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Effects of insulin treatment on hepatic CYP1A1 and CYP2E1 activities
and lipid peroxidation levels in streptozotocin-induced diabetic rats

Gökçe Kuzgun1
& Rahman Başaran1

& Ebru Arıoğlu İnan2
& Benay Can Eke1

Received: 22 March 2020 /Revised: 7 August 2020 /Accepted: 17 August 2020
# Springer Nature Switzerland AG 2020

Abstract
Introduction Reactive oxygen species (ROS) and lipid peroxidation (LPO) levels may increase in diabetic state and lead to
oxidative stress, which plays a critical role in the progression of diabetes. There are various sources of ROS, including cyto-
chrome P450 monooxygenases (CYP450s), which may be modulated in terms of their activities and expressions under diabetic
conditions. This study is aimed to investigate the effects of streptozotocin-induced diabetes and insulin treatment on hepatic
cytochrome P450 1A1 (CYP1A1) and cytochrome P450 2E1 (CYP2E1) activities and LPO levels. Methods: CYP1A1 and
CYP2E1 activities were measured with ethoxyresorufin O-deethylase and p-nitrophenol hydroxylase activities, respectively.
LPO levels were then corroborated via thiobarbituric acid reactive substances. Results: In diabetic rats, a marked 2.1- and 2.4-fold
increase in hepatic CYP1A1 activity and 1.8- and 1.6-fold increase in hepatic CYP2E1 activity were observed compared to
controls and insulin-treated diabetic rats, respectively. Hepatic LPO levels in diabetic rats did not significantly change compared
to controls. However, in insulin-treated diabetic rats, LPO levels are 0.92- and 0.89-fold remarkably decrease compared to
controls and diabetics, respectively. Conclusion: The present study suggests that insulin might have a useful role in the modu-
lation of CYP1A1 and CYP2E1 activities as well as LPO levels in the liver of diabetic rats.
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Introduction

Diabetes mellitus is one of the most common metabolic dis-
eases worldwide. Many studies have been carried out to clar-
ify its mechanisms and develop more efficient therapeutic
strategies. The increased oxidative stress in different tissues
such as the liver, pancreas, kidney, and brain has been report-
ed to associate with the development of diabetes and diabetic
complications [1, 2]. As the liver is an essential organ in terms
of its role in glucose homeostasis [3], it is crucial to understand
elaborately how a diabetic state particularly affects hepatic
functions.

Hyperglycaemia, or high blood glucose, is a serious symp-
tom of diabetes. Oxidative stress can be occurred by the gen-
eration of reactive oxygen species (ROS) as a consequence of
high blood glucose levels [4]. The increase in ROS production
is vital due to their role in the inflammation, aging, atheroscle-
rosis, and carcinogenesis [5]. ROS can contribute to the dis-
ruption of the membrane integrity and structural and function-
al alterations in biomolecules that regulate cell metabolism,
including lipids, proteins, and nucleic acids. [6]. They can be
generated from many sources such as oxidative phosphoryla-
tion, nicotinamide adenine dinucleotide phosphate oxidase,
glucose autoxidation, and cytochrome P450 monooxygenases
(CYP450) [4]. Over-expressions of CYP450s may lead to
oxidative stress through the formation of ROS in diabetes
[4], and lipid peroxidation can be one of the major outcomes
induced by oxidative damage [7]. The increased ROS-induced
lipid peroxidation can cause cellular damage, abnormality of
blood coagulation (hypercoagulation), hypertension, and car-
diovascular disease in diabetic patients [8].

