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ABSTRACT. We investigated the phenotypic level of albumin in peripheral blood mononuclear cells (PBMC) of streptozotocin (STZ)-induced 
diabetic rats. A specific reduction of albumin was identified by 2-dimensional electrophoresis and mass spectrometry. Decreased albumin 
content was also confirmed by immunoblotting and quantitative real-time PCR. Since albumin is a major and predominant antioxidant in 
plasma, the PBMC albumin may also contribute to their antioxidant activity. By measuring the amount of H2O2, lipid peroxidation and the 
redox form of glutathione, it was found that the production of the oxidative stress was elevated in STZ-diabetic rats compared to that of 
normal control. We suggest, therefore, that decreased albumin content may lead to the decreased antioxidant activity in the PBMC of type 
1 diabetic rats.
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Oxidative stress has been suggested to play an important 
role in the etiology and pathogenesis of the chronic com-
plications associated with diabetes [3, 25]. Streptozotocin 
(STZ) has been used to generate type 1 diabetes mellitus 
(DM) in animal models. In STZ treated rats, it has been 
suggested that hyperglycemia, auto-oxidation of glycated 
proteins and increased production of reactive oxygen species 
(ROS) lead to increased oxidative stress that is accompanied 
by pancreatic β-cell damage [6, 9]. Moreover, STZ has been 
shown to deplete the antioxidant pool in cells, making them 
more susceptible to oxidative damage [12].

Albumin, the most abundant circulating protein in plasma 
accounting for approximately 60% of total plasma protein, 
has several important physiological and pharmacological 
functions. It transports metals, fatty acids, cholesterol, bile 
pigments and drugs. In general, albumin is also a major pre-
dominant antioxidant in plasma, a body compartment known 
to be exposed to continuous oxidative stress [21]. Previous 
studies have shown that more than 70% of the free radical-
trapping activity of serum was due to serum albumin [4]. 
The implication of this function is that hypoalbuminemic 
patients have reduced potential for scavenging of oxygen 
radical [14].

Peripheral blood mononuclear cells (PBMC) are the 
population of blood cells having a round nucleus, such as 
lymphocytes, monocytes and macrophages. These cells 
have a major responsibility for carrying out immunologi-

cal functions. Both B and T lymphocytes especially have 
membrane-bound albumin as a ‘hidden’ component due to 
the fact that the functional significance of the membrane 
albumin is unknown and that the protein is radiolabeled 
within the plasma membrane but not from the cell exterior 
[22]. Since the protein serves as a carrier for a variety of 
small molecules, one possible role of membrane albumin in 
the lymphocytes is that it may be taken up by endocytosis 
in order to deliver albumin-bound nutrients into cells [22]. 
In spite of these studies, however, further intensive works 
should be undertaken to reveal the exact localization of albu-
min in lymphocytes as well as its cellular function (s).

We have suggested that the expression level of cytochrome 
P450 2E1 involving in the etiology and pathology of many 
diseases with a concomitant increase in ROS production was 
increased in several tissues of STZ-induced diabetic rats 
[1]. Here, we expanded the previous study and investigated 
differential protein levels of PBMC between diabetic and 
normal rats using two-dimensional polyacrylamide gel-elec-
trophoresis (2D-PAGE) combined with mass spectroscopy 
(MALDI-TOF) and immunoblotting. Changes in oxidative 
stresses were also examined in the diabetic PBMC, and their 
possible relation with phenotypic changes of protein was 
suggested.

MATERIALS AND METHODS

Male Sprague Dawley rats, weighing 200–250 g (6 weeks 
old), were obtained from Samtako Bio Korea (Osan, South 
Korea) and used for inducing type I DM after one week of 
quarantine and acclimation. The PlusOne silver staining kit 
was obtained from Amersham Biosciences (Piscataway, NJ, 
U.S.A.). The Amplex® Red assay kit containing horseradish 
peroxidase and standard H2O2 solution was acquired from 
Invitrogen (Carlsbad, CA, U.S.A.). Monoclonal antibody 
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against albumin was obtained from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA, U.S.A.). All equipments and buffer 
solutions for 2D-PAGE were purchased from GE Healthcare 
Biosciences (Piscataway, NJ, U.S.A.).

