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Abstract: We investigated the effect of an albumin infusion on the enzyme activity, expression level of cytochrome 
P450 2E1 (CYP2E1), and oxidative stress in the serum and liver of streptozotocin (STZ)-induced diabetic rats. 
The STZ treatment enhanced the alanine aminotransferase and aspartate aminotransferase activities in the rat 
serum compared with those in the untreated rats. Treatment with STZ elevated the expression and catalytic activ-
ity of CYP2E1, and the oxidative stress, and decreased the reducing potentials in the liver, suggesting the possibility 
of diabetes-induced liver injury. Moreover, the antioxidant activity of the serum albumin decreased in the diabetic 
rats. In contrast, the administration of purified albumin from the intact rats to the diabetic rats restored these 
deleterious liver indices in an albumin concentration-dependent manner. These results suggest that an exogenous 
albumin infusion alleviates liver damage induced by type 1 diabetes.
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Streptozotocin (STZ) is widely used to induce type 
1 diabetes mellitus in animal models. It has been 
suggested that hyperglycaemia, the auto-oxidation 
of  glycated proteins, and the increased produc-
tion of reactive oxygen species (ROS) lead to  in-
creased oxidative stress in STZ-treated rats, which 
is accompanied by pancreatic β-cell damage (Desco 
et al. 2002). Moreover, STZ has also been shown to de-
plete antioxidant pools in cells, making them more 
susceptible to oxidative damage (Low et al. 1997).

Cytochrome P450 2E1 (CYP2E1) is a classical 
ethanol-inducible protein that metabolises vari-
ous endogenous compounds and xenobiotics (Chen 
et al. 2019) and catalyses the bioactivation of sev-
eral procarcinogens and protoxins (Guengerich 
et al. 1991; Surbrook and Olson 1992). CYP2E1 
also produces ROS, such as  lipid peroxidation 
(Leung and Nieto 2013), which is known to be in-
volved in  the aetiology and pathology of many 
diseases (Caro and Cederbaum 2004). In relation 
to diabetes, the increased expression of CYP2E1 
in various tissues of STZ-induced diabetic rats, 
including the liver, has been reported (Raza et al. 

2004). CYP2E1 expression has also been linked 
to the generation of specific pathological condi-
tions, including both alcoholic and non-alcoholic 
liver disease (Weltman et al. 1998; Niemela et al. 
2000), and diabetes is commonly associated with 
the development of non-alcoholic steatohepatitis. 
Therefore, the increased expression of CYP2E1 may 
lead to liver disease in diabetics.

Albumin is the most abundant circulating protein 
in the plasma, accounting for approximately 60% 
of the total plasma proteins. Albumin has several 
important physiological and pharmacological func-
tions, including the transport of metals, fatty acids, 
cholesterol, bile pigments, and drugs. Albumin also 
acts as a predominant antioxidant in the plasma, 
a body compartment that is continuously exposed 
to oxidative stress (Roche et al. 2008). Previous 
studies have shown that more than 70% of the free 
radical-trapping activity of the serum is attributed 
to the serum albumin (Bourdon and Blache 2001). 
Thus, hypoalbuminemia patients display a reduced 
potential for the scavenging of oxygen free radicals 
(Nicholson et al. 2000).



246

Original Paper Veterinarni Medicina, 67, 2022 (05): 245–256

https://doi.org/10.17221/14/2021-VETMED

In this study, we investigated the effect of an ex-
ternal albumin administration on a  liver injury 
in STZ-induced diabetic rats. In addition, the in-
fluence of the diabetic occurrence on the serum 
albumin was re-evaluated.

MATERIAL AND METHODS

Experimental animals

Six-week-old male Sprague Dawley rats weighing 
200−250 g were obtained from Samtako Bio Korea 
(Osan, Republic of Korea). Type 1 diabetes was then 
induced in the rats with similar body weights after 
one week of quarantine and acclimation. The rats 
were housed individually in stainless steel cages 
in a room with a controlled temperature of 23 ± 1 °C 
with alternating 12 h periods of light and dark. They 
were fed commercial rodent chow (Samyang Feed 
Co., Wonju, Republic of Korea). The experimental 
design was approved by the Committee for the Care 
and Use of Laboratory Animals at the Chonnam 
National University (CNU IACUC-YB-2019-30).

Purification of serum albumin

The albumin in the rat serum was aseptically pu-
rified on a clean bench using a modified method re-
ported previously (Raoufinia et al. 2016). Briefly, the 
blood serum was obtained from the rats, and the se-
rum proteins were precipitated by adding 50% (w/v) 
ammonium sulfate. After collecting and dialysing 
the precipitant fractions, the albumin was puri-
fied using affinity-column chromatography with 
anti-albumin antibody-immobilised sepharose. 
The purity was checked by 11% sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE), Coomassie blue staining, and densitometry. 
Fractions with a purity over 98% were then used 
throughout all the relevant experiments.

