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tion was significantly greater in the DNI group than in both 
C and DI groups (p = 0.0002). There was no significant differ-
ence between C and DI groups. In the DNI animals, AGE-pos-
itive myofibers showed a higher percentage of fast fiber 
types than did the AGE-negative fibers (49.5  8  6.9 vs. 13.7 
 8  1.5%, p = 0.002). No differences existed in cross-sectional 
areas between AGE-positive and AGE-negative fibers within 
any group.  Conclusion:  The greatest accumulation of AGE 
was in the soleus of the DNI group, and was significantly less 
in the DI group. These findings may be linked to disordered 
glucose metabolism, increased oxidative stress and/or fiber 
type transformation in these muscles. 

 Copyright © 2009 S. Karger AG, Basel 

 Introduction 

 Diabetes mellitus is a condition of disordered glucose 
metabolism characterized by hyperglycemia. It is asso-
ciated with complications such as accelerated cardiovas-
cular disease, nephropathy, retinopathy and neuropathy 
 [1, 2] . Insulin is a requisite treatment for type 1 diabetes 
and is also used in treatment of type 2 diabetes. It is a 
hormone that facilitates uptake of glucose by skeletal 
muscle (insulin-stimulated glucose uptake)  [3, 4] , and 
also has important functions in protein metabolism, as 
both an anabolic hormone and an anticatabolic factor 
 [5–7] .
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 Abstract 

  Background:  N  �  -(carboxymethyl)-lysine (CML) is an ad-
vanced glycation end product (AGE), the accumulation of 
which has been implicated in the etiology of diabetes com-
plications. Skeletal muscle in diabetes demonstrates altered 
function, and increased accumulation of CML has been 
found in several fast-twitch muscles of diabetic animals.  Ob-
jective:  This study aims to explore the accumulation of CML 
in soleus (a slow muscle) in diabetic animals, with and with-
out insulin therapy.  Methods:  Twenty-one rats were ran-
domly divided into control and diabetes groups (DNI: diabe-
tes without insulin; DI: diabetes with insulin; C: control). 
Diabetes was induced by intravenous administration of 
streptozotocin. At the end of the 12-week experimental pe-
riod the soleus muscle was excised and snap frozen in liquid 
nitrogen. Muscle cross-sections were immunolabeled for 
CML. The number of CML-labeled muscle fibers was quanti-
fied; fibers were also evaluated for fiber types and cross-sec-
tional areas.  Results:  The percentage of myofibers immuno-
labeling for CML was highest in the DNI group (13.8  8  2.5%), 
lower in the DI group (5.4  8  1.1%) and lowest in the C group 
(2.1  8  0.6%). Statistical analysis revealed that AGE accumula-
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  Skeletal muscle plays a pivotal role in the management 
of diabetes mellitus in that it is the primary organ system 
that metabolizes glucose at rest and during exercise  [3, 8] . 
The response of skeletal muscle to glucose and insulin is 
not uniform across all muscles. There are documented 
differences in the insulin sensitivity and glucose uptake 
of a muscle depending on its predominant fiber type  [9, 
10] . In experimental diabetes, muscles with a predomi-
nantly slow-twitch fiber profile exhibit greater insulin 
sensitivity and greater glucose uptake than muscles with 
a predominantly fast-twitch fiber profile. Diabetes has 
several effects on skeletal muscle as well. Untreated dia-
betes is associated with skeletal muscle wasting  [11]  and 
altered skeletal muscle function  [12–14] .

  Accumulation of advanced glycation end products 
(AGE) has been associated with diabetes complications 
 [15–18] . AGE are compounds formed in nonenzymatic 
reactions between reducing sugars and proteins with 
long half-lives. Glycation can also occur between reduc-
ing sugars and lipids and/or DNA. The exact relation-
ship of AGE accumulation to the diabetes complications 
is not yet clear. AGE formation may alter three-dimen-
sional protein structure, and thereby alter protein func-
tion. AGEs have also been identified as markers of oxi-
dative stress  [17, 19, 20] . N  �  -(carboxymethyl)-lysine 
(CML) is a non-cross-linking AGE that is present in vivo 
 [15, 21, 22]  and has been studied in animal models  [23, 
24] .

