
Humans, Clinical 767

 Renstr ö m F et   al. Diabetic Serum Causes Insulin Resistance    …    Horm Metab Res 2009;   41: 767 – 772 

  received   17.10.2008  
  accepted   09.04.2009  

 Bibliography 
  DOI      10.1055/s-0029-1220751 
Published online: 
June 3, 2009  
  Horm Metab Res 2009; 
 41: 767 – 772   
  ©  Georg Thieme Verlag KG 
Stuttgart  ·  New York  
 ISSN 0018-5043 

     Correspondence 
  Dr. F. Renstr ö m   
   Department of Public Health 
and Clinical Medicine 
 Ume å  University Hospital 
 6M, 4th fl oor 
 901 85 Ume å  
 Sweden 
 Tel.:     +    46 / 90 / 785 14 89 
 Fax:     +    46 / 90 / 785 44 00 
  frida.renstrom@
medicin.umu.se   

    Key words  
    ●  ▶    glucose transport 
    ●  ▶    insulin signaling 
    ●  ▶    human fat cells   

         Factors in Serum from Type 2 Diabetes Patients Can 
Cause Cellular Insulin Resistance    

primary adipocytes in vitro  [6,   7] . It has recently 
been understood that the adipose tissue is an 
active endocrine organ producing and releasing 
adipokines that regulate whole-body energy 
homeostasis. The present study was conducted 
in order to investigate whether there might be 
additional biomolecules beside glucose, insulin, 
and FFAs in serum from type 2 diabetic subjects 
that are of importance for the development and 
maintenance of peripheral insulin resistance.   

 Research Design and Methods 
  &   
 Serum donors 
 Three nondiabetic control subjects and three 
subjects with type 2 diabetes came to the Meta-
bolic Unit for serum donation after an overnight 
fast (    ≥    10   h), without taking any medication in 
the morning. Each group comprised of one female 
and two males. Body composition was deter-

 Introduction 
  &  
 Insulin resistance is commonly the fi rst measur-
able defect in the development of type 2 diabe-
tes, where target tissues (i.e., muscle, liver, and 
fat) are unable to respond adequately to circulat-
ing levels of insulin. Our previous studies indicate 
that insulin resistance in subcutaneous adi-
pocytes from type 2 diabetic subjects is reversi-
ble following 24-h incubation at a physiological 
glucose concentration  [1] . Similar observations 
have been made regarding muscle cells  [2] . Taken 
together such results indicate the possibility that 
in vivo circulating factors such as glucose could 
be the main explanation for the cellular insulin 
resistance observed. High blood glucose, insulin, 
or free fatty acids (FFAs) levels are all known to 
induce peripheral insulin resistance in vivo  [3 – 5] . 
However, in our previous studies high glucose or 
FFA levels alone possessed only minor or no abil-
ity, respectively, to induce insulin resistance in 
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  Abstract 
  &  
 This pilot study was aimed to investigate whether 
there are humoral factors in serum from type 
2 diabetic subjects that, in addition to glucose, 
insulin and free fatty acids are able to induce or 
contribute to peripheral insulin resistance with 
respect to glucose transport. Isolated subcutane-
ous adipocytes from 11 type 2 diabetic subjects 
and 10 nondiabetic controls were incubated for 
24-h in medium supplemented with 25    %  serum 
from a control or a type 2 diabetic donor, in the 
presence of a low (5   mM) or a high (15   mM) 
glucose concentration, respectively. After the 
incubation period glucose uptake capacity was 
assessed. Serum from type 2 diabetic donors, 
compared to serum from controls, signifi cantly 
reduced the maximal insulin eff ect to stimulate 
glucose uptake ( ~ 40    % , p    <    0.05) in adipocytes 

