia a la insulina (13).

Por otro lado, de la sarcopenia hacia la DM2, el 
riesgo se genera no solo por el hecho de metabolizar 
el 80,0 % de la glucosa cuando existe la sarcopenia, 
sino también por ser un factor desencadenante 
y perpetuante de la obesidad asociada al gasto 
calórico basal bajo y relacionado con el ejercicio. 
Estos pacientes tienen una disminución de 
diferentes mioquinas como la irisina, que es un 
factor determinante en la “marronización” del tejido 
adiposo. Así mismo, la dinapenia se relaciona con 
un mayor riesgo de DM2, posiblemente vinculado 
a la disminución de mioquinas. Finalmente, la 
mioesteatosis, caracterizada por la acumulación de 
lípidos intramusculares, induce resistencia periférica 
a la insulina mediante la activación de vías como 
las c-Jun N-terminal quinasas, que alteran la 
señalización insulínica y contribuyen a la disfunción 
endotelial (78, 80-83).

La evidencia muestra una fuerte asociación entre 
sarcopenia y DM2. Personas con DM2 tienen un 
mayor riesgo de sarcopenia y algunos estudios han 
reportado aumentos significativos entre 1,51 veces 
y 1,95 veces (10, 84-85). Además, la sarcopenia en 
diabéticos incrementa complicaciones como caídas, 
hipoglucemia y mortalidad, destacando una relación 
bidireccional entre ambas condiciones (32).

Pregunta 5. ¿Cuáles medicamentos 
hipoglucemiantes se recomienda 
utilizar en pacientes con DM2 y 
sarcopenia?

Evaluar el impacto de los agentes antidiabéticos 
en pacientes con diabetes mellitus y sarcopenia es 
crucial para identificar aquellos tratamientos que 
puedan mitigar o prevenir la progresión de esta 
condición. A continuación, se presenta un resumen 
de los efectos documentados de las distintas clases 
de fármacos antidiabéticos sobre parámetros 
asociados con la sarcopenia (86-87):
 Metformina: presenta un efecto positivo 

o neutral. Su uso se asocia con una menor 
pérdida de masa muscular esquelética total 
y apendicular, así como con una menor 
disminución en la velocidad de la marcha 
habitual y no altera los resultados de la 
prueba de fuerza de agarre.

 Agonistas del receptor GLP-1 (aGLP-
1): efecto neutral. Los estudios de los 
GLP-1 en las dosis recomendadas para 
el manejo del paciente con diabetes no 
reportan cambios significativos en la masa 
muscular esquelética.

 Inhibidores de la DPP-4 (iDPP-4): 
efecto positivo o neutral. La evidencia 
sugiere que el uso de estos medicamentos 
impacta positivamente en los parámetros 
de sarcopenia.

 Inhibidores del SGLT-2 (iSGLT-2): 
efecto neutro o incierto. No se han 
reportaron cambios significativos en la 
masa muscular esquelética.

 Insulina: efecto positivo. Se ha informado 
que previene la disminución de la masa 
muscular en las extremidades inferiores, 
no afecta la velocidad de la marcha y está 
asociada con una menor probabilidad de 
reducción del índice de masa muscular 
esquelética. Se recomienda dado su efecto 
sobre la ganancia de peso (26).

 Sulfonilureas y glinidas: tienen un efecto 
negativo, aunque la evidencia es limitada. 
Se han asociado con una disminución en 
la masa muscular esquelética, el índice de 
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proteica mitigan la pérdida muscular inducida por 
dietas hipocalóricas. Además, terapias emergentes 
(agonistas de GLP-1 y antagonistas de miostatina) 
ofrecen nuevas oportunidades para romper el 
ciclo fisiopatológico entre estas condiciones; sin 
embargo, su implementación debe considerar 
barreras como la fragilidad y la baja alfabetización 
en salud en adultos mayores (79).

La sarcopenia, caracterizada por la pérdida 
de masa y función muscular, reduce la capacidad 
del cuerpo para utilizar la glucosa, aumentando la 
resistencia a la insulina y el riesgo de desarrollar 
DM2. La infiltración de grasa en el músculo 
(mioesteatosis) y la disminución de la actividad 
física asociada a la sarcopenia agravan la disfunción 
metabólica (79). Estudios han demostrado que 
la pérdida de fibras musculares tipo I, ricas en 
mitocondrias y con alta capacidad oxidativa, 
disminuye la captación y utilización de glucosa, 
elevando los niveles de glucosa en sangre y 
empeorando la resistencia a la insulina (13).

Por otro lado, de la sarcopenia hacia la DM2, el 
riesgo se genera no solo por el hecho de metabolizar 
el 80,0 % de la glucosa cuando existe la sarcopenia, 
sino también por ser un factor desencadenante 
y perpetuante de la obesidad asociada al gasto 
calórico basal bajo y relacionado con el ejercicio. 
Estos pacientes tienen una disminución de 
diferentes mioquinas como la irisina, que es un 
factor determinante en la “marronización” del tejido 
adiposo. Así mismo, la dinapenia se relaciona con 
un mayor riesgo de DM2, posiblemente vinculado 
a la disminución de mioquinas. Finalmente, la 
mioesteatosis, caracterizada por la acumulación de 
lípidos intramusculares, induce resistencia periférica 
a la insulina mediante la activación de vías como 
las c-Jun N-terminal quinasas, que alteran la 
señalización insulínica y contribuyen a la disfunción 
endotelial (78, 80-83).