Experimental animals: The rats were housed individually 
in stainless steel cages in a room with a controlled tem-
perature of 23 ± 3°C and lighting (alternating 12 hr period 
of light and dark). They were fed a commercial rodent chow 
(Samyang Feed, Wonju, South Korea). The experimental 
design was approved by the committee for the care and use 
of laboratory animals at the Chonnam National University.

Induction of DM: Diabetes was induced by a single intra-
peritoneal injection of STZ (100 mg/kg body weight in 0.1 M 
citrate buffer). Rats of non-diabetic group were injected with 
the same volume of 0.1 M citrate buffer only. The severity of 
the induced diabetic state was assessed by daily monitoring 
of blood glucose levels using reagent strips (ACCUTREND, 
Roche Diagnostics GmbH, Mannheim, Germany). Rats with 
blood glucose levels exceeding 300 mg/dl were classified as 
diabetic rats. For a span of 2 weeks after STZ-injection, 2 
groups of rats (n=10 for each group) were sacrificed. Each 
rat’s blood was collected from the caudal vena cava.

Blood biochemistry: Blood samples from the caudal vena 
cava were centrifuged to obtain hemolysis-free clear serum. 
The activities of aspartate aminotransferase (AST), alanine 
aminotransferase (ALT) and alkaline phosphatase (ALP) and 
the levels of blood urea nitrogen (BUN), creatinine (CRE), 
glucose (GLU), total cholesterol (T-CHO), total bilirubin 
(T-BIL), total protein (TP), albumin (ALB) and triglyceride 
(TG) were assayed using an autoanalyzer (Dir-chem 4000i, 
Fujifilm, Tokyo, Japan) by standard methods.

Isolation of PBMC: Peripheral blood mononuclear cells 
were prepared from whole blood by Ficoll-Paque PLUS (GE 
Healthcare Biosciences). Briefly, EDTA-treated blood was 
diluted to 1:1 with phosphate buffered saline (PBS) plus 
2% fetal bovine serum (FBS) and layered onto Ficoll-Paque 
PLUS with a ratio of blood plus PBS:Ficoll maintained at 
2:1. The blood was centrifuged at 400 × g for 40 min at room 
temperature. The buffy coat layer was removed carefully, 
and washing steps were followed: the cells were suspended 
in a balanced salt solution (provided by the manufacturer), 
and then, the sample was centrifuged at 100 × g for 10 min at 
room temperature. The pellet was collected after removal of 
supernatant, and this washing step was repeated twice more 
to remove any contaminant. The PBMC samples were then 
kept at −70°C until use. The isolation of PBMC from rat 
blood was verified by a flow cytometry analysis using anti-
pan B-cells antibody (clone number of 68-IB3, Santa Cruz).

Sample preparations and 2D-PAGE: The PBMC 
samples were homogenized in lysis buffer (40 mM Tris-
HCl (pH 7.4), 8 M urea and 0.4% 3[(3-Cholamidopropyl) 
dimethylammonio]-propanesulfonic acid). For isoelectric 
focusing (IEF), 60 µg proteins were diluted with the re-
hydration solution (GE Healthcare Biosciences), and the 
sample was spread over the bottom of the 7-cm IPGphor 
holder. The 7-cm immobilized pH gradient (IPG, pH 3–10) 
dry-strips were then overlaid onto the sample. After IEF, the 
IPG strip was stored at −70°C until analysis by SDS-PAGE. 

The individual strips were incubated at room temperature in 
the equilibrium solution A (50 mM Tris-HCl (pH 8.8), 6 M 
urea, 30% (v/v) glycerol, 2% SDS, bromophenol blue trace 
and 20 mM DTT), followed by solution B (solution A except 
that DTT was replaced by 20 mM iodoacetamide), for 15 
min each. The IPG strips were then electrophoresed by 12% 
SDS-PAGE. These steps for 2D-PAGE were repeated with 
each PBMC sample to obtain statistical significance.