  In experimental diabetes, AGE accumulation has been 
documented in rat skeletal muscle. Alt et al.  [23]  deter-
mined that gastrocnemius muscle in diabetic rats showed 
increased amounts of CML accumulation in total muscle 
and in myofibrillar proteins. Snow et al.  [24]  used immu-
nohistochemistry to identify patterns of AGE accumula-
tion in plantaris myofibers of rats with untreated diabe-
tes. They showed that CML accumulated at sites in the 
cell interior as well as at the fiber periphery. Much re-
mains to be elucidated regarding characteristics of AGE 
accumulation and its effects in skeletal muscle in diabetes 
mellitus.

  It was the primary aim of this study to investigate the 
effect of insulin on AGE accumulation in soleus muscle 
of diabetic rats. Secondary aims were (1) to evaluate the 
degree of atrophy in AGE-labeled fibers, as well as their 
fiber types, and (2) to compare AGE accumulation in so-
leus, as predominantly slow muscle, with plantaris, a pre-
dominantly fast muscle. The data for AGE accumulation 
in plantaris of diabetic rats has previously been published 
 [24] . It was hypothesized that insulin administration 
would be associated with decreased CML accumulation 

in skeletal muscle, and that soleus, a predominantly slow 
muscle, would exhibit less CML accumulation than plan-
taris, a predominantly fast muscle.

  Methods 

 Animal Protocol 
 A total of 21 male Sprague Dawley rats (Charles River, Wil-

mington, Mass., USA), weighing 200–250 g, were randomly as-
signed to 1 of 3 groups (7 animals per group): control (C), diabetes 
without insulin (DNI) and diabetes with insulin (DI).

  Diabetes was induced by intravenous injection (50–60 mg/kg 
in saline solution) of streptozotocin (STZ; Sigma, St. Louis, Mo., 
USA), a pancreatic  �  cell toxin.

  Control animals were given intravenous injections of normal 
saline. Animals were included in the study if they showed serum 
glucoses of  6 250 mg/dl on at least 3 daily measurements taken 
beginning on the 5th day after STZ administration. After the an-
imals were assigned to study groups, serum glucoses in the dia-
betic animals were determined 3 times per week by glucose oxi-
dase method (Glucose Analyzer II; Beckman Instruments, Palo 
Alto, Calif., USA). Serum glucoses of the control animals were 
determined at the beginning and at the end of the 12-week study 
period.

  Subcutaneous injections of neutral protamine Hagedorn insu-
lin (Novolin, recombinant DNA origin; Novo Nordisk Pharma-
ceuticals Inc., Princeton, N.J., USA) were administered to 1 group 
of diabetic animals (DI, n = 7), with dose determined by sliding 
scale. Insulin was given for serum glucose of  1 200 mg/dl, and 
usually was given daily. The insulin was injected in the evenings, 
at the beginning of the rats’ active phase. Blood was drawn for 
serum glucose determination in the mornings, to approximate 
the time of expected peak insulin effect. Mean insulin dose was 
2.6  8  0.3 units. The insulin was intended to prevent life-threat-
ening metabolic complications, but not to provide tight glucose 
control, due to concern about hypoglycemia. Insulin was admin-
istered over the entire 12-week experimental period. Control and 
DNI groups were not given insulin.

  All rats were housed in standard cages and standard environ-
mental conditions in the same room. They were given standard 
rat chow and water ad libitum. Their physical exercise level was 
limited to spontaneous cage-based activity. All procedures were 
approved by the Institutional Animal Care and Use Committee 
at the University of Minnesota.

  At the end of the 12-week experimental period, animals were 
deeply anesthetized by injection (50–60 mg/kg, intraperitoneal) 
of sodium pentobarbital (Fisher Scientific, Fair Lawn, N.J., USA). 
Soleus muscle was excised, placed on corks in embedding medi-
um and snap frozen in isopentane over liquid nitrogen. Muscle 
specimens were stored at –80   °   C until cross-sections were cut.

