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Summary 

Uridine is postulated to participate in the development of insulin 

resistance. Since exercise is an effective tool in the treatment of 

insulin resistance it appeared justified to assess the impact of 

maximal exercise on plasma uridine and insulin sensitivity  

indices (e.g. insulin and HOMA-IR) in healthy subjects. The  

study included forty-four healthy males (18.5±2.92 years, 

VO2max 50.2±6.26 ml kg-1 min-1). Subjects performed a single 

maximal exercise on a bicycle ergometer. Blood samples were 

taken three times: immediately before exercise, immediately 

after exercise and at the 30th min of rest. Uridine concentrations 

were determined in the whole blood using high-performance 

liquid chromatography. Serum insulin levels were measured by a 

specific ELISA method. Insulin sensitivity was assessed by 

homeostasis model assessment method (HOMA-IR). A maximal 

exercise-induced increase in the concentration of uridine 

correlated with post-exercise increases in insulin levels and 

HOMA-IR. Our results indicate a relationship between the 

concentration of uridine in the blood and indicators of insulin 

sensitivity in healthy subjects. We are the first to demonstrate 

that a maximal exercise-induced increase in the concentration of 

uridine is correlated with post-exercise increases in insulin levels 

and HOMA-IR in healthy subjects. It appears that uridine may be 

an indicator of insulin resistance. 
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Introduction 

 
Uridine is a pyrimidine nucleoside that forms a 

part of RNA, and is not only necessary for the 
endogenous synthesis of nucleic acids but also plays an 
important role in the synthesis of glycogen via UDP-
glucose. In addition, it contributes to the synthesis of bio-
membranes through formation of pyrimidine nucleotide-
lipid conjugates (Yamamoto et al. 2011). 

Uridine is known to increase the production of 
uridylated end products of the hexosamine biosynthetic 
pathway and results in substantial resistance to the 
metabolic effects of insulin (Hawkins et al. 1997). It was 
also found that plasma uridine is correlated with HOMA-
IR in patients with type 2 diabetes mellitus (Yamamoto et 
al. 2010) as well as in patients with essential 
hypertension (Hamada et al. 2007). In addition, increased 
concentrations of uridine in blood have been reported in 
children with newly diagnosed type 1 diabetes and there 
have been reports of a relationship with concentrations of 
fructosamine and HbA1c levels (Dudzinska 2011). It is 
therefore possible that high blood plasma uridine 
concentrations play some role in the development of 
insulin resistance. 
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In assessing the impact of exercise on the 
concentration of uridine we have previously shown that 
maximal exercise in young healthy men leads to a 
significant increase in blood concentration of uridine 
(Dudzinska et al. 2010). Similarly, Yamamoto et al. 
(1997) showed a significant increase in the concentration 
of this nucleoside using effort with much less intensity. 
The results of these studies show that exercise-induced 
ATP consumption not only increases the degradation of 
purine nucleotides but also pyrimidine nucleotides  
(UTP→UDP→UMP→Uridine), leading to a significant 
increase in uridine concentration in blood. 

Available literature does not provide information 
on post-exercise uridine concentration changes in relation 
to peripheral insulin sensitivity in healthy people. The 
only information indicating a link between uridine and 
insulin resistance comes from in vitro studies (Hawkins et 
al. 1997, 1997a) and two clinical studies (Hamada et al. 
2007, Yamamoto et al. 2010). Since exercise is an 
effective tool in the treatment of insulin resistance it 
seems justified to assess the impact of exercise on the 
maximum concentration of uridine and insulin sensitivity 
indices (e.g. insulin and HOMA-IR). 
 
Methods 

 
Subjects 

Forty-four healthy male subjects volunteered to 
participate in his study. Subjects were studied in the 
morning after an overnight fast. Their age, height, weight, 
and peak oxygen consumption were 18.5±2.92 years, 
189.3±5.99 cm, 75.9±9.45 kg and 50.2±6.26  
ml kg-1 min-1, respectively.  

Participants’ anthropometrical and physiological 
characteristics are shown in Table 1. They had no history 
of any metabolic and cardiovascular diseases. Participants 
were nonsmokers and were refrained from taking any 
medications or supplements known to affect metabolism.  