La evidencia muestra una fuerte asociación entre 
sarcopenia y DM2. Personas con DM2 tienen un 
mayor riesgo de sarcopenia y algunos estudios han 
reportado aumentos significativos entre 1,51 veces 
y 1,95 veces (10, 84-85). Además, la sarcopenia en 
diabéticos incrementa complicaciones como caídas, 
hipoglucemia y mortalidad, destacando una relación 
bidireccional entre ambas condiciones (32).

Pregunta 5. ¿Cuáles medicamentos 
hipoglucemiantes se recomienda 
utilizar en pacientes con DM2 y 
sarcopenia?

Evaluar el impacto de los agentes antidiabéticos 
en pacientes con diabetes mellitus y sarcopenia es 
crucial para identificar aquellos tratamientos que 
puedan mitigar o prevenir la progresión de esta 
condición. A continuación, se presenta un resumen 
de los efectos documentados de las distintas clases 
de fármacos antidiabéticos sobre parámetros 
asociados con la sarcopenia (86-87):
 Metformina: presenta un efecto positivo 

o neutral. Su uso se asocia con una menor 
pérdida de masa muscular esquelética total 
y apendicular, así como con una menor 
disminución en la velocidad de la marcha 
habitual y no altera los resultados de la 
prueba de fuerza de agarre.

 Agonistas del receptor GLP-1 (aGLP-
1): efecto neutral. Los estudios de los 
GLP-1 en las dosis recomendadas para 
el manejo del paciente con diabetes no 
reportan cambios significativos en la masa 
muscular esquelética.

 Inhibidores de la DPP-4 (iDPP-4): 
efecto positivo o neutral. La evidencia 
sugiere que el uso de estos medicamentos 
impacta positivamente en los parámetros 
de sarcopenia.

 Inhibidores del SGLT-2 (iSGLT-2): 
efecto neutro o incierto. No se han 
reportaron cambios significativos en la 
masa muscular esquelética.

 Insulina: efecto positivo. Se ha informado 
que previene la disminución de la masa 
muscular en las extremidades inferiores, 
no afecta la velocidad de la marcha y está 
asociada con una menor probabilidad de 
reducción del índice de masa muscular 
esquelética. Se recomienda dado su efecto 
sobre la ganancia de peso (26).

 Sulfonilureas y glinidas: tienen un efecto 
negativo, aunque la evidencia es limitada. 
Se han asociado con una disminución en 
la masa muscular esquelética, el índice de 
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proteica mitigan la pérdida muscular inducida por 
dietas hipocalóricas. Además, terapias emergentes 
(agonistas de GLP-1 y antagonistas de miostatina) 
ofrecen nuevas oportunidades para romper el 
ciclo fisiopatológico entre estas condiciones; sin 
embargo, su implementación debe considerar 
barreras como la fragilidad y la baja alfabetización 
en salud en adultos mayores (79).

La sarcopenia, caracterizada por la pérdida 
de masa y función muscular, reduce la capacidad 
del cuerpo para utilizar la glucosa, aumentando la 
resistencia a la insulina y el riesgo de desarrollar 
DM2. La infiltración de grasa en el músculo 
(mioesteatosis) y la disminución de la actividad 
física asociada a la sarcopenia agravan la disfunción 
metabólica (79). Estudios han demostrado que 
la pérdida de fibras musculares tipo I, ricas en 
mitocondrias y con alta capacidad oxidativa, 
disminuye la captación y utilización de glucosa, 
elevando los niveles de glucosa en sangre y 
empeorando la resistencia a la insulina (13).

Por otro lado, de la sarcopenia hacia la DM2, el 
riesgo se genera no solo por el hecho de metabolizar 
el 80,0 % de la glucosa cuando existe la sarcopenia, 
sino también por ser un factor desencadenante 
y perpetuante de la obesidad asociada al gasto 
calórico basal bajo y relacionado con el ejercicio. 
Estos pacientes tienen una disminución de 
diferentes mioquinas como la irisina, que es un 
factor determinante en la “marronización” del tejido 
adiposo. Así mismo, la dinapenia se relaciona con 
un mayor riesgo de DM2, posiblemente vinculado 
a la disminución de mioquinas. Finalmente, la 
mioesteatosis, caracterizada por la acumulación de 
lípidos intramusculares, induce resistencia periférica 
a la insulina mediante la activación de vías como 
las c-Jun N-terminal quinasas, que alteran la 
señalización insulínica y contribuyen a la disfunción 
endotelial (78, 80-83).

La evidencia muestra una fuerte asociación entre 
sarcopenia y DM2. Personas con DM2 tienen un 
mayor riesgo de sarcopenia y algunos estudios han 
reportado aumentos significativos entre 1,51 veces 
y 1,95 veces (10, 84-85). Además, la sarcopenia en 
diabéticos incrementa complicaciones como caídas, 
hipoglucemia y mortalidad, destacando una relación 
bidireccional entre ambas condiciones (32).

Pregunta 5. ¿Cuáles medicamentos 
hipoglucemiantes se recomienda 
utilizar en pacientes con DM2 y 
sarcopenia?

Evaluar el impacto de los agentes antidiabéticos 
en pacientes con diabetes mellitus y sarcopenia es 
crucial para identificar aquellos tratamientos que 
puedan mitigar o prevenir la progresión de esta 
condición. A continuación, se presenta un resumen 
de los efectos documentados de las distintas clases 
de fármacos antidiabéticos sobre parámetros 
asociados con la sarcopenia (86-87):
 Metformina: presenta un efecto positivo 

o neutral. Su uso se asocia con una menor 
pérdida de masa muscular esquelética total 
y apendicular, así como con una menor 
disminución en la velocidad de la marcha 
habitual y no altera los resultados de la 
prueba de fuerza de agarre.