from control subjects, independent of surround-
ing glucose concentrations. Glucose uptake 
capacity in adipocytes isolated from type 2 dia-
betic subjects was similar regardless of culture 
condition. No signifi cant alterations were found 
in cellular content of key proteins in the insulin 
signaling cascade (insulin receptor substrate-
1 and -2, and glucose transporter 4) that could 
explain the impaired insulin-stimulated glucose 
transport in control adipocytes incubated with 
serum from type 2 diabetic donors. The present 
fi ndings indicate the presence of biomolecules in 
the circulation of type 2 diabetic subjects, apart 
from glucose, insulin, and free fatty acids with 
the ability to induce peripheral insulin resist-
ance. This further implies that even though nor-
moglycemia is achieved other circulating factors 
can still negatively aff ect insulin sensitivity in 
type 2 diabetic patients.         
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mined by the bioelectrical impedance analysis technique (BIA-
101 RJL-systems, Detroit, MI, USA). An equation provided by the 
manufacturer was used for calculation of lean (fat free) and fat 
mass. The nondiabetic donors were 41.3    ±    11.3 years old with 
the following clinical characteristics; BMI 23.1    ±    1.3   kg / m 2 , WHR 
0.90    ±    0.00 (n    =    2), fat mass 24.4    ±    9.0    % , and HbA 1C  4.3    ±    0.4    %  
(Swedish standard, normal range: 3.9 – 5.3    % ). The type 2 diabetic 
donors age was 62.0    ±    6.4 years with a mean duration of diabetes 
of 8 years (range: 6 – 10). Their clinical characteristics were; BMI 
26.4    ±    1.4   kg / m 2 , WHR 1.05    ±    0.05 (n    =    2), fat mass 31.8    ±    1.5    % , and 
HbA 1C  10.7    ±    1.8    % . Serum and plasma chemistry is shown in 
  Table 1  . There was one regular smoker and one tobacco snuff  
user in the type 2 diabetes group, but no tobacco use was allowed 
24-h prior to serum donation. One serum donor in each group 
had a fi rst-degree relative with type 2 diabetes. Among the three 
type 2 diabetic serum donors one subject had no antidiabetic 
medication, one was treated with insulin alone and one had 
insulin in combination with an oral antidiabetic drug (OAD) 
(sulfonylurea). Two of the type 2 diabetic subjects were treated 
with an ACE-inhibitor and one also with a statin. There was a 
24-h period between the last intake of an ACE-inhibitor and 
serum donation. From each donor 100   ml venous blood was 
obtained, left for 30   min in room temperature to coagulate, cen-
trifuged at 3000   rpm for 10   min at 4    °    C, frozen at     −    80    °    C in 10   ml 
aliquots and used for 3 – 4 experiments on isolated control and 
type 2 diabetic adipocytes, respectively.   

 Adipocyte donors 
 Ten nondiabetic control subjects and 11 type 2 diabetic subjects, 
respectively, came to the Metabolic Unit at 08.00. after an over-
night fast (    ≥    10   h) without taking any medication in the morn-
ing. Two abdominal subcutaneous needle biopsies were taken as 
previously described  [1] . Clinical and biochemical characteris-
tics of the subjects are shown in   Table 2  . Two type 2 diabetic 
subjects donated both adipocytes and serum, however, their adi-
pocytes were not subjected to their own serum in any of the 
experimental settings. One of the control subjects used tobacco 
snuff  and two of the type 2 diabetic subjects were regular smok-
ers, but they refrained from tobacco use 24-h prior to biopsy. 
One of the control subjects was treated with a beta-blocker and 
a thiazide diuretic due to hypertension. Among the 11 type 2 
diabetic subjects one subject had no antidiabetic medication 
and seven were treated with OADs, fi ve of them had a single OAD 
(four metformin and one repaglinide) and two had two OADs 
combined (sulfonylurea and metformin). One subject was 
treated with insulin alone and two subjects had insulin in com-
bination with an OAD (metformin or sulfonylurea). Six of the 
type 2 diabetic subjects were treated with antihypertensive 
agents; three subjects had ACE-inhibitors: one ACE-I in combi-
nation with diuretics, one calcium channel blocker and one 
angiotensin II receptor blocker in combination with a beta-
blocker. Five of the type 2 diabetic subjects were also statin 
users. There was a 24-h period between the last intake of an 
ACE-inhibitor and biopsy. Individuals with stroke or myocardial 
infarction within the last 12 months, cancer or angina pectoris 
were excluded from the study. All participants gave their 
informed consent and the study was approved by the Ume å  
 University Ethics Committee.   