The subjects were fully informed of any risks 
and discomfort associated with the experimental 
procedures before giving their consent to participate. The 
study was approved by the local ethics committee in 
accordance with the Helsinki Declaration. 

 
Anthropometric measurements 

Body height (cm) was measured to the nearest 
centimetre using a rigid stadiometer.  

Body mass (kg) was measured in underwear to 
the nearest 0.1 kg using an electronic scale.  

Body mass index (BMI) was calculated by 
dividing weight in kilograms by height in square meters 
(kg/m2). Systolic and diastolic blood pressure (SBP and 
DBP) were measured according to guidelines at the right 
arm after a 10-min rest by using a calibrated 
sphygmomanometer. 

 
Exercise protocol  

The examined individuals were subjected to a 
continuous effort test with progressively increasing 
intensity (up to a refusal) on a cycloergometer  
(Kettler X-7, Germany). The test was preceded by a 
5 min warm-up on the cycloergometer (25 W). The test 
proper began at a resistance of 70 W while maintaining 
70 revolutions per min. The effort continued with an 
increasing load (20 W every 3 min) until refusal, or until 
the tested individual was not able to maintain the required 
frequency of rotation. A heart rate monitor (Polar S610, 
Finland) was used to record resting heart rate and changes 
during exercise. The uptake of oxygen during exercise 
was examined using an Oxycon gas analyzer (Jaeger, 
Germany).  

 
Blood analysis 

The blood samples were obtained from an 
antecubital forearm vein immediately before exercise, 
immediately after exercise, and 30 min after exercise 
testing.  

Serum was separated at 800 x g. Samples were 
immediately stored at –80 °C. All assays were performed 
within 5 days of serum collection. 

Serum glucose was measured by the glucose 
oxidase method on a Beckman Glucose Analyzer 
(Fullerton, CA).  

Serum insulin was measured by an enzyme 
immunosorbent assay (ELISA) kit (Mercodia AB, 
Uppsala, Sweden). Detection limits for insulin was 
1 mU/l. Insulin resistance (homeostasis model assessment 
– HOMA-IR) was derived using the HOMA equation 
(Matthews et al. 1985). 

Concentrations of uridine was determined in 
whole blood using high-performance liquid 
chromatography. The samples (500 μl) of heparinized 
blood were deproteinized with an equal volume of 1.3 M 
HClO4, mixed, and then centrifuged at 20,000 G for 
5 min at 4 °C. The supernatant (400 μl) was neutralized 
with 130-160 μl of 1M K3PO4 (to pH 5-7). The 
neutralized extract was again centrifuged as above, and 
the supernatant was stored at –80 °C until analysis.  
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Chromatographic analysis was performed using 
a Hewlett-Packard series 1100 chromatograph according 
to the method used by Smolenski et al. (1990). The 
concentrations of uridine, which are present in both 
erythrocytes and plasma, are expressed as μmol/l whole 
blood. They are not directly comparable to concentrations 
measured in separated erythrocytes or plasma.  

 
Statistical analysis 

All values are reported as mean ± SD ANOVA 
with repeated measurements was used to compare data 
over time. When the ANOVA was significant, (RIR) 
Tukey's post hoc tests were used to localize the 
difference. The correlations between variables were 
examined using Pearson correlation. The accepted level 
of significance was defined as P<0.05. 
 
Results 
 

The characteristics of several anthropometrical 
and physiological parameters are shown in Table 1. The 
study included 44 healthy young men aged 18.5±2.92 
years, with normal body mass assessed using the BMI 
scale (World Health Organization 1998). In the examined 
group of people the duration of exercise was 21.0±4.97 
min, and the oxygen consumption at maximum load was 
50.2±6.26 ml/min/kg, indicating that subjects had good 
oxygen capacity for this age group in comparison with 
reference data (Astrand et al. 1986) (Table 1). 

The plasma concentration of uridine in humans 
ranges from 3 to 8 µM. Therefore the rest uridine 
concentration of men in the study group was within the 
ranges reported by other authors (Yamamoto et al. 2011). 
The maximum physical effort led to a significant 
(P<0.001) increase in the concentration of uridine in 
relation to the values observed before exercise. 
Significantly increased (P<0.001) uridine concentrations 
were still observed at 30 min of rest, which indicates that 

the maximal physical exercise induced a uridine increase 
not only immediately after exercise but also sustained for 
some time (Table 2). 