 Agonistas del receptor GLP-1 (aGLP-
1): efecto neutral. Los estudios de los 
GLP-1 en las dosis recomendadas para 
el manejo del paciente con diabetes no 
reportan cambios significativos en la masa 
muscular esquelética.

 Inhibidores de la DPP-4 (iDPP-4): 
efecto positivo o neutral. La evidencia 
sugiere que el uso de estos medicamentos 
impacta positivamente en los parámetros 
de sarcopenia.

 Inhibidores del SGLT-2 (iSGLT-2): 
efecto neutro o incierto. No se han 
reportaron cambios significativos en la 
masa muscular esquelética.

 Insulina: efecto positivo. Se ha informado 
que previene la disminución de la masa 
muscular en las extremidades inferiores, 
no afecta la velocidad de la marcha y está 
asociada con una menor probabilidad de 
reducción del índice de masa muscular 
esquelética. Se recomienda dado su efecto 
sobre la ganancia de peso (26).

 Sulfonilureas y glinidas: tienen un efecto 
negativo, aunque la evidencia es limitada. 
Se han asociado con una disminución en 
la masa muscular esquelética, el índice de 
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proteica mitigan la pérdida muscular inducida por 
dietas hipocalóricas. Además, terapias emergentes 
(agonistas de GLP-1 y antagonistas de miostatina) 
ofrecen nuevas oportunidades para romper el 
ciclo fisiopatológico entre estas condiciones; sin 
embargo, su implementación debe considerar 
barreras como la fragilidad y la baja alfabetización 
en salud en adultos mayores (79).

La sarcopenia, caracterizada por la pérdida 
de masa y función muscular, reduce la capacidad 
del cuerpo para utilizar la glucosa, aumentando la 
resistencia a la insulina y el riesgo de desarrollar 
DM2. La infiltración de grasa en el músculo 
(mioesteatosis) y la disminución de la actividad 
física asociada a la sarcopenia agravan la disfunción 
metabólica (79). Estudios han demostrado que 
la pérdida de fibras musculares tipo I, ricas en 
mitocondrias y con alta capacidad oxidativa, 
disminuye la captación y utilización de glucosa, 
elevando los niveles de glucosa en sangre y 
empeorando la resistencia a la insulina (13).

Por otro lado, de la sarcopenia hacia la DM2, el 
riesgo se genera no solo por el hecho de metabolizar 
el 80,0 % de la glucosa cuando existe la sarcopenia, 
sino también por ser un factor desencadenante 
y perpetuante de la obesidad asociada al gasto 
calórico basal bajo y relacionado con el ejercicio. 
Estos pacientes tienen una disminución de 
diferentes mioquinas como la irisina, que es un 
factor determinante en la “marronización” del tejido 
adiposo. Así mismo, la dinapenia se relaciona con 
un mayor riesgo de DM2, posiblemente vinculado 
a la disminución de mioquinas. Finalmente, la 
mioesteatosis, caracterizada por la acumulación de 
lípidos intramusculares, induce resistencia periférica 
a la insulina mediante la activación de vías como 
las c-Jun N-terminal quinasas, que alteran la 
señalización insulínica y contribuyen a la disfunción 
endotelial (78, 80-83).

La evidencia muestra una fuerte asociación entre 
sarcopenia y DM2. Personas con DM2 tienen un 
mayor riesgo de sarcopenia y algunos estudios han 
reportado aumentos significativos entre 1,51 veces 
y 1,95 veces (10, 84-85). Además, la sarcopenia en 
diabéticos incrementa complicaciones como caídas, 
hipoglucemia y mortalidad, destacando una relación 
bidireccional entre ambas condiciones (32).

Pregunta 5. ¿Cuáles medicamentos 
hipoglucemiantes se recomienda 
utilizar en pacientes con DM2 y 
sarcopenia?

Evaluar el impacto de los agentes antidiabéticos 
en pacientes con diabetes mellitus y sarcopenia es 
crucial para identificar aquellos tratamientos que 
puedan mitigar o prevenir la progresión de esta 
condición. A continuación, se presenta un resumen 
de los efectos documentados de las distintas clases 
de fármacos antidiabéticos sobre parámetros 
asociados con la sarcopenia (86-87):
 Metformina: presenta un efecto positivo 

o neutral. Su uso se asocia con una menor 
pérdida de masa muscular esquelética total 
y apendicular, así como con una menor 
disminución en la velocidad de la marcha 
habitual y no altera los resultados de la 
prueba de fuerza de agarre.

 Agonistas del receptor GLP-1 (aGLP-
1): efecto neutral. Los estudios de los 
GLP-1 en las dosis recomendadas para 
el manejo del paciente con diabetes no 
reportan cambios significativos en la masa 
muscular esquelética.

 Inhibidores de la DPP-4 (iDPP-4): 
efecto positivo o neutral. La evidencia 
sugiere que el uso de estos medicamentos 
impacta positivamente en los parámetros 
de sarcopenia.

 Inhibidores del SGLT-2 (iSGLT-2): 
efecto neutro o incierto. No se han 
reportaron cambios significativos en la 
masa muscular esquelética.

 Insulina: efecto positivo. Se ha informado 
que previene la disminución de la masa 
muscular en las extremidades inferiores, 
no afecta la velocidad de la marcha y está 
asociada con una menor probabilidad de 
reducción del índice de masa muscular 
esquelética. Se recomienda dado su efecto 
sobre la ganancia de peso (26).

 Sulfonilureas y glinidas: tienen un efecto 
negativo, aunque la evidencia es limitada. 
Se han asociado con una disminución en 
la masa muscular esquelética, el índice de 
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músculo esquelético, la fuerza muscular y 
la velocidad de la marcha.

 Tiazolidinedionas: efecto negativo. Están 
relacionadas con una reducción significativa 
de la masa muscular y de la velocidad de la 
marcha habitual.