 Blood chemistry 
 A blood sample from both adipocyte and serum donors was 
taken by standard venipuncture for analysis of blood chemistry. 

HbA 1C  was measured by high-pressure liquid chromatography 
(HPLC) (Integral 4000, BioRad, Anaheim, California, USA) and 
calibrated according to the Swedish standard (reference 3.9 –
 5.3    % ). Commercial kits were used according to the manufactur-
er ’ s instructions as follows: Serum insulin concentrations were 
determined by microparticle enzyme immunoassay (Abbott 
Imx, Abbott Laboratories, Abbott Park, IL, USA) and high sensi-
tive C-reactive protein (hs-CRP) by CRP (Latex) HS Tinaquant kit 
(Roche Diagnostics Co., Indianapolis, IN, USA). FFA was deter-
mined using a commercial enzymatic assay, NEFA-C (Wako 
Chemical USA Inc., Richmond, VA, USA). A RIA and ELISA kit were 
used to determine leptin and adiponectin, respectively (LINCO 
Research, St. Charles, MO, USA) and plasma tumor necrosis fac-
tor alpha (TNF- α ) and interleukin-6 (IL-6) levels using high-sen-
sitive immunoassays (Qantikine HS Human TNF- α  Immunoassay 

    Table 1       Fasting blood chemistry in control and type 2 diabetic serum 
donors 

     Control (n    =    3)  T2D (n    =    3) 

   S-Insulin (mU / l)  5.3    ±    0.5  20.2    ±    10.9 
   S-Glucose (mmol / l)  5.8    ±    0.2  16.6    ±    2.3 
   S-Triglycerides (mmol / l)  0.9    ±    0.1  2.2    ±    0.8 
   S-Cholesterol (mmol / l)  4.1    ±    1.0  5.0    ±    0.7 
   S-LDL cholesterol (mmol / l)  2.7    ±    0.9  2.3    ±    0.8 
   S-HDL cholesterol (mmol / l)  1.1    ±    0.1  1.0    ±    0.1 
   S-hs-CRP (mg / l)  0.6    ±    0.2  4.1    ±    2.9 
   S-Cortisol (nmol / l)  400    ±    80  640    ±    60 
   P-FFA (mmol / l)  0.32    ±    0.06  0.38    ±    0.09 
   P-TNF- α  (pg / ml)  0.62    ±    0.14  0.75    ±    0.09 
   P-IL-6 (pg / ml)  0.9    ±    0.5  2.0    ±    0.5 
   P-Adiponectin ( μ g / ml)  8.3    ±    0.9  5.3    ±    0.3 
   P-Leptin (ng / ml)  9.5    ±    6.1  10.5    ±    3.3 
     Data are number of subjects or means    ±    S.E.M. S: serum; P: plasma; hs-CRP: high 
sensitive-C-reactive protein   

  Table 2       Clinical characteristics and fasting blood chemistry of control and 
type 2 diabetic adipocyte donors 

     Control (n    =    10)  T2D (n    =    11) 