CYP450s have a significant role in the oxidative me-
tabolism of various lipophilic compounds such as fatty
acids, endogenous steroids, carcinogens, as well as drugs
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[9]. Among CYP450s, cytochrome P450 1A1, 1A2, 1B1,
2E1, and 3A4 are the main isozymes contributing to the
metabolism of xenobiotics [10–12]. Beyond their usual
role in detoxification, some CYP450s could have poten-
tially harmful effects in their increased activities since
they may promote oxidative stress due to their ability of
excessive ROS production. [4, 5, 13]. As the expressions
and activities of CYP450s may be affected by several
pathophysiological conditions such as diabetes, hyperten-
sion, cancer [14], one of the reasons behind the impaired
function of the liver in diabetes could be alterations in
hepatic CYP450s enzymes, including cytochrome P450
1A1 (CYP1A1), cytochrome P450 2E1 (CYP2E1)
[15–17]. CYP1A1 and CYP2E1 are regarded as the oxi-
dative stress-related enzymes [18, 19]. CYP2E1-
dependent ROS production can be an important aspect
of diabetes [16], and CYP1A1, known for its capacity to
activate carcinogenic compounds [12, 20], may be asso-
ciated with oxidative stress-induced diabetic complica-
tions [21]. However, there is hardly ever information on
the relationship between CYP1A1 activity and oxidative
stress in the diabetic state. Furthermore, insulin, the key
regulatory hormone in diabetes, may also influence the
expressions and activities of these enzymes [22, 23], but
the effects of insulin on the activities of hepatic CYP1A1
and CYP2E1 and liver lipid peroxidation levels are not
fully known. Accordingly, this study aimed to investigate
the effects of insulin treatment on hepatic CYP1A1 and
CYP2E1 activities as well as LPO levels in streptozotocin
(STZ)-induced diabetic rats to determine the possible link
between hepatic oxidative stress and insulin in diabetes
through the activity of these enzymes and lipid
peroxidation.

Materials and methods

Materials

Folin-ciocalteu’s phenol reagent, glucose-6-phosphate,
glucose-6-phosphate dehydrogenase, nicotinamide ade-
nine dinucleotide phosphate (NADP+), sodium salt,
streptozotocin 7-ethoxyresorufin, p-nitrophenol, thiobar-
bituric acid, albumin, ethyl alcohol, glycerol, potassium
chloride, sodium potassium tartrate, and tris base were
obtained from Sigma-Aldrich (USA). Copper sulphate
and iron (II) sulphate heptahydrate were from the British
Drug House (UK). Dipotassium hydrogen phosphate, hy-
drochloric acid, magnesium chloride, methyl alcohol and
sodium hydroxide were purchased from Merck and
perchloric acid was obtained from Riedel (Germany).
All chemicals used were the highest purity available from
commercial sources.

Animals and study design

Adult 10-week old male Sprague-Dawley rats with 280–300 g
body weight were used throughout the experiments. Twenty-
seven rats provided by Bilkent University (Ankara, Turkey)
were housed individually in standard single cages and main-
tained under the controlled conditions (12-h light-dark cycle;
room temperature 22±1 ºC, %60 relative humidity). Animals
had access to tap water and standard rat chow (Purina, Turkey)
ad libitum. The animals were randomly divided into three
groups: control (n = 05), diabetic rats (n = 11), and diabetic
rats treated with insulin (n = 11). Experimental diabetes was
induced by a single intraperitoneal injection of 38 mg/kg
streptozotocin, diluted in citrate buffer (pH:4.5). Different
moderate doses of streptozotocin ranging from 35 mg/kg to
45 mg/kg were tested and evaluated with preliminary experi-
ments, 38 mg/kg was preferred, at which the most effective
dose with minimum mortality. After 72 h of following the
injection of streptozotocin, blood glucose levels were mea-
sured by glucose monitor Accuchek (Roche Diagnostics,
Mannheim, Germany) for each group once a week. Rats were
considered diabetic when the levels were ≥300 mg/dL.
Weekly body weight changes of all animals were also
assessed during the experimental period. 6 weeks after injec-
tion of streptozotocin, diabetic rats treated with insulin. The
insulin dose was determined individually and daily regarding
blood glucose levels of rats. Blood glucose levels were mea-
sured before injection, and the insulin dose was set thorough-
ly. As each rat had different blood glucose levels, the dose of
insulin for each of them was different. Thus, we indicated a
range of insulin doses between 5 and 20 U/kg regular insulin
at 8:00 am (Actrapid, Novo Nordisk): 5–20 U/kg isophane
insulin at 8:00 pm (Humulin NPH, Eli Lilly) for 2 weeks.
The rats were not fasted, and their blood glucose levels were
also measured again just before sacrificing. Animals were
sacrificed under high dose anesthesia (ketamine/xylazine) at
the end of the 2-week insulin-treatment period, and their liver
tissues were carefully dissected and immediately stored at -80
ºC for further analysis. A diagram illustrating the experimental
timeline is given in Fig. 1. All procedures used in this study
were approved by the Ankara University Ethics Committee
for Animal Experiments.