 Inhibidores de la alfa-glucosidasa: no 
existe evidencia suficiente para determinar 
su efecto.

Estos hallazgos subrayan la necesidad 
de seleccionar cuidadosamente los agentes 
antidiabéticos en pacientes con sarcopenia, 
considerando tanto su impacto en el control 
glucémico como en los parámetros musculares.

Pregunta 6. ¿Cuál es la terapia 
nutricional médica adecuada para 
pacientes con DM2 y sarcopenia? y 
¿cuál es su impacto?

La nutrición juega un papel crucial en la 
prevención y manejo tanto de la DM2 como de 
la sarcopenia, especialmente en adultos mayores 
y personas con enfermedades crónicas como 
la enfermedad renal crónica (ERC) El consenso 
emitido en el año 2024 por la ADA destaca un 
enfoque basado en patrones alimentarios, como 
la dieta mediterránea y DASH (Dietary Approaches 
to Stop Hypertension), con énfasis en granos 
enteros, leguminosas, frutas, vegetales y un 
adecuado aporte proteico individualizado y guiado 
por un nutricionista (37). Estos patrones no solo 
favorecen el control glucémico, sino que pueden 
lograr una reducción de entre el 0,3 % y el 2,0 % de 
la hemoglobina glicosilada en DM2.

Un componente clave en este abordaje es 
el aporte proteico, cuyo objetivo es preservar o 
mejorar la masa muscular y funcionalidad física. 
Se recomienda una ingesta mayor a 0,8 g/kg/día, 
ajustada según condiciones clínicas, sin exceder 
los 1,2 g/kg/día en pacientes con ERC. Además, se 
aconseja mantener un consumo de sodio inferior a 
2300 mg/día y un aporte de potasio entre 1,0-1,2 
g/kg/día (88-89).

Dado que muchos pacientes con DM2 presentan 
daño renal en algún grado, la ingesta de proteínas 
debe ajustarse en función del estadio de la  
ERC (90): 

 ERC estadios 1-2 (TFG ≥60 ml/min/1,73 
m², con o sin microalbuminuria):  
se puede mantener un aporte proteico de 
>1,2 g/kg/día, ya que no existe evidencia 
de beneficio en restringir más la proteína 
en esta fase.

 ERC estadio 3 (TFG de 30-59 ml/
min/1,73 m²): se recomienda un rango de 
0,8-1,2 g/kg/día para reducir la progresión 
de la ERC, evitando ingestas superiores a 
1,3 g/kg/día.

 ERC estadio 4-5 (TFG <30 ml/min/1,73 
m², sin diálisis): la recomendación es 
restringir la proteína a 0,6-0,8 g/kg/día, 
con preferencia por proteínas de alto valor 
biológico y supervisión especializada.

 Pacientes en diálisis: requieren un mayor 
aporte proteico, entre 1,0-1,2 g/kg/día, 
debido a las pérdidas proteicas asociadas 
al procedimiento.

El vínculo entre sarcopenia y DM2 ha sido 
cada vez más documentado. Diversas guías 
internacionales, como la ICFSR (2018) (34) y la 
ANZSSFR (61), así como un consenso de expertos 
de España (62), recomiendan combinar una dieta 
rica en proteínas (1,2-1,5 g/kg/día) con actividad 
física para preservar o recuperar la masa muscular 
y funcionalidad física. Además, estudios sugieren 
que una ingesta energética insuficiente y deficiencia 
de ácidos grasos omega-3 está asociado con una 
mayor prevalencia de sarcopenia en pacientes con 
DM2 (91-93).

Estudios observacionales refuerzan esta 
relación, mostrando que la baja ingesta calórica 
y de omega-3 está asociada con la disminución 
de masa muscular, especialmente en mujeres con 
sobrepeso y prediabetes (93-95). A su vez, se ha 
demostrado que la suplementación con proteínas 
de alta calidad (92-93), como el huevo y el suero 
de leche, favorece la síntesis muscular y mejora la 
función física en personas frágiles (96). Además, la 
concentración de carotenos parece reducir el riesgo 
de pérdida de fuerza muscular (97).

La evidencia empírica respalda un enfoque 
nutricional que contempla ingestas de proteína 
más elevadas, particularmente en adultos 
mayores. Por ejemplo, un estudio transversal en 
más de 3000 adultos de 40 a 80 años en China 
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músculo esquelético, la fuerza muscular y 
la velocidad de la marcha.

 Tiazolidinedionas: efecto negativo. Están 
relacionadas con una reducción significativa 
de la masa muscular y de la velocidad de la 
marcha habitual.

 Inhibidores de la alfa-glucosidasa: no 
existe evidencia suficiente para determinar 
su efecto.

Estos hallazgos subrayan la necesidad 
de seleccionar cuidadosamente los agentes 
antidiabéticos en pacientes con sarcopenia, 
considerando tanto su impacto en el control 
glucémico como en los parámetros musculares.

Pregunta 6. ¿Cuál es la terapia 
nutricional médica adecuada para 
pacientes con DM2 y sarcopenia? y 
¿cuál es su impacto?

La nutrición juega un papel crucial en la 
prevención y manejo tanto de la DM2 como de 
la sarcopenia, especialmente en adultos mayores 
y personas con enfermedades crónicas como 
la enfermedad renal crónica (ERC) El consenso 
emitido en el año 2024 por la ADA destaca un 
enfoque basado en patrones alimentarios, como 
la dieta mediterránea y DASH (Dietary Approaches 
to Stop Hypertension), con énfasis en granos 
enteros, leguminosas, frutas, vegetales y un 
adecuado aporte proteico individualizado y guiado 
por un nutricionista (37). Estos patrones no solo 
favorecen el control glucémico, sino que pueden 
lograr una reducción de entre el 0,3 % y el 2,0 % de 
la hemoglobina glicosilada en DM2.