Induction of diabetes and albumin 
administration

Diabetes was induced by a single intraperitoneal 
injection of STZ (100 mg/kg body weight in a 0.1 M 
citrate buffer). The rats in the nondiabetic group 
(control) were injected with an equivalent volume 

of the 0.1 M citrate buffer only. Five days after in-
jection, the severity of the induced diabetic state 
was assessed by monitoring the blood glucose levels 
using Accutrend® reagent strips (Roche Diagnostics 
GmbH, Mannheim, Germany). Rats with blood glu-
cose levels exceeding 3.0 g/l were classified as dia-
betic rats. The rat blood was collected from the 
caudal vena cava. The purified serum albumin from 
the nondiabetic rats was dissolved in sterile phos-
phate-buffered saline and co-administered with 
the STZ to the rats through the tail vein. Albumin 
(196 mg/ml in the phosphate buffered saline so-
lution) was injected into the rats (approximately 
700 mg/kg body weight) for IN-1 (Tables 1 and 2). 
The same amount of albumin was administered 
again for IN-2 (Tables 1 and 2), 2 h after the first 
infusion.

Serum biochemical analysis

The rats were anaesthetised using a combination 
of xylazine hydrochloride (Rompun; Bayer Korea, 
Seoul, Republic of  Korea; 10  mg/kg) and keta-
mine HCl (Yuhan Co., Seoul, Republic of Korea; 
40 mg/kg). Blood samples were collected by ve-
nepuncture from the posterior vena cava. Each 
sample was centrifuged at 1 000 × g for 10 min 
within 30 min after collection, and then the top 
serum layer was removed. The albumin concentra-
tion in the serum was measured using the Albumin 
(BCG) Assay Kit (Abcam, Cambridge, UK). The 
concentration of triglycerides (TG) was measured 
using an ADVIA® 2400 (Siemens, Washington DC, 
USA). The 3-hydroxybutyrate and acetoacetate 
concentrations were determined using a method 
reported previously (McGarry et al. 1970).

Fractionation of liver cells and preparation 
of pancreas lysates

The cytosolic and microsomal fractions of the liver 
cells were obtained using a previously described 
method (Kamath et al. 1971): immediately after 
decapitation, the liver was excised, rinsed in liq-
uid nitrogen, diced, and homogenised in 2–5 vol-
umes of 100 mM Tris-HCl (pH 7.4, 4 °C) containing 
2 mM of phenylmethyl sulfonyl fluoride and pepsta-
tin (12.5 µg/ml), a protease inhibitor, using a homog-
eniser (IKAm, Staufen, Germany). The homogenate 
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was centrifuged at 10 000 × g for 20 min (4 °C), and the 
resultant supernatant was centrifuged at 200 000 × g 
for 60 min (4 °C) to sediment the microsomes. The 
supernatant was used as the cytosolic fraction and 
the microsomal pellet was suspended in 100 mM 
Tris-HCl (pH 7.4, 4 °C). The pancreas lysates were 
prepared by homogenisation in a modified radio-
immunoprecipitation assay (RIPA) buffer (150 mM 
of NaCl, 1 mM of phenylmethylsulfonyl fluoride, 
1% (v/v) Triton X-100, 1% (w/v) sodium deoxy-

cholic acid, 0.1% of sodium dodecyl sulfate (SDS), 
5 µg/ml of aprotinin, 5 µg/ml of leupeptin). The tis-
sue and cell debris were removed by centrifugation 
(10 000 × g for 20 min, 4 °C).

Assay of enzyme activities

The p-nitrophenol hydroxylase activity of CYP2E1 
was measured using the microsomal fractions 

Table 1. Blood biochemical analyses and enzyme activities in the rat serum

Assays Units Control STZ STZ/IN-1 STZ/IN-2

ALT μkat/l 0.81 ± 0.37 2.14 ± 0.53∗ 1.31 ± 0.44
(1.72 ± 0.51)

1.07 ± 0.38**

(1.20 ± 0.35)

AST μkat/l 1.93 ± 0.70 6.32 ± 1.30∗ 3.75 ± 0.94**

(4.24 ± 0.98)
2.96 ± 0.86**

(3.47 ± 0.88**)

TG mg/l 1 338 ± 215 2 899 ± 434∗ 2 048 ± 389
(2 295 ± 406)

1 897 ± 402**

(1 718 ± 314**)