  Tissue Staining and Analysis 
 Cross-sections from mid-belly of soleus muscles were cut on a 

cryostat (Leica Microsystems, Nussloch, Germany) at –20   °   C, with 
thickness of 10  � m. Sections were placed on slides (Superfrost; 
Fisher Scientific, Pittsburgh, Pa., USA) and immunolabeled for 
CML. The immunolabeling was performed using 6D12, a mono-
clonal IgG antibody from mouse (TransGenic Inc., Kumamoto, 
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Japan). Per manufacturer’s insert, this antibody specifically labels 
CML and also recognizes N  �  -(carboxyethyl)-lysine  [25] . Findings 
will be noted using the terms AGE or CML, but with the under-
standing that N  �  -(carboxyethyl)-lysine could be represented by 
these findings as well. Primary antibody dilution was 1:   300 (vol/
vol). Negative controls were performed by completing the immu-
nolabeling procedure, but with elimination of the primary anti-
body incubation step. The preparation and CML immunolabeling 
of the soleus muscle were performed in identical manner to that of 
the plantaris, which has been previously described  [24] .

  General fiber typing of the soleus muscle was performed by 
immunolabeling cross-sections for myosin heavy chain (MHC) 
isoforms. Mouse monoclonal IgG antibodies were used against 
slow and fast MHC (Novocastra, Newcastle upon Tyne, UK). Di-
lutions used were: slow MHC 1:   20 (vol/vol) and fast MHC 1:   10 
(vol/vol). Negative controls were included in this analysis with 
omission of the primary antibody incubation step. The MHC im-
munolabeling of the soleus muscle was performed by the same 
method as that used to immunolabel the plantaris  [24] .

  Using a microscope, digital images were obtained of muscle 
cross-sections immunolabeled for AGE and for MHC isoforms, 
using a digital imaging program (Diagnostic Instruments, Ster-
ling Heights, Mich., USA); magnification was  ! 200.

  For CML labeling, the entire cross-section was evaluated. The 
mean number of fibers evaluated for AGE immunolabeling was 
1,451 per animal. MHC isoform characteristics were determined 
for a subset of cells (mean 323 cells per animal) in randomly se-
lected regions of the cross-sections. Fiber types were assigned based 
on the MHC labeling combinations expressed  [26] . AGE character-
istics of those cells were then matched to the MHC profile. AGE 
immunolabeling results were expressed as percent of AGE-labeled 
cells of the total number of cells counted per cross-section. Assess-
ment for AGE labeling was performed by professional students who 
were blinded to the experimental groups. Interrater reliability was 
good (mean  �  value 0.75). A myofiber was designated as AGE pos-
itive if labeling was clearly present intracellularly (intracellular 
stippling pattern), or clearly accumulated along the cell periphery 
(peripheral labeling pattern). A myofiber was designated AGE neg-
ative if no labeling was present or if it was uncertain if labeling was 
present. Cross-sectional areas were determined for the cells evalu-
ated for MHC isoforms using a computer program (Scion Imaging 
for Windows; Scion, Frederick, Md., USA).

  Statistical Analysis 
 Descriptive statistics included means and standard errors of 

the means (SEM). Differences between groups were determined 
with the use of one-way ANOVA. If significant differences were 
present with the ANOVA, Tukey-Kramer post hoc test was per-
formed. Pearson correlation coefficient determination and re-
gression analysis were also performed for further evaluation of 
the effect of insulin versus CML accumulation in the diabetes 
groups. Significance level for all analyses was set at  ̂  0.05. Anal-
yses were performed with use of the NCSS statistics program 
(Kaysville, Utah, USA).

  Results 

 Animal Characteristics 
 Animal weights, serum glucoses and muscle weights 

are shown in  table 1 . Mean serum glucose in the diabetic 
groups was significantly greater than in the controls. 