Un componente clave en este abordaje es 
el aporte proteico, cuyo objetivo es preservar o 
mejorar la masa muscular y funcionalidad física. 
Se recomienda una ingesta mayor a 0,8 g/kg/día, 
ajustada según condiciones clínicas, sin exceder 
los 1,2 g/kg/día en pacientes con ERC. Además, se 
aconseja mantener un consumo de sodio inferior a 
2300 mg/día y un aporte de potasio entre 1,0-1,2 
g/kg/día (88-89).

Dado que muchos pacientes con DM2 presentan 
daño renal en algún grado, la ingesta de proteínas 
debe ajustarse en función del estadio de la  
ERC (90): 

 ERC estadios 1-2 (TFG ≥60 ml/min/1,73 
m², con o sin microalbuminuria):  
se puede mantener un aporte proteico de 
>1,2 g/kg/día, ya que no existe evidencia 
de beneficio en restringir más la proteína 
en esta fase.

 ERC estadio 3 (TFG de 30-59 ml/
min/1,73 m²): se recomienda un rango de 
0,8-1,2 g/kg/día para reducir la progresión 
de la ERC, evitando ingestas superiores a 
1,3 g/kg/día.

 ERC estadio 4-5 (TFG <30 ml/min/1,73 
m², sin diálisis): la recomendación es 
restringir la proteína a 0,6-0,8 g/kg/día, 
con preferencia por proteínas de alto valor 
biológico y supervisión especializada.

 Pacientes en diálisis: requieren un mayor 
aporte proteico, entre 1,0-1,2 g/kg/día, 
debido a las pérdidas proteicas asociadas 
al procedimiento.

El vínculo entre sarcopenia y DM2 ha sido 
cada vez más documentado. Diversas guías 
internacionales, como la ICFSR (2018) (34) y la 
ANZSSFR (61), así como un consenso de expertos 
de España (62), recomiendan combinar una dieta 
rica en proteínas (1,2-1,5 g/kg/día) con actividad 
física para preservar o recuperar la masa muscular 
y funcionalidad física. Además, estudios sugieren 
que una ingesta energética insuficiente y deficiencia 
de ácidos grasos omega-3 está asociado con una 
mayor prevalencia de sarcopenia en pacientes con 
DM2 (91-93).

Estudios observacionales refuerzan esta 
relación, mostrando que la baja ingesta calórica 
y de omega-3 está asociada con la disminución 
de masa muscular, especialmente en mujeres con 
sobrepeso y prediabetes (93-95). A su vez, se ha 
demostrado que la suplementación con proteínas 
de alta calidad (92-93), como el huevo y el suero 
de leche, favorece la síntesis muscular y mejora la 
función física en personas frágiles (96). Además, la 
concentración de carotenos parece reducir el riesgo 
de pérdida de fuerza muscular (97).

La evidencia empírica respalda un enfoque 
nutricional que contempla ingestas de proteína 
más elevadas, particularmente en adultos 
mayores. Por ejemplo, un estudio transversal en 
más de 3000 adultos de 40 a 80 años en China 
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New insulin glargine 300 U/ml compared with glargine 100 U/ml
in insulin-naïve people with type 2 diabetes on oral
glucose-lowering drugs: a randomized controlled trial (EDITION 3)
G. B. Bolli1, M. C. Riddle2, R. M. Bergenstal3, M. Ziemen4, K. Sestakauskas5, H. Goyeau6, P. D. Home7 &
on behalf of the EDITION 3 study investigators
1Department of Medicine, Perugia University Medical School, Hospital Santa Maria della Misericordia, Perugia, Italy
2Department of Medicine, Oregon Health & Science University, Portland, OR, USA
3International Diabetes Center at Park Nicollet, Minneapolis, MN, USA
4Sanofi-Aventis Deutschland GmbH, Frankfurt am Main, Germany
5Sanofi, Chilly Mazarin, France
6EXPERIS IT, Nanterre, France
7Institute of Cellular Medicine, Newcastle University, Newcastle upon Tyne, UK

Aims: To compare the efficacy and safety of new insulin glargine 300 U/ml (Gla-300) with that of glargine 100 U/ml (Gla-100) in insulin-naïve people
with type 2 diabetes using oral glucose-lowering drugs.
Methods: The EDITION 3 study was a multicentre, open-label, parallel-group study. Participants were randomized to Gla-300 or Gla-100 once daily
for 6 months, discontinuing sulphonylureas and glinides, with a dose titration aimed at achieving pre-breakfast plasma glucose concentrations of
4.4–5.6 mmol/l (80–100 mg/dl). The primary endpoint was change in glycated haemoglobin (HbA1c) from baseline to month 6. The main secondary
endpoint was percentage of participants with ≥1 nocturnal confirmed [≤3.9 mmol/l (≤70 mg/dl)] or severe hypoglycaemia from week 9 to month 6.
Other measures of glycaemia and hypoglycaemia, weight change and insulin dose were assessed.
Results: Randomized participants (n= 878) had a mean (standard deviation) age of 57.7 (10.1) years, diabetes duration 9.8 (6.4) years, body mass index
33.0 (6.7) kg/m2 and HbA1c 8.54 (1.06) % [69.8 (11.6) mmol/mol]. HbA1c levels decreased by equivalent amounts with the two treatments; the least
squares mean difference in change from baseline was 0.04 [95% confidence interval (CI) −0.09 to 0.17] % or 0.4 (−1.0 to 1.9) mmol/mol. Numerically
fewer participants reported ≥1 nocturnal confirmed (≤3.9 mmol/l) or severe hypoglycaemia from week 9 to month 6 [relative risk (RR) 0.89 (95% CI 0.66
to 1.20)] with Gla-300 versus Gla-100; a significantly lower risk of hypoglycaemia with this definition was found over the 6-month treatment period [RR
0.76 (95% CI 0.59 to 0.99)]. No between-treatment differences in adverse events were identified.
Conclusions: Gla-300 is as effective as Gla-100 in reducing HbA1c in insulin-naïve people with type 2 diabetes, with lower hypoglycaemia risk.
Keywords: basal insulin analogues, basal insulin initiation, type 2 diabetes