Ketones mmol/l 242 ± 58 1 224 ± 297∗ 661 ± 183**

(890 ± 208)
504 ± 157**

(774 ± 181)

Albumin g/l 43 ± 5 39 ± 3 ND ND

Glucose g/l 1 060 ± 320 4 780 ± 1 120∗ 4 420 ± 950∗
(ND)

4 530 ± 1 040∗
(ND)

One μkat corresponds to the amount of ALT or AST required to generate 1.0 µmole of pyruvate or glutamate per minute 
at 37°C, respectively
STZ/IN-1 and STZ/IN-2 represent one (1.0 ml at 196 mg/ml) and two consecutive infusions of albumin, respectively
*P < 0.05 compared with that of control; **P < 0.05 compared with that of STZ
ND = not determined; STZ = streptozotocin; TG = triglycerides

Table 2. Oxidative stress and GST, CAT and SOD enzyme activities in the rat liver

Assays Unit Control STZ STZ/IN-1 STZ/IN-2

ROS pmol/mg protein 3.1 ± 0.9 6.8 ± 1.7∗ 4.4 ± 1.2
(5.1 ± 1.3)

3.5 ± 1.0**

(3.4 ± 1.2**)

GSH nmol/mg protein 52.4 ± 18.5 33.5 ± 11.4 38.2 ± 15.0
(31.7 ± 16.3)

45.7 ± 16.3
(39.8 ± 13.9)

GST nmol/min/mg protein 197.6 ± 47.6 98.9 ± 28.5∗ 138.3 ± 33.7
(152.4 ± 40.2)

168.5 ± 32.1**

(173.5 ± 45.9)

CAT μkat/mg protein 0.26 ± 0.05 0.11 ± 0.02∗ 0.16 ± 0.03
(0.13 ± 0.02)

0.20 ± 0.04**

(0.17 ± 0.03**)

SOD μkat/mg protein 2.52 ± 0.59 1.44 ± 0.34∗ 1.93 ± 0.43
(1.37 ± 0.37)

2.16 ± 0.61
(1.80 ± 0.51)

One μkat of CAT decomposes 1.0 µmole of H2O2 to oxygen and water per minute at a substrate concentration of 50 mM 
H2O2. One μkat of SOD inhibits the rate of reduction of cytochrome c by 50% in a coupled reaction, using xanthine and 
xanthine oxidase, at 25 °C
*P < 0.05 compared with that of control; **P < 0.05 compared with that of STZ
CAT = catalase; GSH = glutathione; GST = glutathione transferase; ROS = reactive oxygen species; SOD = superoxide 
dismutase; STZ = streptozotocin
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(Reinke and Moyer 1985): the reaction mixture 
(2 ml) contained microsomes (approximately 175 µg 
of proteins), 200 µM of p-nitrophenol dissolved 
in 50 mM of Tris-HCl (pH 7.4), 5 mM of MgCl2, 
and 0.8 mM of nicotinamide adenine dinucleotide 
phosphate (NADPH). The reactions were initi-
ated by the addition of NADPH. After incubation 
for 20 min at 37 °C, the reactions were terminated 
by the addition of 0.5 ml of 0.6 N perchloric acid. 
After the removal of the proteins by centrifugation, 
the resultant metabolite, 4-nitrocatechol was ana-
lysed by high-performance liquid chromatography 
(HPLC) using the absorbance at 480 nm. The activity 
values were expressed as nmol hydroxylated nitro-
phenol/min/mg protein. The thiol-specific peroxi-
dase activity of the serum albumin was measured 
as previously described (Cha and Kim 1996); the 
albumin-induced removal of hydrogen peroxide 
(H2O2) mediated by glutathione (GSH) was ana-
lysed in a 100 µl reaction mixture containing 0.5 mM 
of H2O2, 5 mM of GSH, 50 mM of HEPES [4-(2-hydro- 
xyethyl)-1-piperazineethanesulfonic acid] (pH 7.2), 
and 1.2 mg/ml of albumin. After incubation for 
30 min at 37 °C, 0.7 ml of trichloroacetic acid (12.5%, 
w/v) was added to terminate the reaction. To meas-
ure the concentration of the remaining H2O2, 0.2 ml 
of 10 mM Fe(NH4)2(SO4)2 and 0.1 ml of 2.5 N potas-
sium thiocyanate (KSCN) were added. The absorb-
ance of the purple-coloured sample was monitored 
at 480 nm. The glutathione 0167S-transferase (GST) 
activity was measured using an assay kit provid-
ed by Sigma Aldrich (St. Louis, MI, USA), based 
on a method reported previously (Habig et al. 1974). 
The serum alanine aminotransferase (ALT) and as-
partate aminotransferase (AST) activities were meas-
ured using a Dri-chem® 4000i auto-analyser (Fujifilm 
Co., Tokyo, Japan). The superoxide dismutase (SOD) 
activity was determined according to a method pre-
viously described (Beauchamp and Fridovich 1971); 
after homogenisation of the liver sample, the cyto-
solic fractions (0.4 mg of proteins) were mixed with 
50 mM of carbonic buffer (pH 10.2), 0.1 mM of Na2-
EDTA, 0.1 mM of xanthine, and 0.025 mM of nitro 
blue tetrazolium (NBT) and illuminated at 25 °C for 
10 minutes. Then, xanthine oxidase (3.3 × 10–6 mM) 
was added to the reaction mixture, and the reduc-
tion of NBT was measured spectrophotometrically 
at 560 nm. The catalase (CAT) activity was deter-
mined using the method described by Aebi (1984) 
using the cytosolic fractions (0.15 mg proteins). 
A decrease in the H2O2 absorbance was measured 