Mass Spectrometry analysis of gel spots: After silver stain-
ing of the electrophoresed gel, the target spots were excised 
and then destained with 1:1 mixture of 30 mM potassium fer-
ricynide and 100 mM sodium thiosulfate solution. Destained 
gel spots were subjected to in-gel trypsin digestion using the 
European Molecular Biology Laboratory protocol. After the 
in gel digestion, the digest was concentrated and desalted 
using the Ziptipc18 procedure (Millipore, Bedford, MA, 
U.S.A.), as suggested by the manufacturer, and then eluted 
with 50% acetonitrile containing 0.1% trifluoroacetic acid. 
One microliter of the eluted sample was mixed with an equal 
volume of saturated α-cyano-4-hydrocinnamic acid, spotted 
on a plate and followed by MALDI-TOF measurement us-
ing Voyager MALDI-TOF DETM PRO mass spectrometry 
(Applied Biosystems, Foster City, CA, U.S.A.) in the ACTH 
reflector mode. Protein identification was performed using 
MS-Fit (http://prospector.ucsf.edu).

Western blot analysis after 2D-PAGE: Electrophoreti-
cally separated extracts of PBMC were transferred onto ni-
trocellulose membranes with 0.2 µm pore size (Whatman, 
Maidstone, U.K.). The membrane was incubated overnight 
at 4°C with monoclonal antibody against albumin and then 
anti-mouse IgG conjugated with peroxidase (Sigma-Aldrich, 
Oakville, Canada) for 1 hr at room temperature, respectively. 
The Enhanced chemiluminescence detection kit (GE Health-
care Biosciences) was used with a scientific imaging film 
(Kodak, Rochester, NY, U.S.A.) to visualize albumin.

Quantitative real-time PCR (qRT-PCR): Total RNA was 
extracted from intact PBMC (~2 × 106 cells) using the 
RNeasy Mini Kit (Qiagen, Hilden, Germany). The extracted 
RNA was subjected to first-strand cDNA synthesis using 
the Reverse Transcription System (Promega, Madison, WI, 
U.S.A.) according to the manufacturer’s protocol. qRT-PCR 
was performed using Rotor-Gene 6000 (Qiagen), and the 2−

ΔΔCT method was used for relative quantitation. Threshold 
cycle number and reaction efficiency were determined using 
Rotor-Gene 6000 series software version 2.7. The primers 
used were as follows: 5′-ATACACCCAGAAAGCACCTC-3′ 
(forward) and 5′-CACGAATTGTGCGAATGTCAC-3′ 
(reverse) for albumin, and 5′-CTAGAAGCATTTGCGGTG-
GACGATGGACCC-3′ (forward) and 5′TGACGGGGT-
CACCCACACACTGTGCCCATCTA-3′ (reverse) for 
GAPDH as a housekeeping gene.

Measurement of oxidative stresses: The amount of H2O2 
was measured spectrofluorimetrically using the Amplex® 
Red (AR) assay kit according to the manufacturer’s instruc-
tions. Emission fluorescence for the AR assay was recorded 
at 585 nm under an excitation wavelength of 571 nm. Lipid 
peroxidation (LPO) was estimated by measuring thiobar-
bituric acid-reactive substances, using malondialdehyde as 
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a standard, as described [15]. Reduced glutathione (GSH) 
levels were determined by the sulfhydryl content using Ell-
man’s reagent [5]. The ratio of GSH/GSSG (oxidized glu-
tathione) was also determined by a GSH/GSSG ratio assay 
kit (Abcam, Cambridge, MA, U.S.A.). The amounts of H2O2 
and GSH were measured with cytosolic fractions of PBMC. 
LPO was estimated with microsomal fractions of PBMC.

Statistical analysis: Data are expressed as a mean ± S.E. 
of ten animals per group. Statistical analyses were performed 
using Student’s t-test for 2 groups. A P-value<0.05 was con-
sidered significant.