Date submitted 3 November 2014; date of first decision 2 December 2014; date of final acceptance 10 January 2015

Introduction
Many people who initially achieve glycaemic control with oral
glucose-lowering drugs will eventually require insulin, either
alone or in combination with other agents [1]; however, hypo-
glycaemia, weight gain and the limited flexibility of some
insulin regimens [2–5] may contribute to omission of injections
or failure to make appropriate adjustments of insulin dose(s)
[4,6], negatively affecting glycaemic control.

At present, the most widely used basal insulin is insulin
glargine 100 U/ml (Gla-100), which has a well-established
mode of action, and efficacy and safety profile [7–11]. However,
to improve current treatment options, a basal insulin conferring

Correspondence to : Geremia B. Bolli, MD, Department of Medicine, Perugia University Medical
School, Hospital Santa Maria della Misericordia, 06156 Perugia, Italy.
E-mail: geremia.bolli@unipg.it
This is an open access article under the terms of the Creative Commons
Attribution-NonCommercial License, which permits use, distribution and reproduction in
any medium, provided the original work is properly cited and is not used for commercial
purposes.

an even lower risk of hypoglycaemia would be desirable. New
insulin glargine 300 U/ml (Gla-300) has been developed to
optimize glycaemic control, while minimizing the risk of
hypoglycaemia. After subcutaneous (s.c.) injection, the phar-
macokinetic and pharmacodynamic action profiles of Gla-300
were more constant and prolonged compared with those of
Gla-100 [12], as a result of a more gradual and extended release
of glargine from the s.c. depot. This translates into continued
blood glucose control beyond 24 h [12].

To determine whether these pharmacokinetic and pharma-
codynamic properties will confer clinical benefits, Gla-300 is
being investigated in comparison with Gla-100 in the phase
IIIa EDITION programme. The first two studies in this pro-
gramme, in people with type 2 diabetes receiving either a high
dose of basal insulin in combination with mealtime insulin
(EDITION 1) or basal insulin in combination with oral therapy
(EDITION 2), showed that Gla-300 is as effective as Gla-100
in terms of glycaemic control, with significantly lower risk of
nocturnal confirmed or severe hypoglycaemia and similar or
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Figure 1. Clinical measures (mean± standard error) during treatment by visit (modified intention-to-treat population): (A) glycated haemoglobin
(HbA1c). (B) Laboratory-measured fasting plasma glucose (FPG). (C) Pre-breakfast self-monitored plasma glucose (SMPG). (D) Daily basal insulin dose.
For data values, please refer to Table 1 (HbA1c, laboratory-measured FPG and pre-breakfast SMPG) and Results (insulin dose). Gla-100, glargine 100 U/ml;
Gla-300, glargine 300 U/ml.

Likewise, a lower percentage for Gla-300 was reported in the
first 8 weeks [24 vs 29%; RR 0.83 (95% CI 0.67 to 1.03)] and
from week 9 to month 6 [40 vs 46%; RR 0.86 (95% CI 0.74 to
1.00); Figure 2A and Table S1]. The annualized event rate of
this definition of hypoglycaemia was significantly lower with
Gla-300 versus Gla-100 over 6 months [6.4 vs 8.5 events per
participant-year; RR 0.75 (95% CI 0.57 to 0.99); p= 0.042] and
showed a more pronounced reduction during the first 8 weeks
[4.5 vs 8.5 events per participant-year; RR 0.61 (95% CI 0.43
to 0.86); Figure 2B]. Cumulative curves show divergence that is
maintained over the 6 months (Figure S3).

When considering both the percentage of participants expe-
riencing, and annualized rates of, documented symptomatic
(≤3.9 mmol/l) hypoglycaemia at any time of day (24 h), results
favoured Gla-300 during all predefined study periods (RR
0.42–0.85; Figure 2A, B) with significant relative reductions
in the annualized rate reported from baseline to month 6 [RR
0.62 (95% CI 0.44 to 0.87)], and during the first 8 weeks [RR
0.42 (95% CI 0.26 to 0.67) Figure 2B]. Significant reductions
with Gla-300 versus Gla-100 were also apparent when consid-
ering the percentage of participants affected by events defined
by the more stringent glycaemic threshold; a 39% lower risk was
observed for confirmed (<3.0 mmol/l) or severe hypoglycaemia
[RR 0.61 (95% CI 0.43 to 0.87)] and a 45% lower risk for doc-
umented (<3.0 mmol/l) symptomatic hypoglycaemia [RR 0.55
(95% CI 0.37 to 0.82)] over the 6-month period (Figure 2A).

Severe Hypoglycaemia. Severe hypoglycaemia was infrequent,
and events were too few for meaningful analysis. Only 4 partic-
ipants (1%) in each treatment group reported severe hypogly-
caemia at any time of day (24 h; Table S1).