spectrophotometrically at 240 nm in 1 ml of a re-
action mixture containing 10  mM of  H2O2 and 
20 µl of the supernatant in 50 mM of a potassium 
phosphate buffer (pH 7.0). The CAT activity was 
expressed as one (l) mole of H2O2 decomposed/mg 
protein/min at pH 7.0 at 25 °C.

Immunoblot analysis of microsomal 
CYP2E1 and pancreatic glutamic acid 
decarboxylase (GAD)

The microsomal liver proteins and pancreas lysate 
(80 µg/well) were separated using 11% sodium do-
decyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE). After electrophoresis, the gel was 
transferred to a polyvinylidene difluoride membrane 
(Millipore, Bedford, MA, USA). The membrane was 
incubated with an anti-CYP2E1 antibody [Abcam, 
Cambridge, UK; 1/1 000 (v/v)] or anti-GAD 65/67 
antibody [Sigma-Aldrich, St.  Louis, MO, USA; 
1/20 000 (v/v)], and then with an anti-rabbit IgG-
HRP secondary antibody (Sigma-Aldrich, St. Louis, 
MO, USA) for 1 h each. The proteins were visualised 
using enhanced chemiluminescence (Amersham 
Biosciences, Buckinghamshire, UK). The protein 
band intensities were quantified using ImageJ soft-
ware (National Institute of Health, USA).

Measurement of oxidative stress

The levels of ROS were measured by a spectro-
fluorimetric method with the cytosolic fractions 
(1.5 mg proteins) using 2,7-dichlorofluorescein 
diacetate as  a  probe according to  the method 
described previously (Bhagwat et al. 1998). The 
sulfhydryl content in  the purified albumin was 
measured with 5,5-dithio-bis-2-nitrobenzoic acid 
(ThermoFisher Scientific, Waltham, MA, USA). 
The reduced GSH levels were also determined with 
the cytosolic fractions by the protein-free sulfhy-
dryl content using Ellman’s reagent (ThermoFisher 
Scientific, Waltham, MA, USA), based on a method 
reported previously (Buttar et al. 1977).

Statistical analysis

The data were analysed using GraphPad InStat 
v3.0 (GraphPad Software Inc., La Jolla, CA, USA). 
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The results are expressed as the mean ± standard 
deviation. The differences between groups were 
analysed by one-way analysis of variance (ANOVA) 
followed by Dunnett’s multiple comparison test. 
A P-value of < 0.05 was considered to indicate a sta-
tistically significant difference.

Protein concentration assay

The protein concentrations were estimated using 
a bicinchoninic acid procedure (Pierce, Rockford, 
IL, USA), with a bovine serum albumin solution 
as the standard.

Tryptophan fluorescence

For the measurement of the intrinsic tryptophan 
(Trp) fluorescence of the albumin, the emission 

spectra were obtained in the range of 320−450 nm, 
with an excitation wavelength of 295 nm, using 
an RF-5301 PC spectrofluorometer (Shimadzu, 
Kyoto, Japan) at 30 °C. The commercial albumin 
purified from the rat serum was obtained from 
Abcam, and the purity was analysed by SDS-PAGE. 
All the solutions used in the present study were 
sterilised by filtration or autoclaving.