Table 1. Animal characteristics

Group Initial body
weight, g
(before STZ)

Final body
weight, g

Soleus weight, g Muscle weight/
body weight1

ratio

Initial serum
glucose, mg/dl
(beforeSTZ)

Final serum
glucose, mg/dl

Mean insulin
dose, units

C (n = 7) 255.9816.1 552.7830.8 0.216380.0136 3.9380.156 134.784.1 125.685.1 0
DI (n = 7) 258.5815.5 511833.3 0.223480.0089 4.4380.021 133.487.3 311.6824.2+ 2.680.3
DNI (n = 7) 227.7814.5 372.5819.8* 0.165080.0141** 4.4080.024 110.785.4 338.7816.6+ 0

Animal characteristics for DNI animals were previously reported in Snow et al. [24]. * Significantly less than C and DI, p = 0.0008; 
** significantly less than C and DI, p = 0.007; + significantly greater than C. No significant difference between initial body weights,
p = 0.3. 1 Values are given as !10–4.
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  Fig. 1.  Percent AGE (CML) accumulation in soleus.  *  AGE accu-
mulation is significantly greater in the DNI group than in control 
and DI groups, p = 0.0002. 



 Snow   /Thompson   

 

Pathobiology 2009;76:227–234230

However, the glucose values between the diabetic groups 
did not differ significantly. Initial (prediabetes induc-
tion) body weights did not differ between the 3 groups. 
However, at the end of the 12-week experimental period, 
body weights and soleus muscle weights were significant-
ly smaller in the DNI group than in the other groups. The 
muscle weight/body weight ratio did not differ between 
the 3 groups.

  AGE Accumulation 
 Percent AGE accumulation in soleus is shown in  figure 

1  and illustrated in  figure 2 . Correlation between AGE ac-
cumulation and insulin dose is presented in  figure 3 . AGE 
accumulation was increased in the DNI group. No sig-
nificant difference was found between CML accumula-
tion in the C and DI groups in the one-way ANOVA. Ad-
ditionally, there was a significant negative correlation be-
tween insulin dose and CML accumulation in the soleus.

  For reference, the previously published AGE accumu-
lation data for the plantaris is summarized as follows  [24] : 
C = 4.3  8  2.2%, DNI = 20.5  8  3.4%. Only control and 
DNI groups were evaluated in that study  [24] . Thus, the 
addition of the insulin treatment is a new parameter in 
the current study.

  Other Characteristics of AGE-Positive Myofibers in 
Soleus 
  Figure 4  identifies fiber type characteristics of AGE-

positive myofibers compared with AGE-negative myofi-
bers in soleus muscle.

  This data indicates that the percentage of AGE-posi-
tive fibers expressing the slow MHC is lower than the 
percentage of AGE-negative fibers expressing slow MHC 
in both DI and DNI groups. Additionally, the distribu-
tion of AGE-positive fibers expressing the fast MHC is 
increased compared to the AGE-negative fibers in the 
DNI group. This pattern of fiber type distribution mir-
rors the fiber type distributions identified in the soleus 
overall in DI and DNI rats, and thus reflects the fiber type 
transformation seen in these groups  [26] .

a b c

  Fig. 2.  AGE accumulation in soleus of diabetic and control rats.  a  Control.  b  Diabetes with insulin.  c  Diabetes 
without insulin. Arrows indicate intracellular AGE immunolabeling; caret denotes AGE immunolabeling at 
myofiber periphery. Scale bar = 50  � m. 
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  Cross-sectional areas of AGE-positive and AGE-nega-
tive fibers are presented in  table 2 . There were no signifi-
cant differences between AGE-positive and AGE-nega-
tive cross-sectional areas within each group. Previous 
evaluation of overall fiber cross-sectional areas  [26]  re-
vealed atrophy in the fibers from the DNI group, which 
is also reflected in the data above.

  Discussion 

 In this study, the effect of insulin administration was 
evaluated with regard to AGE accumulation in soleus 
muscle of diabetic rats. Characteristics of the soleus mus-
cle, such as fiber area and fiber type, were also evaluated 
in the context of AGE accumulation in these myofibers. 
Lastly, AGE accumulation in soleus was compared to that 
in plantaris in order to evaluate the influence of predom-
inant muscle fiber type on AGE accumulation.

  Animal Characteristics 
 Results are consistent with a prior report  [26] , showing 

lower body weight and soleus muscle weight in the DNI 
group than in the other groups, consistent with the char-
acteristic skeletal muscle atrophy and catabolic state as-
sociated with untreated diabetes. There was no statisti-
cally significant difference in serum glucose levels in the 
DI compared to the DNI group. However, the adminis-
tration of the small doses of insulin was associated with 
normalized body and skeletal muscle weights, consistent 
with the known anticatabolic and anabolic effects of in-
sulin  [5–7] .