 
 

Table 1. Anthropometrical and physiological characteristics of 
subjects.  

 

Parameters Mean ± SD 

Age (years) 
Body height (cm) 
Body mass (kg) 
BMI (kg m-2) 
HRrest (bpm) 
SBP (mm Hg) 
DBP (mm Hg) 
VO2max (ml kg -1 min -1) 

18.5 ± 2.92 
189.3 ± 5.99 

75.9 ± 9.45 
23.1 ± 2.07 
68.1 ± 7.45 

130.0 ± 9.72 
72.3 ± 7.24 
50.2 ± 6.26 

 
Values are given as means ± SD; n=44; BMI – body mass index; 
HR – heart rate; SBP – systolic blood pressure; DBP – diastolic 
blood pressure; VO2max – maximum of oxygen uptake. 

 
 
Plasma glucose concentrations were 

significantly higher (P<0.001) immediately after exercise 
in relation to resting values. At 30 min of rest we 
observed a significant decrease (P<0.001) in glucose 
concentrations in relation to the post-exercise level, and it 
had returned to the baseline level (Table 2). 

Physiological responses to increased glucose 
concentration immediately after exercise included a 
simultaneous and significant (P<0.001) increase in 
insulin levels. At 30 min of rest we observed a significant 
(P<0.001) decrease in insulin levels compared to post-
exercise levels. Although during restitution we observed 
lower insulin concentrations in relation to resting values, 
the decline was not confirmed statistically (Table 2). 

In order to assess insulin sensitivity, we used the 
HOMA-IR. Immediately after a single intense physical 
exercise we observed a deterioration of insulin sensitivity 

 
Table 2. The effect of exercise on concentrations of blood and serum metabolic variables. 
 

 Pre-exercise Post-exercise Rest 30 min 

Uridine (µM/l) 3.3 ± 1.08 4.3 ± 1.21** (vs.Pre) 4.3 ± 1.14** (vs.Pre) 
Glucose (mM) 5.2 ± 0.99 6.1 ± 1.15**(vs.Pre) 5.2 ± 0.73** (vs.Post) 
Insulin (µU/ml) 11.9 ± 7.20 17.2 ± 9.82* (vs.Pre) 8.2 ± 4.77** (vs.Post) 
HOMA-IR 2.3 ± 1.29 5.1 ± 4.51** (vs.Pre) 2.1 ± 1.21** (vs.Post) 

 
Values are given as means ± SD; n=44; HOMA-IR – homeostasis model assessment insulin resistance. *P<0.05; **P<0.001. 
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in a significant increase (P<0.05), HOMA-IR. Although 
at 30 min of rest we observed a significant improvement 
in insulin sensitivity, both in relation to resting and post-
exercise value, this change which was only confirmed 
statistically (P<0.001) when compared to post-exercise 
values (Table 2). 

Our results show significant correlations 
between a post-exercise increase in uridine and  
(i) glucose (r=0.32, P<0.03) (Fig. 1), (ii) insulin (r=0.36, 
P<0.01) (Fig. 2) and (iii) HOMA-IR (r=0.31 P<0.04) 
(Fig. 3). 
 
Discussion 
 

Our results show that a maximal exercise-
induced increase in blood uridine correlates with post-
exercise increases in insulin levels and HOMA-IR. This 
is the first study on healthy humans that assesses a post-

exercise relationship between the concentration of uridine 
and indicators of insulin sensitivity. 

We show that intense exercise leads to a 
transient post-exercise hyperglycemia. Higher plasma 
glucose concentrations have been reported after an 
anaerobic Wingate test (Moussa et al. 2003, Vincent et 
al. 2004), exhaustive high-intensity exercise (Marliss et 
al. 1992, Higaki et al. 1996, MacDougall et al. 1997, 
Zouhal et al. 2009) and moderate circuit resistance 
exercise (Kraemer et al. 2004).  