   Sex (male / female)  6 / 4  6 / 5 
   Age (years)  60.9    ±    2.0  63.3    ±    1.9 
   Duration of diabetes (years)  n.a.  7.2    ±    1.2 
   BMI (kg / m 2 )  28.9    ±    0.7  29.4    ±    0.9 
   WHR  0.95    ±    0.03  1.03    ±    0.02 *  
   Fat mass (    % )  36.0    ±    3.1  36.5    ±    2.2 
   Fat-free mass (    % )  64.0    ±    3.1  63.5    ±    2.2 
   B-HbA 1C  (    % )  †    4.4    ±    0.1  8.6    ±    0.7 *  *  
   S-Insulin (mU / l)  9.3    ±    0.8  15.3    ±    3.4 
   S-Glucose (mmol / l)  5.4    ±    0.1  ‡    10.9    ±    1.1 *  *  
   S-Triglycerides (mmol / l)  1.4    ±    0.1  2.8    ±    0.7 
   S-Cholesterol (mmol / l)  5.4    ±    0.3  5.3    ±    0.3 
   S-LDL cholesterol (mmol / l)  3.5    ±    0.3  3.2    ±    0.3  §   
   S-HDL cholesterol (mmol / l)  1.3    ±    0.1  0.9    ±    0.1 *  
   S-hs-CRP (mg / l)  1.2    ±    0.3  ‡    3.5    ±    2.0 
   S-Cortisol (nmol / l)  418    ±    38  490    ±    60 
   P-FFA (mmol / l)  0.41    ±    0.05  0.48    ±    0.05 
   P-TNF- α  (pg / ml)  0.88    ±    0.11  1.10    ±    0.15 
   P-IL-6 (pg / ml)  1.9    ±    0.2  2.0    ±    0.3 
   P-Adiponectin ( μ g / ml)  9.0    ±    0.7  7.5    ±    1.3 
   P-Leptin (ng / ml)  18.9    ±    4.7  11.6    ±    2.2 
     Data are number of subjects or means    ±    S.E.M. n.a.: not applicable; B: blood; S: 
serum; P: plasma; hs-CRP: high sensitive-C-reactive protein.   †   Swedish standard, 
normal range 3.9 – 5.3    % .   ‡   n    =    9,   §   n    =    10,  *  p    <    0.05,  *  *  p    <    0.001   
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and Qantikine HS Human IL-6 Immunoassay, R  &  D Systems Inc., 
Minneapolis, MN, USA). Serum cortisol was measured by chemi-
luminescent immunometric assay (IMMULITE, BioRad, Anaheim, 
CA, USA). All other measurements were done according to the 
routine methods at the Department of Clinical Chemistry, Ume å  
University Hospital.   

 Chemicals 
 Collagenase A and Adenosine deaminase (ADA) were purchased 
from Boehringer Mannheim (Mannheim, Germany). BSA (frac-
tion V) and  N  6 -( R -phenylisopropyl)adenosine (PIA) were from 
Sigma Chemical Co. (St. Louise, MO, USA). Human insulin 
(Actrapid  ®  ) was from Novo Nordisk A / S (Copenhagen, Denmark) 
[ 14 C];-U- D -Glucose (specifi c activity 200 – 300   mCi / mmol) was 
from Amersham Pharmacia Biotech (Freiburg, Germany). DMEM, 
penicillin / streptomycin (PEST) and medium 199 were from 
Gibco BRL, Life Technologies (Paisley, UK). Anti-IRS-1 and anti-
IRS-2 polyclonal antibodies were from Upstate Biotechnology 
Inc. (Lake Placid, NY, USA), anti-actin monoclonal antibody and 
GLUT4 polyclonal antibody from Chemicon International Inc. 
(Temecula, CA, USA). Secondary antibodies were from Santa 
Cruz Biotechnology Inc. (Santa Cruz, CA, USA).   