RESULTS

STZ is known to exert a detrimental effect on the 
liver through increased oxidative stress in  rats 
(Kakkar et al. 1998). In the present study, the blood 
biochemical parameters and activities of the serum 
ALT and AST, including the production of oxida-
tive stress, were measured to evaluate and confirm 
liver injury upon the STZ treatment in the rats. 
The concentrations of ketone bodies (3-hydroxy-

Figure 1. Time-dependent changes in the peroxidase activities (A), tryptophan fluorescence at λmax (B), and the num-
bers of free thiol group in the albumin (C)
All the experiments were performed with purified serum albumin at each indicated day after treatment of the rats with 
STZ (d-RSA) or with a citrate buffer (n-RSA). The diabetic occurrence was confirmed based on the blood glucose levels 
(over 3.0 g/l) five days after the STZ treatment (therefore, the days in the figures represent each indicated time after the 
STZ injection). The data are represented as the mean ± SD, n = 7
*P < 0.05 indicates a comparison with values of n-RSA
In (A), 0.5 mM of H2O2 was added to the reaction mixtures, and, after a 30 min incubation at 37 °C, the concentration 
of remaining H2O2 was measured to determine peroxidase activity. In (B), the a.u. in the y-axis represents arbitrary unit. 
In (C), the number of thiol/RSA in the y-axis represents the number of thiol groups per albumin molecule
STZ = streptozotocin
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butyrate and acetoacetate) and TG as well as the 
glucose level were enhanced in the serum of STZ-
treated rats compared with those of the normal 
rats, indicating the development of type 1 diabetes 
(Table 1). In addition, the activities of serum ALT 
and AST increased by approximately 2.6- and 3.3-
fold, respectively, in the STZ-treated rats compared 
to those in the normal rats. Table 1 also shows that 
the albumin level in the serum of the STZ-treated 
rats decreased by approximately 9% compared with 
that of the normal rats, although the difference was 
not statistically significant.

The STZ treatment resulted in an approximate-
ly 2.2-fold elevation in  the production of  ROS 
in the cytosolic fractions of the rat liver (Table 2). 
Moreover, the GSH concentration and GST, CAT, 
and SOD enzyme activities in  the STZ-treated 

rats were 64, 50, 42, and 57%, respectively, of the 
control values in the normal rats. These results 
collectively imply that STZ mediated the elevation 
of the oxidative stress and a decrease in the re-
ducing potentials of the liver in the STZ-diabetic 
rats. The parameters shown in Tables 1 and 2 were 
measured 15 days after the diabetes occurrence 
(as judged by the blood glucose level and at a time 
point of 20 days in Figures 1, 2, and 3), and therefore 
the values may have changed with the progression 
in diabetes severity.

In contrast to the changes in the observed vari-
ables in the STZ-treated rats, the co-administra-
tion of the exogenous albumin, purified from the 
normal rats, together with the STZ significantly 
reduced the elevated TG and ketones levels and 
the ALT and AST activities, although the molecular 

Figure 2. Immunoblots (A), their quantification (B), and 
catalytic activity (C) for CYP2E1
In (B), the relative band intensities of CYP2E1 were deter-
mined using ImageJ software; the control sample at 10 days 
was set to one (1). In (C), the y-axis represents the rela-
tive activity of CYP2E1; the level of rat microsomes 10 days 
after injection of the citrate buffer was set to one (1). In (A), 
(B), and (C), five individual samples in each group were col-
lected and used for the experiments
*P < 0.05, **P < 0.05 indicates a comparison with values 
of the normal and STZ-diabetic rats, respectively
Control, STZ, STZ/IN-1, and STZ/IN-2 represent the 
results for the immunoblot and catalytic activity with liver 
microsomes of the normal, STZ-diabetic, and STZ/albumin 
(IN-1 and IN-2)-treated rats, respectively
STZ = streptozotocin
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mechanisms for these effects are currently unclear 
(IN-1 in Table 1). The treatment with IN-2 further 
decreased these values. In addition, the albumin 
infusion reduced the STZ-induced production 
of ROS (IN-1 and IN-2 in Table 2). The albumin 
co-administration also restored the decreased 
GST, CAT, and SOD activities, including the re-
duced GSH level. However, the albumin-induced 
changes in the values shown in Tables 1 and 2 did 
not approach the normal ranges, and the changes 
in the GSH and SOD values were not significant. 
Furthermore, the albumin concentration-depend-
ency was not assessed in more detail, and the albu-
min administration had a negligible effect on blood 
glucose levels in the STZ-diabetic rats, regardless 
of the amount of administered albumin. Despite 
the distinct effect that the albumin infusion had 
on the indices tested, there remains a possibility 
that certain components in the albumin fraction 
could have influenced the results, because the al-
bumin was purified from the blood of normal rats. 
To test this possibility and confirm the effect of the 

external albumin administration, we repeated the 
experiments using commercially obtained rat albu-
min at the same concentrations as those for IN-1 
and IN-2 and observed similar results to  those 
of the purified samples (the values in parentheses 
in Tables 1 and 2).