The increase in blood glucose is caused by a 
positive balance between the production and consumption 
of glucose associated with the strong anti-regulatory 
response accompanying high loads (Wasserman et al. 
1989, Kjaer et al. 1991, Marliss and Vranic 2002, 
Howlett et al. 2003). The increase in endogenous glucose 
production is much higher than the increase in its 
consumption during intense exercise and shows a 
significant dependence on increased plasma 
catecholamines (Purdon et al. 1993, Marliss and Vranic 
2002). In our experiment, the response to increased 
glucose concentrations after exercise included increased 
insulin secretion; hyperinsulinemia in response to high-
intensity exercise was also observed in a number of 
studies (Marliss et al. 1992, Purdon et al. 1993, Sigal et 
al. 1994, Marliss and Vranic 2002, Wojtaszewski et al. 
2003, Ghanbari-Niaki et al. 2010). Thus, transient post-
exercise insulin resistance observed in our studies, may 
be due to rigorous exercise-induced secretion of 
catecholamines. We additionally showed that a post-
exercise rise in insulin and glucose levels is correlated 
with a post-exercise increase in uridine concentrations.  

In our previous studies, we have already shown 

 
Fig. 1. Relationship between blood uridine and serum glucose. 
 
 

 
Fig. 2. Relationship between blood uridine and serum insulin. 
 
 

 
Fig. 3. Relationship between blood uridine and HOMA-IR.  
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that maximal exercise leads to increased blood 
concentrations of uridine (Dudzinska et al. 2010). This 
increase is caused by intensified degradation of 
pyrimidine nucleotides (UTP→UDP→UMP→uridine) 
induced by a decrease in ATP levels in contracting 
muscles (Dudzinska et al. 2010). Because skeletal muscle 
plays an important role in regulating the insulin-mediated 
uptake of glucose, and glucose disposal is markedly 
increased by a single bout of exercise (Brun et al. 1995, 
Hayashi et al. 2005), we think that the increase in uridine, 
correlated with increasing concentrations of glucose and 
insulin, creates favorable conditions for the saturation of 
muscle with glycogen mobilized in the contracting 
muscle.  

There is considerable evidence that the 
phosphorylation of uridine by the salvage pathway is a 
process affected by insulin. Peck and Messinger (1971) 
first showed that insulin stimulates the incorporation of 
uridine into RNA and uracil nucleotides in isolated bone 
cells. Similar observations were made by Rillema et al. 
(1975) in experiments on mammary gland explants. 
Haugaard et al. (1977) showed that insulin stimulates the 
phosphorylation of uridine in skeletal muscle. It has been 
reported that the tissue content of UTP and rate of 
glycogen synthesis in the absence of exogenous uridine 
decreased with time. Uridine added to the medium 
increased cellular UTP and UDP-glucose and stimulated 
glycogen synthesis. Insulin significantly increased the 
synthesis of UTP from extracellular uridine. This action 
of insulin appeared to be due to a stimulation of 
phosphorylation of the nucleoside (Haugaard et al. 1997). 
Uridine has been reported to stimulate glucose uptake and 
glycogen synthesis in isolated rat skeletal muscle 
(Kypson and Hait 1976, 1977), also that the pyrimidine 
nucleotide metabolism is regulated by insulin, and that 
insulin activates uridine kinase (EC 2.7.1.48), the enzyme 
transforming uridine to UTP, which is the rate-limiting 
component in glycogen biosynthesis and in several 
metabolic systems leading to the synthesis of essential 
cell components (Haugaard et al. 1990, 1997).  

Based on HOMA-IR measurements, subjects in 
our study were in an insulin-resistant state immediately 
after exercise. Although exercise seems to be key in 
improving glucose homeostasis, our research shows that 
it may cause temporary deterioration in post-exercise 
insulin sensitivity. Similarly, Ghanbari-Niaki et al. 
(2010) showed that high-intensity anaerobic exercise 
leads to exercise-induced deterioration in insulin 
sensitivity. In our study, a positive correlation between 

the measured indices of insulin sensitivity (e.g. insulin 
and HOMA-IR) and the concentration of uridine, 
indicates a relationship between post-exercise insulin 
resistance and uridine concentration. 