 Adipocyte isolation and incubation 
 Adipocytes were isolated as previously described  [8]  and equally 
divided between four polystyrene fl asks containing penicillin 
(100 units / ml) and streptomycin (100    μ g / ml). Five ml serum 
(25    %  of fi nal volume) from a control or a type 2 diabetic donor 
with known glucose concentration was added to two fl asks, 
respectively. To each of the two fl asks, 15   ml (75    %  of fi nal vol-
ume) of a mixture of DMEM containing 0 or 25   mM glucose, 
respectively, was added to reach a fi nal glucose level of 5 and 
15   mM, respectively, thus adjusting for the ambient serum glu-
cose concentration. Adipocytes were incubated for 24-h at 37    °    C 
with gentle agitation ( ~ 30   rpm) in a humidifi ed atmosphere 
composed of 95    %  air and 5    %  CO 2 . After the incubation period, 
aliquots of media were frozen at     −    80    °    C. The FFA level was sub-
sequently determined in media from control adipocytes cul-
tured in 5   mM glucose with control or type 2 diabetic serum, 
respectively. Cell size was determined on isolated adipocytes as 
previously described  [9]  and did not diff er between control and 
type 2 diabetic subjects or between the incubation conditions 
used (data not shown). Cell viability following culture was con-
fi rmed by trypan blue exclusion test.   

 Glucose uptake assay 
 After a 24-h incubation period, cells were washed and after an 
initial 15-minute pretreatment period glucose uptake capacity 
was assessed during the following 45-minutes by stimulation 
with 0, 5, 25, and 1000    μ U / ml insulin, respectively, as previously 
described  [10] . Measurements were performed in duplicate for 
all treatments.   

 Western blot analysis 
 After the incubation period, subsequent cell lysates and immuno-
blotting with appropriate antibodies were conducted essentially 
as previously described  [6] .   

 Statistical analyses 
 Statistical analyses were performed using the SPSS package 
(SPSS Inc., Chicago, IL, USA). Results are given as means    ±    S.E.M. 
Statistical signifi cance of diff erences in clinical characteristics 

and blood chemistry was determined using one-way ANOVA. 
HbA 1C , insulin, glucose, hs-CRP and leptin were logarithmically 
transformed due to skewed distributions. Statistical signifi cance 
of diff erences in glucose transport in freshly isolated adipocytes 
was determined using two-way ANOVA. Kruskal – Wallis non-
parametric test with Wilcoxon signed ranks as post hoc test was 
used when analyzing within subject diff erences in glucose trans-
port, FFA level, and cellular IRS-1, IRS-2 and GLUT4 content. 
Mann – Whitney was used as post hoc test when comparing dif-
ferences in glucose transport between control and type 2 dia-
betic subjects after 24-h incubation. A p value of     <    0.05 was 
considered statistically signifi cant.    

 Results 
  &   
 Glucose transport 
 Freshly isolated adipocytes from type 2 diabetic subjects dis-
played a signifi cant impairment in glucose transport compared 
to controls (p    <    0. 001,     ●  ▶     Fig.   1a  ), and this was true for both basal 
glucose transport (by  ~ 50    % , p    <    0.01) and insulin responsiveness, 
calculated as insulin-stimulated glucose transport as per cent of 
basal transport (p    =    0.001). The observed diff erences in glucose 
transport capacity between freshly isolated adipocytes from 
control and T2DM subjects were still present after 24-h incuba-
tion in the presence of control serum and low glucose levels 
(    ●  ▶     Fig.   1b  ). 
 Compared to control serum, type 2 diabetic serum signifi cantly 
reduced (by  ~ 40    % , p    <    0.05) the maximal insulin eff ect to stimu-
late glucose uptake capacity in control adipocytes (    ●  ▶     Fig. 2  ). 
Similarly, high glucose per se also reduced the maximal eff ect of 
insulin to stimulate glucose uptake capacity in control adi-
pocytes (by  ~ 40    % , p    <    0.05). There was a tendency (NS) of an 
additive eff ect of the combination of high glucose with diabetic 
serum to impair the insulin eff ect on glucose uptake (in total 
 ~ 60    %  relative reduction, p    <    0.05). There were no signifi cant 
alterations in basal glucose transport between the diff erent cul-
ture conditions (data not shown). 
 Adipocytes isolated from type 2 diabetic subjects displayed no 
signifi cant alterations in basal or insulin-stimulated glucose 
uptake capacity between the diff erent culture conditions 
(    ●  ▶     Fig. 2  ). No signifi cant diff erence in EC 50  values for insulin ’ s 
eff ect on glucose uptake was observed in adipocytes from con-
trol or type 2 diabetic subjects, respectively following the diff er-
ent culture conditions (data not shown). Thus, control adipocytes 
exposed to either a high glucose level or to type 2 diabetic serum 
displayed unresponsiveness to insulin, that is, an impaired effi  -
cacy. In contrast, there was no consistent lateral shift in the 
dose-response curve for insulin suggesting that the potency was 
left intact  [11] .   