RESULTS

Blood biochemistry: To evaluate the development of 
STZ-induced DM in rats, eleven biochemical parameters 
were measured with serum samples. In addition to hypergly-
cemia (approximately 3.3-fold increase), Table 1 shows the 
elevated levels of TG and hepatic enzyme activities (AST, 
ALT and ALP) as well as decreased TP content in STZ-
treated rats compared with those of normal group, which 
are common characteristic features of diabetes. With blood 
sample of STZ-treated rats, the lower and higher amounts of 
CRE and BUN were also measured, respectively. Thereby, 
when BUN/CRE ratio was calculated with each individual 
rat, the ratio was on average 138.7 and this value was ap-
proximately 2-fold higher than that of normal rats (~65.6). 
The BUN/CRE ratio is considered to be a useful index to 
evaluate renal insufficiency [10]. It has also been suggested 
that acute renal insufficiency, which is developed in STZ-
induced DM, causes an increase in the BUN/CRE ratio [20]. 
Therefore, these results suggest that diabetic status was 
developed in STZ-treated rats. However, hypoalbuminemia, 
another condition of diabetes, was not severe, and albumin 
concentration was slightly decreased in diabetic rats. The 
concentration of T-CHO did not show statistically significant 
difference between two groups as well.

Decreased level of PBMC albumin in STZ-diabetic rats: 
Protein compositions of normal and STZ-induced diabetic 
PBMC were analyzed using 2D-PAGE, and the results are 
shown in Fig. 1. Using an image software, more than 100 
protein spots were observed on the silver stained gel within 
a pI range of 3−10 and a molecular weight range of 20−240 
kDa using marker proteins. About 5 protein spots showing 
differential expression levels were found between diabetic 
and normal rat PBMC extracts. These proteins had similar 
molecular weights (~70 kDa) and different pI values. The 

protein spots were picked from the gels and digested sub-
sequently with trypsin after destaining the gel. The protein 
fragments were then analyzed by MALDI-TOF mass spec-
troscopy (Fig. 2). The 5 spots were all identified as albumin 
by MS-Fit searching with 5 matching peptides (a, b, c, d and e 
in Fig. 2). To confirm that the albumin content was decreased 

Table 1. Biochemical values of serum obtained from normal (Control) and STZ-treated (STZ) rats

AST (IU/l) ALT (IU/l) ALP (IU/l) ALB (g/dl) TP (g/dl) BUN (mg/dl)
Control 77.2 ± 7.0 33.0 ± 5.7 187.5 ± 34.2 3.6 ± 0.1 5.1 ± 0.3 18.4 ± 2.2
STZ 169.8 ± 22.7* 94.5 ± 19.3* 349.8 ± 28.6* 3.2 ± 0.2* 4.0 ± 0.2* 26.1 ± 4.3*

GLU (mg/dl) CRE (mg/dl) T-CHO (mg/dl) T-BIL (mg/dl) TG (mg/dl) BUN/CRE
Control 160.2 ± 13.5 0.3 ± 0.1 92.6 ± 7.6 0.4 ± 0.1 109.2 ± 28.1 65.6 ± 10.8
STZ 524.3 ± 47.2* 0.2 ± 0.1* 100.8 ± 13.5 0.5 ± 0.1* 220.8 ± 59.4* 138.7 ± 23.5*

Data are mean ± S.E., n=10 (per each group). * P<0.05 vs. control.

Fig. 1. 2D-PAGE analysis of PBMC extracts. Protein extracts (60 
µg) from normal (A) and STZ-induced diabetic PBMC (B) were 
separated by IEF on Immobiline™ DryStirp pH 3–10 NL and then 
by SDS-PAGE. The gel was stained with silver staining. Rectangle 
represents the protein spot analyzed by MALDI-TOF mass spec-
trometry.
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in diabetic rat PBMC compared to the normal sample, im-
munoblots were performed after 2D-PAGE with each PBMC 
extract. Figure 3A shows that the protein spots identified as 
albumin by MALDI-TOF were detected by anti-albumin 
antibody, and the decreased expression level of albumin 
was confirmed in diabetic rat PBMC. Taken together, these 
results suggest that STZ induces the decreased expression 
of albumin in rats. In addition, all PBMC samples (n=10) 
consistently showed decreased albumin content in 2D-PAGE 
and immunoblot analysis, although the degrees of reduction 
were different among samples and exact quantification could 
not be performed (results not shown).