This observed dependence is of particular 
importance in relation to the results presented by 
Hawkins et al. (1997, 1997a), who demonstrated that 
uridine induces insulin resistance. In an experiment 
designed to demonstrate the effects of UDP-N-
acetylglucosamine (UDP-GlcNAc) on the insulin-
stimulated glucose uptake in skeletal muscle, an infusion 
of uridine lead to increased levels of UDP-glucose and 
UDP-GlcNAc and significantly induced insulin 
resistance.  

The decrease in insulin action on peripheral 
glucose uptake was highly correlated with the increase in 
skeletal muscle UDP-GlcNAc levels. This suggests that a 
significant reduction in insulin action induced by uridine 
is mediated by increased accumulation of muscle UDP-
GlcNAc (Hawkins et al. 1997). Also, further studies 
confirmed the participation of UDP-GlcNAc in glucose 
toxicity and hyperglycemia-induced insulin-resistance 
(Dias and Hart 2007, Copelan et al. 2008). 

The view that uridine promotes insulin 
resistance is also based on studies in which an increase in 
plasma uridine concentration was correlated with 
indicators of insulin resistance (insulin and HOMA-IR) in 
patients with essential hypertension (average age 59 
years, SBP/DBP; 155±9/91±11 mm Hg), who have never 
been treated with antihypertensive, antidiabetic, 
antidyslipidemic or antihyperuricemic agents (Hamada et 
al. 2007) and in patients with non-insulin-dependent 
diabetes mellitus (average age 63 years, plasma glucose 
8.33±2.89 µM) (Yamamoto et al. 2010). Hamada et al. 
(2007) have reported that plasma uridine levels positively 
correlated with both, plasma insulin (r=0.379; P=0.01) 
and HOMA-IR (r=0.395; P=0.007) in the hypertensive 
patients, but not with body mass index, serum levels of 
uric acid, triglyceride, low-density and high-density 
lipoprotein cholesterol. Also Yamamoto et al. (2010) 
have reported that plasma uridine values were positively 
correlated with serum insulin (r=0.46; P≤0.05) and 
HOMA-IR (r=0.48; P≤0.05) in patients with non-insulin-
dependent diabetes mellitus, suggesting that plasma 
uridine is a marker of insulin resistance. Elevated levels 
of uridine can be observed in previously published 
studies on children with newly diagnosed type 1 diabetes 
(Dudzinska 2011). Importantly, the concentration of 
uridine positively correlated with serum fructosamine and 
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HbA1c, which indicates the relationship between 
persistent hyperglycemia and the concentration of 
uridine. 

In our study, a positive correlation between the 
measured indices of insulin sensitivity (e.g. insulin and 
HOMA-IR) and the concentration of uridine indicates the 
possible involvement of this nucleoside in the 
pathogenesis of post-exercise insulin-resistance. Thus, it 
is possible that the sustained increase in plasma uridine 
may play a significant role in the induction of insulin 
resistance. 

Increasing concentrations of uridine after 
maximal exercise confirms our previous observations 
(Dudzinska et al. 2010). Also, Yamamoto et al. (1997) 
showed that exercise, albeit at lower intensity (65 % 
VO2max), is associated with a significant increase in 
exercise-induced concentrations of uridine. Interestingly, 
we showed that a post-exercise increase in the 
concentration of uridine is maintained even at 30 min of 
rest, and thus after the normalization of blood glucose, 
insulin and HOMA-IR in healthy subjects. Thus, exercise 
stimulates a sustained increase in concentrations of 
uridine, and thus may create favorable conditions for the 
induction of insulin resistance through the mechanisms 
we have discussed above. 

It is not known how quickly the concentration of 

uridine returns to resting values, and the effect of exercise 
on the concentration of uridine not only in patients with 
diabetes, but also in other diseases accompanied by 
reduced insulin sensitivity (obesity, metabolic syndrome, 
cardiovascular diseases). We believe that further research 
is needed on this subject; perhaps it could bring new and 
important information about the pathogenesis of insulin 
resistance. 

In summary, our findings indicate a relationship 
between blood uridine and indicators of insulin 
sensitivity in healthy subjects. We demonstrate for the 
first time that a maximal exercise-induced increase in 
blood uridine is correlated with post-exercise increases in 
insulin levels and HOMA-IR in healthy subjects. It 
therefore seems that uridine may be used as a marker of 
insulin resistance.  
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