 Cellular content of insulin signaling proteins 
 To investigate the mechanism behind the insulin resistance 
induced by type 2 diabetic serum, cellular levels of key proteins 
in the insulin signaling cascade were assessed in control adi-
pocytes. When control adipocytes were cultured in type 2 dia-
betic serum at 5 or 15   mM glucose, the IRS-1 protein level was 
120    ±    22    %  and 109    ±    22    % , respectively (p    =    ns, n    =    8), as compared 
to the protein level in control cells cultured in control serum at 
low glucose. Similarly, IRS-2 protein levels was 93    ±    12 and 
90    ±    13    %  (p    =    ns, n    =    5) and GLUT4 levels was 89    ±    23 and 90    ±    26    %  
(p    =    ns, n    =    5) of control adipocyte levels.   
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 FFA level in media 
 After culturing control adipocytes for 24-h in 5   mM glucose with 
25    %  serum from a control or a type 2 diabetic donor the level of 
FFAs in the medium rose from 0.08.    ±    0.02 to 0.56    ±    0.06 and 
0.10    ±    0.02 to 0.69    ±    0.07   mmol / l (n    =    9), respectively. Thus the 
relative rise in media FFA during the incubation period was sim-
ilar irrespective of type 2 diabetic or control serum supplemen-
tation, and this was compatible with similar rates of adipocyte 
lipolysis.    

 Discussion 
  &  
 The present study indicates that serum from type 2 diabetic sub-
jects induce insulin resistance in primary human adipocytes 
irrespective of the ambient glucose concentration. This fi nding 
has clinical relevance, since it suggests that factors other than 
glucose in the circulation may negatively aff ect insulin sensitiv-
ity in type 2 diabetes patients. 
 Although chronic hyperinsulinemia is considered to impair cel-
lular glucose transport capacity, the fi nal insulin concentrations 
(range: 0.7 – 10.0    μ U / ml) in culture media were too low to have 
any major impact  [12] . Glucose concentration in the serum was 

adjusted for when preparing the culture media so that fi xed glu-
cose levels were set, and hence glucose could be discarded as a 
sole critical factor. It can, however, not be excluded that long-
term hyperglycemia preceding serum donation might indirectly 
be responsible for the observed eff ect of type 2 diabetic serum 
on glucose uptake capacity. In fact, hyperglycemia has previ-
ously been associated with increased circulating levels of infl am-
matory mediators and cortisol that can promote insulin 
resistance  [13] . 
 Type 2 diabetes is often associated with low grade infl ammation 
and macrophage infi ltration in the adipose tissue  [14 – 16] . The 
proinfl ammatory cytokines TNF- α  and IL-6 produced by macro-
phages and adipocytes have been shown to aff ect insulin sensi-
tivity  [17,   18]  and the expression of these proteins are positively 
correlated with degree of adiposity and insulin resistance  [18,   19] . 
However, due to the 1:4 dilution of the serum the fi nal concentra-
tion of TNF- α  and IL-6 in culture media supplemented with type 
2 diabetic serum was below the plasma levels observed in control 
subjects, that is, concentrations that do not produce detectable 
biological responses in vitro  [20 – 23] . It therefore seems unlikely 
that either of these proteins contributed to the impaired insulin 
responsiveness induced by type 2 diabetic serum. 
 Adiponectin and leptin have both established insulin-sensitizing 
eff ects: adiponectin increase FFA oxidation in muscle and inhibit 
hepatic glucose production  [24]  while leptin is involved in the 
regulation of feeding and peripheral insulin sensitivity through 
neural actions  [25] . Insulin resistant states are associated with 
decreased adiponectin levels  [26] , as observed in serum from 
type 2 diabetic donors in the present study (  Table 1  ). However, 
due to the four fold dilution the fi nal concentration of adiponec-
tin in the culture media was very low (between 1 – 2    μ g / ml) 
regardless of whether the serum donor were type 2 diabetic or 
non-diabetic. Adiponectin is thus unlikely to be responsible for 
the impaired insulin-stimulated glucose uptake capacity 
observed when control adipocytes were exposed to serum from 
type 2 diabetic donors compared to nondiabetic donors, although 
it can not be completely excluded. No signifi cant diff erences in 