The antioxidant activity, such as the free radical 
scavenging, is a key biological function of serum 
albumin (Roche et  al. 2008) and we, therefore, 
measured the peroxidase activity of the albumin 
purified from the rat serum. Figure 1A shows that 
the enzyme activity of the serum albumin from the 
STZ-diabetic rats was significantly lower than that 
of the untreated normal rats. Moreover, the activity 
was reduced in a time-dependent manner, whereas 
the normal albumin retained a similar activity re-
gardless of the sampling time. These results suggest 
that the oxidation and/or glycation of the albumin 
impaired the antioxidant activity, as reported previ-
ously (Bourdon et al. 1999). To confirm the result 
shown in Figure 1A, the tryptophan fluorescence 
and number of free thiol groups in the albumin 

Figure 3. Immunoblots (A) and their quantification (B) for glutamic acid decarboxylase (GAD)
The amounts of GAD in the pancreas lysates were determined by immunoblotting using the anti-GAD 65/67 antibody. The 
protein bands on the immunoblots were analysed by ImageJ software and the results were expressed as the relative inten-
sity in the y-axis; the STZ-treated sample was set to one (1)
*P < 0.05 indicates a comparison with values of normal rats
Control, STZ, STZ/IN-1, and STZ/IN-2 represent the results for the immunoblot with pancreas lysates of the normal, 
STZ-diabetic, and STZ/albumin (IN-1 and IN-2)-treated rats, respectively
GAPDH = glyceraldehyde 3-phosphase dehydrogenase; STZ = streptozotocin
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were also analysed. Figure 1B shows that the emis-
sion intensity of the albumin purified from the dia-
betic rats at λmax (the emission wavelength showing 
the maximal fluorescence intensity) was lower than 
that of normal albumin at the same concentration 
and decreased as a function of time for the blood 
sampling, indicating a  conformational change 
in the protein with time, as suggested previously 
(Tayeh et al. 2009).

The measurement of the free thiol groups in the 
protein further supported this structural modifi-
cation in the albumin (Figure 1C), in which the 
reduced albumin has one free sulfhydryl group 
at Cys-34, whereas the oxidised albumin has a li-
gand bound to the sulfhydryl group (Hayashi et al. 
2002). The serum albumin purified from the normal 
rats was found to have 0.83 free thiol groups per 
albumin molecule on average, and this value was 
independent of the time from blood sample col-
lection. In contrast, the value of the STZ-diabetic 
albumin was 0.62 and gradually decreased with 
an increasing time after the diabetes occurrence. 
As a control, the value for free thiol groups in the 
commercial albumins was determined to be 0.78 
while the emission intensity at λmax was very similar 
to the albumin purified from intact rats used in the 
present study (results not shown).

Enhanced oxidative stress in diabetes accom-
panies an increased expression of CYP2E1 (Mari 
and Cederbaum 2001), and CYP2E1 itself produces 
ROS (Lieber 1997). Figure 2A and 2B shows that 
the expression of CYP2E1 was markedly enhanced 
in the liver microsomes of the STZ-treated rats with 
the increased time of sampling, whereas this was 
independent of the time in the untreated samples 
and lower than that of the diabetic rats. In contrast, 
the administration of normal albumin (IN-1) to the 
diabetic rats reduced the protein expression, and 
the treatment with IN-2 induced a more increased 
suppression of CYP2E1 expression. However, the 
albumin infusions did not completely suppress 
the elevated expression. The results for the CYP2E1 
expression were supported by the p-nitrophenol 
hydroxylase activities of CYP2E1 in  the micro-
somes of the STZ-diabetic rats, which were higher 
than those of intact rats and increased as a function 
of the sampling time (Figure 2C). Conversely, the 
albumin infusion reduced the enhanced activities 
and IN-2 was more efficient in this attenuation 
than IN-1. However, the albumin treatment still 
showed higher CYP2E1 activities than that in the 

intact rats. As a control experiment, the expression 
and activity of CYP3A4, another member of the 
cytochrome P450 superfamily, were also assessed 
and did not display any effect after the STZ ad-
ministration or the co-administration of STZ with 
albumin (results not shown). These results collec-
tively suggest that the external albumin specifically 
plays an important role in the suppression of the 
CYP2E1 expression and catalytic activity.

To test the possibility that the albumin co-ad-
ministration may deactivate the efficacy of STZ 
in inducing diabetes in rats as the albumin binds 
to  various endogenous and exogenous ligands, 
an immunoblot analysis for GAD, a candidate bi-
omarker of type 1 diabetes (Jun et al. 2002), was 
performed. The GAD protein band intensity did 
not significantly differ between the STZ treated 
and STZ/albumin co-administered rats, although 
the expression was markedly enhanced compared 
with that of control sample (Figure 3). Moreover, 
the expression levels of GAD were similar in both 
groups regardless of the time intervals after treat-
ment with STZ or STZ/albumin. Based on  this 
result and similar blood glucose levels in both sam-
ples (Table 1), the possibility of an albumin-caused 
decrease in the STZ effectiveness in developing 
diabetes could be excluded.