It was found in an earlier study that diabetic patents con-
tain heterogeneous albumins with broad ranges of pI caused 
by different levels of glycosylation [8]. However, direct 
evidence for the albumin isoforms on 2D-PAGE could not 
be obtained from the peptide mass-fingerprinting as shown 
in Fig. 2. STZ-induced decreased expression of PBMC 
albumin was also observed in RNA level using qRT-PCR 
(Fig. 3B); the transcription was reduced in diabetic PBMC 
by about 70% compared with that of the normal group. This 
result strongly suggests that STZ resulted in the decreased 
expression of albumin in PBMC, although there is still a 
possibility that the results for 2D-PAGE (Fig. 2) might be 
affected by FBS during the isolation steps of PBMC.

Increased oxidative stress in STZ-diabetic PBMC: We 
have suggested previously that the production of oxidative 
stress is elevated in tissues, such as the liver, kidney, brain 
and pancreas of STZ-induced diabetic rats [1]. To obtain in-
sight into the correlation between decreased albumin expres-

Fig. 2. Identification of protein spots by peptide mass fingerprinting using MALDI-TOF. The protein spots from 2D-PAGE were sub-
jected to in-gel digestion with trypsin, and the extracted peptides were analyzed by MALDI-TOF mass spectroscopy. MS-Fit searching 
was used to identify the protein with 5 matching peptides. The m/z in y-axis represents mass to charge ratio.

Fig. 3. Immunoblot (A) and qRT-PCR (B) analyses with PBMC 
proteins and RNAs, respectively. 2D-PAGE followed by im-
munoblot was performed with the protein extracts (10 µg) of 
normal (Control) and STZ-induced diabetic PBMC (STZ). 
The ECL detection kit was used to visualize the protein spots. 
The transcriptional level of the albumin gene was expressed by 
relative fold change after quantitation of cDNA. The transcrip-
tion level of normal PBMC was normalized to be one (1) in the 
figure. * P<0.05, n=10 (per each group).
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sion and oxidative stress, the generation of H2O2 and LPO 
was measured in diabetic and normal PBMC. Table 2 shows 
that H2O2 and LPO levels were significantly enhanced by ap-
proximately 55% and 104%, respectively, in diabetic PBMC 
compared with those of the control sample. The amount of 
GSH, one of the antioxidant defense materials that function 
as a free radical scavenger, was also measured. In parallel 
with the elevated production of oxidative stress, a decrease 
in the GSH content, which was approximately 46% of the 
control value, was observed in diabetic PBMC. The ratio 
of GSH/GSSG, a useful indicator of oxidative stress, was 
also determined. Normal rats showed the ratio of 0.84 im-
plying that most of glutathione pool is in the reduced form. 
However, the ratio was decreased to 0.43 in diabetic PBMC. 
Therefore, the current results suggest that STZ exerts similar 
effects on PBMC to other cells and tissues in rats. Although 
a direct correlation between PBMC albumin and oxidative 
stresses is not present, and the functional role of the protein 
is still unknown, STZ-induced decreased expression of al-
bumin in PBMC may act as one of the reasons resulting in 
enhanced oxidative stress in rats. In contrast to the measure-
ment of H2O2, a significant level of superoxide was not de-
tected using Amplex® Red assay combined with superoxide 
dismutase (results not shown).

DISCUSSION

The present study provides evidence that the amount of 
PBMC albumin was decreased in STZ-diabetic rats when 
compared to that of control. ROS production, such as hy-
drogen peroxide and lipid peroxidation, was also elevated, 
and the ratio of GSH/GSSG was reduced in diabetic PBMC. 
These results coincide well with the previous suggestion that 
STZ induces increased oxidative stress [6, 9] and depletes 
the antioxidant pool in cells, making them more susceptible 
to oxidative damage [12]. As these changes in oxidative 
stress are common phenomena in diabetic serum [3], we 
suggest that similar effects were exerted on diabetic PBMC, 
although precise cause (s) for the current results is still un-
clear in a molecular level.