   Fig. 2           Insulin-stimulated glucose uptake capacity in adipocytes 
cultured with control or type 2 diabetic serum at a low or high glucose 
concentration. Subcutaneous adipocytes isolated from 10 control (black 
bars) and 11 type 2 diabetic (white bars) subjects, respectively, were 
isolated and cultured for 24-h in medium supplemented with 25    %  serum 
from a control (C) or a type 2 diabetic (T2D) subject, in the presence of 
5 or 15   mM glucose, respectively. Maximally insulin-stimulated (1000  μ U/
ml) glucose uptake rates are presented as per cent of basal glucose uptake 
(no insulin) for control or T2D adipocytes, respectively. Data are expressed 
as means    ±    S.E.M.  *  p    <    0.05 vs. control adipocytes cultured with control 
serum at 5   mM glucose.  
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   Fig. 1           Glucose uptake capacity in freshly isolated adipocytes ( A ) and 
after 24-h incubation with control serum at a low (5   mM) glucose level 
( B ). Results are expressed as means    ±    S.E.M of 7 – 10 separate experiments. 
Black circles: control adipocytes, white circles: type 2 diabetic adipocytes. 
 *  *  *  p    <    0.001 vs. control adipocytes.  
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leptin levels were observed between type 2 diabetic and nondia-
betic serum donors (  Table 1  ). 
 Considering that the plasma FFA levels were within normal 
range and did not diff er between controls and type 2 diabetic 
donors, plus the 4-fold dilution of supplemented serum, it seems 
unlikely that the fi nal concentration of FFAs in culture media 
contributed to the impaired insulin responsiveness caused by 
type 2 diabetic serum. This is further supported by in vitro stud-
ies investigating the eff ect of FFAs on glucose uptake capacity in 
adipocytes  [7,   27] . Normal human serum has been shown to 
increase lipolysis in primary rat adipocytes  [28]  and this is com-
patible with the observed rise of FFAs in media during culture 
with both control and type 2 diabetic serum. Transferrin and 
iron present in normal serum have been shown to impair insu-
lin-stimulated glucose transport  [29] , but no diff erence in the 
iron level or total iron-binding capacity (TIBC) was evident 
between control and type 2 diabetic serum in our study (data 
not shown). 
 There was a tendency of increased morning cortisol levels in 
serum from type 2 diabetic compared to control donors. Elevated 
glucocorticoid levels, even within the normal fl uctuation 
observed in its daily rhythm, has been shown to induce periph-
eral insulin resistance in vivo  [30,   31] , but the underlying cellular 
mechanism is not fully understood. Treatment with the gluco-
corticoid analogue dexamethasone in vitro has induced defects 
in insulin-stimulated glucose transport in 3T3-F442A, 3T3-L1, 
primary rat and also human omental adipocytes  [8,   32,   33] . In 
contrast, human subcutaneous adipocytes are reported to be 
unaff ected, arguing against a direct eff ect of cortisol per se in the 
present study  [34] . 
 When comparing blood chemistry between type 2 diabetic 
donors and control donors serum we were unable to identify 
any evident factor that could be responsible for the observed 
impairment in insulin-stimulated glucose transport. It can, how-
ever, not be excluded that the rather large diff erence in age 
between the control and type 2 diabetic serum donor group 
might be of importance. Interestingly, despite individual diff er-
ences in anthropometric and biochemical variables, the respec-
tive sera from the three diff erent type 2 diabetic donors displayed 
similar impairment on adipocyte glucose uptake. 
 The impairment in insulin-stimulated glucose transport seen in 
control adipocytes cultured with serum from type 2 diabetic 
donors was not associated with any alterations in the measured 
cellular levels of key proteins in the insulin signaling cascade. 
Altered phosphorylation and / or activity status of the IRSs that 
aff ect downstream insulin signaling  [35 – 37]  could be of impor-
tance but was not assessed in the present study. 15 versus 5   mM 
glucose decreased insulin-stimulated glucose transport but did 
not alter the protein level of IRS-1 and IRS-2 in control adi-
pocytes cultured with control serum, and this is in agreement 
with our previous work  [6] . These data further support our pre-
vious fi ndings that decreased IRS-1 protein is a secondary phe-
nomenon in insulin resistance  [6,   10] . Interestingly, serum from 
type 2 diabetic donors or high glucose levels per se had similar 
negative eff ects on insulin-stimulated glucose transport in con-
trol adipocytes. When they were combined the eff ects appeared 
to be slightly additive, although nonsignifi cantly. If so, this could 
indicate that diff erent pathways leading to impairment of the 
glucose transport machinery might be utilized. 
 The insulin-stimulated glucose uptake in adipocytes from type 2 
diabetic subjects remained signifi cantly impaired compared to 
control adipocytes following culture in control serum with low 