DISCUSSION

The present study shows that an albumin infu-
sion could attenuate STZ-mediated liver damage, 
which may be attributed to the decreased levels and 
modification of albumin, and the resultant increase 
in ROS. When considered together with previous 
reports, the current results indicate that the func-
tional activation of CYP2E1 in STZ-diabetic rats 
contributes to tissue injury. Inversely, our results 
also suggest that administration of normal albu-
min can potentially restore the detrimental effects 
of diabetes in the liver in rats.

The STZ treatment caused a decrease in the se-
rum albumin level compared with that of intact rats 
(Table 1). Consistent with this result, a previous 
study reported that the albumin level decreased 
in the peripheral blood mononuclear cells of STZ-
induced diabetic rats, which resulted in an  in-
creased production of oxidative stress in the cells 
(Park et al. 2014). As serum albumin is synthesised 
in the liver, an STZ treatment may affect the liver 
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functions involved in the synthesis and secretion 
of albumin, as well as inducing liver damage; this 
would explain the 2.6- to 3.3-fold increase in the 
serum ALT and AST activities in STZ-diabetic rats. 
This is consistent with previous reports (Ahn et al. 
2006), although the enhanced degrees of the pa-
rameters were different from the former results. 
As the ALT and AST activities in the serum are 
used as an index for liver damage, these results sug-
gest liver injury in the STZ-diabetic rats. Moreover, 
the decrease in the serum albumin level supports 
STZ-induced liver injury. However, it has also been 
reported that there was no significant difference 
in the serum albumin level between the intact and 
STZ-diabetic rats (Omoruyi et al. 2013). In addition 
to the possibility that STZ downregulates the syn-
thesis and secretion of albumin in the liver, an in-
sulin deficiency can also cause decreases in these 
functions in diabetes (Bae et al. 2013). Moreover, 
low albumin levels in the serum increase the pro-
tein glycation in the plasma (Bhonsle et al. 2012), 
which may be responsible for the loss of the al-
bumin function, as it has been shown to induce 
structural and functional changes in the albumin 
(Anguizola et al. 2013).

Because albumin is the most abundant protein 
in the serum and has antioxidant properties, an al-
bumin malfunction may result in the ineffective 
attenuation of oxidative stress in cells. The elevat-
ed levels of oxidants can also lead to an increase 
in the oxidation of albumin. Figure 1A and 1B sup-
port the inter-relationship: the albumin in diabetic 
rats was more oxidised than that of the normal al-
bumin and that oxidation may be responsible for the 
structural change and decreased antioxidant activity 
of the albumin in diabetic rats. These results also 
imply the that the STZ-induced changes in serum 
albumin were closely correlated with the severity 
of the diabetes. However, the total number of albu-
mins damaged structurally and functionally by the 
STZ could not be deduced from the current results. 
Nonetheless, the STZ-mediated decrease in the al-
bumin concentration and protein deformation can 
explain the elevated oxidative stress in the diabetic 
rats. Taken together, STZ may be considered to in-
duce serial events in rats: a reduced albumin level 
in the serum, a detrimental modification of the se-
rum albumin, and a concomitant increase in ROS.

As oxidative stress has been implicated in liver 
diseases and albumin infusions are widely used 
in liver cirrhosis (Carvalho and Verdelho Machado 

2018), the current findings regarding the attenua-
tion of an STZ-induced liver injury through albu-
min supplementation in diabetic rats may be closely 
related to these previous reports. However, the mo-
lecular mechanism(s) for the protective effect of al-
bumin remains unknown and the therapeutic effect 
of albumin on liver cirrhosis is believed to be a re-
sult of its oncotic properties. In addition, the de-
gree of STZ-induced liver injury shown in Table 1 
might not be significant because 2- to 3-fold higher 
than normal ALT and AST activities in the serum 
are generally considered as reflecting a mild liver 
injury.