Patterns of Hypoglycaemia by Time of Day (24 h). Figure 3
shows the distribution of hypoglycaemia by time of day, as
the percentage of participants affected and as annualized event

rates (panels A and C), and as differences between Gla-100
and Gla-300 during each time interval (panels B and D). Both
the overall frequency of events reported and the differences
between the treatment groups were greatest during the daytime,
especially between 06:00 and 10:00 hours.

Participant-Reported Outcomes

Treatment satisfaction, measured by the DTSQs, improved
from baseline to month 6 in both treatment groups (Table S3).
There was no change in health-related quality of life (EQ-5D
utility index score) from baseline to month 6 in either treatment
group (data not shown). Fear of hypoglycaemia, assessed on the
HFS-II, was low and decreased over the 6-month study period
in both treatment groups. In the Gla-300 group, the mean (s.d.)
total HFS-II score decreased from 0.49 (0.62) to 0.43 (0.48), an
LS mean [standard error (s.e.)] change of −0.09 (0.02), while
in the Gla-100 group the score decreased from 0.57 (0.65) to
0.48 (0.52), an LS mean (s.e.) change of −0.07 (0.02); LS mean
difference was −0.02 (95% CI −0.09 to 0.04).

Change in Body Weight

Weight gain during the treatment period was lower with
Gla-300 [LS mean increase 0.49 (95% CI 0.14 to 0.83) kg] than
with Gla-100 [LS mean increase 0.71 (95% CI 0.36 to 1.06) kg;
non-significant].

Adverse Events

The most common adverse events were infections, cardiac
events, gastrointestinal events or musculoskeletal events. These
events were equally distributed between treatment groups.
Injection-site reactions were reported by 17 (4%) participants
treated with Gla-300 and 21 (5%) participants treated with
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Patient-level meta-analysis of the EDITION 1, 2 and 3 studies:
glycaemic control and hypoglycaemia with new insulin glargine
300 U/ml versus glargine 100 U/ml in people with type 2 diabetes
R. Ritzel1, R. Roussel2,3,4, G. B. Bolli5, L. Vinet6, C. Brulle-Wohlhueter7, S. Glezer7 & H. Yki-Järvinen8

1Klinikum Schwabing, Städtisches Klinikum München GmbH, Munich, Germany
2Diabetology Endocrinology Nutrition, DHU FIRE, Bichat Hospital, Assistance Publique Hôpitaux de Paris, Paris, France
3INSERM U1138, Centre de Recherche des Cordeliers, Paris, France
4UFR de Médecine, Université Paris Diderot, Sorbonne Paris Cité, Paris, France
5Department of Medicine, University of Perugia, Perugia, Italy
6EXPERIS IT, Nanterre, France
7Sanofi, Paris, France
8Division of Diabetes, Faculty of Medicine and Helsinki University Central Hospital, University of Helsinki, Helsinki, Finland

Aims: To conduct a patient-level meta-analysis of the EDITION 1, 2 and 3 studies, which compared the efficacy and safety of new insulin glargine
300 U/ml (Gla-300) with insulin glargine 100 U/ml (Gla-100) in people with type 2 diabetes (T2DM) on basal and mealtime insulin, basal insulin and oral
antihyperglycaemic drugs, or no prior insulin, respectively.
Methods: The EDITION studies were multicentre, randomized, open-label, parallel-group, phase IIIa studies, with similar designs and endpoints.
A patient-level meta-analysis of the studies enabled these endpoints to be examined over 6 months in a large population with T2DM (Gla-300, n= 1247;
Gla-100, n= 1249).
Results: No significant study-by-treatment interactions across studies were found, enabling them to be pooled. The mean change in glycated
haemoglobin was comparable for Gla-300 and Gla-100 [each −1.02 (standard error 0.03)%; least squares (LS) mean difference 0.00 (95% confidence
interval (CI) −0.08 to 0.07)%]. Annualized rates of confirmed (≤3.9 mmol/l) or severe hypoglycaemia were lower with Gla-300 than with Gla-100 during
the night (31% difference in rate ratio over 6 months) and at any time (24 h, 14% difference). Consistent reductions were observed in percentage of
participants with ≥1 hypoglycaemic event. Severe hypoglycaemia at any time (24 h) was rare (Gla-300: 2.3%; Gla-100: 2.6%). Weight gain was low
(<1 kg) in both groups, with less gain with Gla-300 [LS mean difference −0.28 kg (95% CI −0.55 to −0.01); p= 0.039]. Both treatments were well
tolerated, with similar rates of adverse events.
Conclusion: Gla-300 provides comparable glycaemic control to Gla-100 in a large population with a broad clinical spectrum of T2DM, with consistently
less hypoglycaemia at any time of day and less nocturnal hypoglycaemia.
Keywords: basal insulin, insulin glargine, insulin therapy

Date submitted 20 January 2015; date of first decision 13 February 2015; date of final acceptance 27 April 2015

Introduction
Type 2 diabetes (T2DM) is a complex, heterogeneous disor-
der [1]. The requirement to initiate insulin therapy in people
with T2DM depends on behavioural and disease character-
istics, e.g. individual lifestyle and disease stage [2]. Initially,
people with T2DM often achieve glycaemic control without
insulin, by making lifestyle changes or by taking one or more
oral antihyperglycaemic drugs; however, as the disease pro-
gresses, exogenous insulin therapy is required in many patients.
Often basal insulin therapy alone is the preferred initial insulin

Correspondence to: Robert Ritzel, Kölner Platz 1, Klinikum Schwabing, Städtisches Klinikum
München GmbH, Munich, 80804, Germany.
E-mail: robert.ritzel@klinikum-muenchen.de

This is an open access article under the terms of the Creative Commons
Attribution-NonCommercial License, which permits use, distribution and reproduction in
any medium, provided the original work is properly cited and is not used for commercial
purposes.

regimen, because it has a lower risk for inducing hypogly-
caemia and causes less weight gain compared with premixed
insulin or multiple daily injection therapy (basal plus bolus
therapy) [3]. In advanced disease stages, additional therapy (e.g.
with rapid-acting insulin or glucagon-like peptide-1 receptor
agonists) may be needed in order to effectively manage dis-
ease [2]. A basal insulin should therefore be effective across a
wide spectrum of disease stages, from insulin-naïve people to
those receiving combination therapy, with minimal disruption
to daily life.