glucose. Although this fi nding is supported by previous studies 
where 6 – 24-h incubations at a physiological glucose level were 
unable to improve insulin action with respect to glucose uptake 
in adipocytes from type 2 diabetic subjects  [38,   39]  this seem-
ingly is at variance with previous data obtained by our group  [1] . 
Since 10    %  fetal calf serum was used in the previous study, but 
25    %  human in the present, one possible explanation is that spe-
cies of origin or the concentrations of serum supplemented to 
culture medium, could have signifi cant impact on cellular insu-
lin action. Clinical and biochemical characteristics of the sub-
jects were fairly similar between the two studies. However, in 
the previous study basal glucose transport in freshly isolated 
adipocytes from type 2 diabetic subjects was similar to control 
adipocytes, but was signifi cantly impaired (by  ~ 50    % , p    <    0.01) in 
the present study. Thus, diff erences in adipocyte phenotypes 
between the two groups of type 2 diabetic subjects might con-
tribute to diff erences in results between the two studies with 
respect to normalization of insulin responsiveness. 
 Future studies, for example, utilizing fractionation by molecular 
weight of serum prior to cell incubations, might further charac-
terize the nature of the biomolecule(s) with the ability to induce 
cellular insulin resistance. These molecules are expected to be 
present in high concentration(s) or, alternatively, should be very 
potent since the eff ect on insulin sensitivity was signifi cant 
although the serum was diluted four times. Candidate factors 
such as retinol binding protein-4 (RBP4), serum amyloid A (SAA), 
monocyte chemoattractant protein 1 (MCP-1), soluble adhesion 
molecules, resistin, endothelin-1, and IGF-binding protein-
related protein 1 (IGFBP-rP1) should be investigated  [40 – 46] . 
 In conclusion, the present pilot study indicates the presence of 
biomolecules in the blood of type 2 diabetic subjects, apart from 
glucose, insulin, FFA, IL-6, and TNF- α  with the ability to induce 
peripheral insulin resistance. The impairment of insulin action 
was not associated with alterations in the cellular levels of the 
insulin signaling proteins IRS-1 and -2.   
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