It has been well known that serum albumin has several 
important physiological and pharmacological functions: 
The protein affects vascular permeability [19] and transports 
various molecules. Moreover, one of the most prominent 
functions of albumin is its antioxidant activities, such as free 
radical-trapping [4, 21]. Therefore, any factor inducing de-
creased level of albumin may act as one of reasons for patho-
genesis in a number of oxidative stress-related diseases, such 
as diabetes, neuro-degeneration, cardiovascular dysfunction 

and even cancer. In addition to oxidative stress, decreased 
level of serum albumin per se is another complication of 
diabetes, because albumin plays a decisive role in modulat-
ing osmotic pressure of plasma. One possible explanation 
for this hypoalbuminemia may be the increased urinary ex-
cretion of albumin as a result of diabetic nephropathy [24]. 
Low hepatic synthesis of albumin has also been suggested as 
another reason for the decreased albumin level in diabetes 
[18]. As mentioned above, lymphocytes have membrane-
bound albumin, although its physiological functions includ-
ing the origin are still unclear. Therefore, when judged by 
the present results, it is reasonable that the stimulation of 
oxidative stress in diabetic PBMC may be attributed to the 
decreased albumin levels. Conversely, further investigations 
should be also performed to reveal the functional effects of 
lymphocytic albumin on the regulation of oxidative stress.

Albumin is mainly synthesized in the liver, representing 
about 25% of total hepatic protein synthesis, and thus, se-
rum albumin is the most abundant circulating protein in the 
plasma accounting for approximately 60% of total plasma 
protein. Non-hepatic transcription of albumin has also been 
reported in several tissues, such as the kidney, pancreas, 
intestine and lymph gland [13, 23]. However, despite these 
suggestions, non-hepatic synthesis of albumin has rarely 
been reported at the protein level. In the case of lympho-
cytes (and macrophages), there has been a possibility that 
cell surface-bound albumin may originate from tissue cul-
ture medium in vitro or from serum in vivo [7]. However, 
when the possibility has been tested by an immunostaining 
method using anti-albumin antibody as described previously 
[2], no significant fluorescent signal was detected in normal 
and diabetic PBMC (results not shown). Therefore, this 
suggests that the albumin detected by the current study is 
a ‘cryptic’ component of PBMC rather than from serum as 
suggested previously [22]. At present, it is not clear whether 
albumin is synthesized in PBMC and/or is transported from 
other tissues, such as the liver, into the cells. When judged 
by the results obtained from qRT-PCR, the former may be 
plausible; the reduced albumin content in diabetic PBMC 
may result from decreased protein expression. Other point to 
be addressed is whether the change in transcription level is 
specific to PBMC. If it is (or is not) tissue-specific, it should 
be also revealed what cause (s) affects the gene expression 
of albumin and what effect oxidative stress exerts. At the 
moment, we do not have any satisfactory explanation for the 
points, and the relevant results are rarely available. There-
fore, further studies should be undertaken to solve these 
issues.

Several studies have been performed to reveal the relation 

Table 2. Measurement of oxidative stresses with PBMC extracts of normal (Control) and STZ-
treated (STZ) rat

H2O2  
(pmol/mg protein)

LPO  
(nmol/mg protein)

GSH  
(nmol/min/mg protein)

GSH/GSSG  
ratio

Control 4.7 ± 0.5 2.4 ± 0.4 26.8 ± 5.4 0.84 ± 0.15
STZ 7.3 ± 0.7* 4.9 ± 0.5* 12.5 ± 4.2* 0.43 ± 0.12*

Data are mean ± S.E., n=10 (per each group). * P<0.05 vs. control.
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between diabetic status and lymphocytes. Among them, it 
is especially implicative with the present investigations that 
diabetes induces apoptosis in lymphocytes of rats and hu-
mans accompanying a reduced number of blood-circulating 
lymphocytes [17]. Diabetes-induced impairment of lympho-
cyte function has also been suggested previously [16]. Con-
sequently, these results can explain the impaired immune 
system and enhanced susceptibility to infections in a poorly 
controlled diabetic state [11].

In summary, we propose for the first time that type 1 dia-
betes may induce albumin-mediated PBMC injuries as well 
as etiological damages of other tissues and cells.
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