  Effect of Insulin on AGE Accumulation 
 In addition to the evidence of the effects of insulin on 

muscle and body weight, the results of the current study 

show that treatment with small doses of insulin is associ-
ated with lower AGE accumulation in the soleus muscle of 
diabetic rats compared to the untreated condition. This 
result occurred despite the fact that serum glucose levels 

Table 2. Cross-sectional areas, AGE-positive versus AGE-nega-
tive soleus myofibers

Group AGE positive AGE negative p value

C (n = 6) 3,9018328 3,7518257 0.7
DI (n = 7) 3,6828217 3,9128167 0.4
DNI (n = 7) 2,6698178 3,1798250 0.1

Values are given as �m2. No statistically significant differenc-
es between cross-sectional areas of AGE-positive and AGE-nega-
tive myofibers within any of the groups.
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  Fig. 4.  AGE accumulation by fiber types in soleus.    a  Control (C); 
no statistical differences in fibers between AGE-negative and 
AGE-positive fiber types.  b  Diabetes with insulin (DI);  *  percent-
age of slow fibers in AGE-positive cells is significantly less than 
in AGE-negative cells (p = 0.03).  c  Diabetes without insulin (DNI); 
 *  percentage of slow fibers in AGE-positive cells is significantly 
less than in AGE-negative fibers (p = 0.0004);  *  *  percentage of fast 
fibers in AGE-positive cells is significantly greater than in AGE-
negative cells (p = 0.002).   
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were not different between the DI and the DNI groups, and 
both were higher than in controls. The mechanisms for 
this result remain to be elucidated. However, several char-
acteristics of insulin’s effect on glucose metabolism and on 
intramuscular oxidative stress may play a part.

   Insulin and Glucose Metabolism – The Polyol 
Pathway in Skeletal Muscle  
 Insulin facilitates glucose uptake by skeletal muscle 

and allows metabolism of the glucose through the oxida-
tive, glycolytic and glycogen synthesis pathways  [7] . How-
ever, in conditions of hypoinsulinemia with hyperglyce-
mia, glucose flux also increases through the polyol path-
way  [27] . In the polyol pathway, glucose is reduced to 
sorbitol, which in turn is oxidized to form fructose  [27] . 
Increased metabolism of glucose via the polyol pathway 
has been implicated in the etiology of diabetic complica-
tions  [27] . Cotter et al.  [28]  reported not only increased 
intracellular concentrations of glucose, but also increased 
concentrations of sorbitol and fructose in tibialis anterior 
of diabetic rats not given insulin. Fructose is a reducing 
sugar that has been implicated in AGE formation  [15, 17] . 
By directing glucose metabolism away from the polyol 
pathway, administration of insulin may alter the concen-
trations of other potential AGE-forming sugars in the 
myofiber (such as fructose) so that there is less substrate 
available for AGE formation  [15, 17] .

  Insulin and Oxidative Stress in Skeletal Muscle 
 AGE accumulation has been described as a marker of 

oxidative stress  [17, 19, 20] . Furthermore, skeletal muscle 
atrophy associated with untreated diabetes mellitus has 
been attributed to increased oxidative stress in the mus-
cle. Mastrocola et al.  [11]  have identified increases in re-
active oxygen species, hydroxynonenal, and superoxide 
dismutase in gastrocnemius muscles of rats with STZ-in-
duced diabetes and associated muscle wasting. Body 
weight and gastrocnemius muscle weight returned to 
normal with antioxidant administration. The authors 
thus concluded that the muscle atrophy in the STZ mod-
el of diabetes was at least in part due to oxidative stress. 
With administration of insulin, muscle weights and body 
weights of STZ diabetic rats increase to essentially nor-
mal levels, presumably due to the anabolic and anticata-
bolic effects of insulin on protein homeostasis  [5–7] . In 
light of that conclusion, if the atrophy of untreated diabe-
tes is associated with increased oxidative stress, resolu-
tion of the atrophy with insulin administration may be 
linked to decreased oxidative stress in muscle. The lower 
AGE accumulation observed in skeletal muscle with in-

sulin treatment may be an indicator of this lower level of 
oxidative stress.