Regarding the dose-dependent effectiveness of al-
bumin, it should be noted that the rats were probably 
overdosed with albumin (196 mg for IN-1 in Table 1), 
considering that physiological albumin concen-
trations in male rats are between 30 g/l to 51 g/l. 
Moreover, a 2-fold higher amount of albumin (IN-2) 
than that for IN-1 resulted in the more efficient re-
mediation of the liver injury and elimination of the 
ROS. Whether the efficacy of this dose is specific 
to the STZ-mediated liver damage in rats is not cur-
rently known, and therefore, administering similar 
doses of albumin used in this study to other animal 
models may be difficult. A dose with half the amount 
of albumin in IN-1 (Table 1) had a minimal effect 
in alleviating the STZ-induced liver damage (results 
not shown). Although there is no direct relation with 
the present study, albumin has been administered 
to 70 kg-adults at doses of 105 g on day 1 and 70 g 
on day 3 in a study on the effect of an albumin infu-
sion on the renal function and survival of patients 
with cirrhosis and spontaneous bacterial peritonitis 
(Sort et al. 1999).

At present, there is no direct evidence to show that 
oxidative stress induces the expression of CYP2E1, 
while a lot of reports have proved that CYP2E1 gen-
erates free radicals. Although CYP2E1-dependent 
oxidative stress following the induction of CYP2E1 
by ethanol is one of the main causes of hepatotoxicity 
(Jaeschke et al. 2002), and CYP2E1 catalyses the eth-
anol oxidation in the liver (Osna and Donohue 2013), 
alcohol is also metabolised by other enzymes, such 
as alcohol dehydrogenase, catalase, and a combina-
tion of NADPH-oxidase/catalase, resulting in oxi-
dative stress (Comporti et al. 2010). These reports 
suggest that oxidative stress itself can trigger the 
expression of CYP2E1 and that albumin supplemen-
tation may thus suppress the expression of CYP2E1 
by reducing the STZ-mediated ROS generation.
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Ketones and other small organic molecules are 
both substrates and inducers of CYP2E1 (Barnett 
et al. 1992). The production of ketones in diabetes 
has been suggested to result in the increased expres-
sion and catalytic activity of CYP2E1 (Chalasani 
et al. 2003; Abdelmegeed et al. 2005). Consistent 
with these reports, the present results showed that 
an albumin infusion led to a decrease in the levels 
of ketones in the blood and expression of CYP2E1. 
Hence, although ketones are not the sole inducers 
of CYP2E1 in diabetes and the molecular relation-
ship between the albumin treatment and the ketone 
levels in blood is unclear, the suppression of the 
ketone production by the albumin infusion could 
be a mechanism for a reduction in the CYP2E1 
expression in  diabetic rats. However, conflict-
ing results have also been reported, showing that 
fatty acid treatment downregulated the CYP2E1 
expression at the mRNA level and enzymatic ac-
tivity in human hepatocytes, but did not induce 
any significant change in the enzyme expression 
(Donato et al. 2007; Aljomah et al. 2015). Therefore, 
the role of ketone bodies inducing the expression 
of CYP2E1 remains unknown because these mol-
ecules are produced by the liver from fatty acids 
in type 1 diabetes.

A variety of xenobiotics and natural extracts have 
been suggested to show protective effects on STZ-
induced liver injury, and several of these have been 
used as drugs for remediation of other diseases 
(Yanardag et al. 2005; Afrin et al. 2015). Regardless 
of their pharmacological effectiveness on the liver 
damage, these molecules may also elicit toxic and 
other side effects in cells. For example, although 
metformin is a well-known medication for the treat-
ment of  type 2 diabetes and was also suggested 
to have protective effects on liver injury in STZ-
diabetic rats (Yanardag et al. 2005), this can also 
induce lactic acidosis and other deleterious symp-
toms (DeFronzo et al. 2016). In contrast, an albumin 
administration is believed to have excellent safety, 
and serious adverse events in albumin recipients are 
therefore very rare (von Hoegen and Waller 2001; 
Vincent et al. 2003).

Considering the overall results obtained, it can 
be concluded that treatment with exogenous normal 
albumin may reduce the oxidative stress and restore 
the liver injury induced by diabetes. This is also 
supported by the albumin-induced decrease in the 
ketone levels, as a high level of ketones in the blood 
is a typical indicator of type 1 diabetes. However, 

further experiments, such as histological studies, 
should be performed to estimate the exact liver 
state. In addition, there remains a possibility that 
the production of ROS and liver damage were in-
duced by the STZ treatment per se. Nonetheless, the 
present study demonstrates that an STZ-mediated 
liver injury could be recovered by administration 
of external normal albumin, which can thus serve 
as an alternative remedy for liver damage induced 
by type 1 diabetes. Moreover, the current results 
may be applied to other tissue and cellular injuries, 
as increased oxidative stress plays an important role 
in the aetiology and pathogenesis of many diseases 
(Liguori et al. 2018). However, several issues, such 
as the determination of the optimal dose and ap-
plication to other animals, still remain to be ad-
dressed before an external albumin administration 
can be used to clinically treat liver damage.
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