The clinical development programme for new insulin
glargine 300 U/ml (Gla-300) covers a broad range of T2DM
disease stages. Three phase IIIa studies compared the effi-
cacy and safety of Gla-300 with insulin glargine 100 U/ml
(Gla-100) in differing populations of people with T2DM
[4–6]. Two of these studies enrolled high basal insulin users;
the first, EDITION 1, included participants with T2DM not
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Figure 2. Cumulative mean number of confirmed [≤3.9 mmol/l
(≤70 mg/dl)] or severe hypoglycaemic events (A) at any time of day (24 h)
and (B) during the night (00:00–05:59 hours) for pooled analysis of all
three studies (safety population). Gla-100, insulin glargine 100 U/ml;
Gla-300, insulin glargine 300 U/ml.

in the Gla-100 group, corresponding to a reduction of 20%
in favour of Gla-300], and particularly between 06:00 and
10:00 hours.

Reductions in the percentage of participants experiencing≥1 confirmed [≤3.9 mmol/l (≤70 mg/dl)] or severe hypogly-
caemic event at any time of day (24 h) and during the night
with Gla-300 compared with Gla-100 were consistent with the
annualized rates (Figure 3A, B). The number of participants
who would need to be treated with Gla-300 in order to prevent
1 participant having a confirmed [≤3.9 mmol/l (≤70 mg/dl)]
or severe hypoglycaemic event compared with treatment with
Gla-100 was 16.

Rates and percentages of participants with confirmed
[≤3.9 mmol/l (≤70 mg/dl)] or severe hypoglycaemic events
were comparable between those ≥65 years of age and those
<65 years and no significant heterogeneity of treatment effect
was observed (all p> 0.05).

Consistent results for confirmed [≤3.9 mmol/l (≤70 mg/dl)]
or severe hypoglycaemia were observed in the pooled analysis
of the EDITION 2 and EDITION 3 studies (Figures S1 and S2).

Other Categories of Hypoglycaemia

Over the 6-month treatment period, the annualized rate of
documented [≤3.9 mmol/l (≤70 mg/dl)] symptomatic hypo-
glycaemic events was lower for Gla-300 compared with

Gla-100, both at any time of day (24 h; Figure 3A) and
during the night (Figure 3B). A consistently lower percent-
age of participants reported ≥1 documented [≤3.9 mmol/l
(≤70 mg/dl)] symptomatic hypoglycaemic event with Gla-300
versus Gla-100 (Figure 3A, B).

Similar results were observed in the EDITION 2 and 3
pooled analysis (Figures S1 and S2). Consistent reductions were
shown with Gla-300 compared with Gla-100 for both con-
firmed or severe and documented symptomatic hypoglycaemia
when the stricter threshold of <54 mg/dl (<3.0 mmol/l) was
applied (Table S4).

Severe Hypoglycaemia

Severe hypoglycaemia was rare in both treatment groups. In the
pooled analysis of all three studies, the number of participants
with ≥1 event at any time of day (24 h) was 28 (2.3%) with
Gla-300 and 33 (2.6%) with Gla-100 (relative risk 0.85, 95% CI
0.52–1.39); there were 0.11 events per participant-year in both
groups (rate ratio 0.98, 95% CI 0.51–1.86; Table S4).

Insulin Dose

Basal insulin dose increased in both treatment groups over the
6-month study period (Figure 1C). The mean (standard devi-
ation) basal insulin dose at month 6 was 0.85 (0.36) U/kg/day
with Gla-300 and 0.76 (0.32) U/kg/day with Gla-100, represent-
ing a 12% higher dose with Gla-300.

Body Weight

There was a slight weight gain with Gla-300 and Gla-100
[LS mean (s.e.) change 0.51 (0.10) and 0.79 (0.10) kg, respec-
tively, in the pooled analysis of EDITION 1, 2 and 3], but
with less weight gain in Gla-300 treated participants (LS
mean difference −0.28, 95% CI −0.55 to −0.01; p= 0.039;
Figure 1D).

Adverse Events

No between-treatment differences in safety profile were iden-
tified, with similar rates of adverse events reported across
all three studies. Treatment-emergent adverse events (TEAEs)
were reported by 712 (57.3%) participants in the Gla-300 group
and 669 (53.7%) participants in the Gla-100 group. The most
common TEAEs were infections and infestations, nervous sys-
tem disorders, gastrointestinal disorders, musculoskeletal and
connective tissue disorders, and general disorders and admin-
istration site conditions.

Injection site reactions were reported for 30 (2.4%) partici-
pants in the Gla-300 group and 39 (3.1%) participants in the
Gla-100 group. Serious TEAEs were reported by 65 (5.2%)
and 62 (5.0%) participants in the Gla-300 and Gla-100 groups,
respectively (Table S5). Overall, 17 (1.4%) and 16 partici-
pants (1.3%) discontinued treatment because of a TEAE in the
Gla-300 and Gla-100 groups, respectively, while 4 participants
(0.3%) in the Gla-300 group and 3 (0.2%) in the Gla-100 had
a TEAE leading to death. No deaths were considered related to
study medication. Anti-insulin antibody findings were similar
between treatment groups and across the three studies.
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