    Other Considerations
  Another observation from this study is that a low dose 

of insulin decreased AGE accumulation despite contin-
ued hyperglycemia. It is therefore possible that the dose 
of insulin necessary to influence AGE accumulation is 
not as great as that needed for tight glucose control. Al-
ternatively, as suggested by Wallberg-Henriksson et al. 
 [29] , chronically diabetic animals may have a blunted re-
sponse to exogenous insulin, with a subsequent possible 
limitation to an insulin-associated decrease in AGE for-
mation. Further study is needed to gain more under-
standing of these possibilities.

  Effect of Insulin as Influenced by Predominant Muscle 
Fiber Type 
 It has been determined that skeletal muscle response 

to insulin is associated with skeletal muscle fiber type. In 
rodent models, muscles with predominantly oxidative fi-
ber type (slow twitch, type I) have been found to exhibit 
greater insulin binding and greater glucose uptake than 
muscles with a predominantly glycolytic fiber profile 
(fast twitch, type IIb)  [9, 10, 30, 31] . Intermediate fibers 
(type 2a) seem to be more closely associated with the ox-
idative fibers in their responses to insulin sensitivity  [30] . 
Concentrations of GLUT 4 have also been found to be 
higher in predominantly oxidative muscles  [32] . Process-
es in the insulin signaling pathway such as phosphoryla-
tion of insulin receptor, insulin receptor substrates 1 and 
2, and Akt serine follow this pattern as well  [33] . Addi-
tionally, decreases in GLUT 4 content  [29, 31]  and glucose 
uptake  [31]  have been documented in STZ diabetes, and 
improvements in GLUT 4 protein content occurs with 
administration of insulin. These improvements were 
more pronounced in oxidative-dominant muscle than in 
glycolytic-dominant muscle  [32, 34] .

  If AGE accumulation is influenced by insulin, as the 
current results suggest, it would be expected that the so-
leus muscle would show less AGE accumulation than 
faster muscles (that is, plantaris or EDL), since it would 
be more sensitive to the effects of exogenously adminis-
tered insulin.

  AGE Accumulation Differences between Soleus and 
Plantaris 
 Snow et al.  [24]  have previously described AGE accu-

mulation in plantaris of diabetic rats not given insulin 
compared to controls. Plantaris is a hind limb muscle 
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with a predominantly fast fiber type  [35] . As noted above, 
soleus has a predominantly slow fiber type  [35]  .  In com-
parison with the AGE accumulation presented here for 
soleus, the plantaris values showed somewhat greater 
AGE accumulation in both C and DNI groups. This dif-
ference did not reach levels of statistical significance, 
however (C: p = 0.14; DNI: p = 0.07; two-sample t test be-
tween plantaris and soleus within each group). Taken to-
gether, the findings in these 2 studies are indeterminate 
regarding an association between AGE accumulation and 
a muscle’s predominant fiber type. However, more study 
is necessary to further clarify this potential relationship.

  Finally, one other finding that could contribute to the 
AGE accumulation pattern seen in this study is related to 
soleus fiber type transformation in diabetes. Snow et al. 
 [26]  determined that the percentage of fast myosin heavy 
chain-expressing myofibers was increased in soleus of 
rats in the DNI group compared to DI and C groups. The 
MHC fiber types of the AGE-positive myofibers in the 
present study follow the same pattern. Therefore, given 
the fiber type transformation to a faster profile in the 
DNI soleus, there possibly could be decreased insulin 
sensitivity in the muscles of this group, which may con-
tribute to increased AGE accumulation.

  Conclusion 

 This study evaluated accumulation of CML, an AGE, 
in the soleus muscles of diabetic rats, with and without 
insulin therapy. The primary finding is that AGE accu-
mulation is decreased in association with administration 
of exogenous insulin, even when the insulin dose is not 
great enough to normalize serum glucose. AGE accumu-
lation is also greater in fast fibers in the noninsulin dia-
betic animals, which may reflect patterns of decreased 
insulin sensitivity in muscle with a more glycolytic fiber 
type profile. The exact nature of the association of insulin 
and AGE accumulation remains to be elucidated in fu-
ture studies.
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