Preparation of microsomes

The rat liver tissues were rapidly excised, weighed, and ho-
mogenized with 1.15% potassium chloride (KCI) (w/v) at 250
x g in an ice-cold bath. The resulting microsomal pellets were
centrifuged at 11 000 x g for 25min. The supernatant fractions
were centrifuged again at 108 000 x g for 60 min. The pellets
of ultracentrifugation were homogenized with 20% glycerol
and were stored at -80 ºC until use.
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Determination of protein concentration

Total protein levels of the prepared liver microsomes were
determined by the method of Lowry et al. [24]. Briefly, pro-
teins reacted with copper ions and reduced with the folin-
ciocalteu reagent in alkaline medium and the absorbance of
the coloured product was then measured at 750 nm, using
bovine serum albumin as a standard protein.

Determination of hepatic pNP-hydroxylase activity
(CYP2E1)

Microsomal CYP2E1 (p-Nitrophenol-2-hydroxylase) activity
was assayed, as described by Reinke and Moyer [25] with
some modifications [26]. CYP2E1 activity was determined
with CYP2E1 hydroxylates p-nitrophenol (pNP), its 2-
hydroxylation to form of 4-Nitrocatechol was measured by
spectrophotometrically. 1 mL of reaction medium contains
microsomal protein, pNP as a substrate, 400 mM, Tris buffer
(pH 6.8), 100 mM glucose-6-phosphate, and cofactor includ-
ing 20 mM NADP+, 100 mM magnesium chloride (MgCI2),
400 mM potassium phosphate buffer (pH 7.8) and 500
U/0.15 mL (Units per millilitre) glucose-6-phosphate dehy-
drogenase. The reaction medium (Tris buffer, pNP, and mi-
crosomal protein) was added to test tubes placed in a shaking
water bath at 37 ºC, and the reaction was then initiated by the
addition of NADPH-generating system. The samples were
allowed to incubate at 37 ºC for 30 min in a shaking water
bath. At the end of the incubation, each reaction was termi-
nated by the addition of 500 µl of 0.75 N (v/v) perchloric acid,
then centrifuged at 7 300 x g for 45 min to remove denatured
proteins in tubes. 250 µl of 2 m NaOH was added to each test
tubes to complete the ionization of 4-nitrocatechol which
formed in the reaction. Once the color change observed in
the tubes, the reaction medium was centrifuged again at 7
300 x g for 15 min for the removal of NaOH precipitates.

Following the last centrifugation, the absorbance was rapidly
read at a wavelength of 546 nm by spectrophotometrically.

Determination of hepatic EROD activity (CYP1A1)

CYP1A1 activity (7-ethoxyresorufin O-deethylase, EROD) in
microsomeswas determined as previously described by Burke
et al. [27]. 7-Ethoxyresorufin is a substrate in which CYP1A1
transforms into resorufin measured fluorometrically. 1 mL of
reaction medium contains microsomal protein, 7-
ethoxyresorufin as a substrate, 10 mM albumin, 50 mM
Tris.HCl buffer (pH: 7.8), 100 mM glucose-6-phosphate,
400 mM Tris buffer (pH: 6.8), and cofactor including
20 mM NADP+, 100 mM MgCI2, 400 mM potassium phos-
phate buffer (pH 7.8) and 500 U/ 0.15 mL glucose-6-
phosphate dehydrogenase. The reaction medium (Tris
buffer, 7-ethoxyresorufin, and microsomal protein) was added
to test tubes taken into a shaking water bath at 37 ºC, and the
reaction was then initiated by the addition of NADPH-
generating system to each test tube. The samples were allowed
to incubate at 37 ºC for 5 min in a shaking water bath. At the
end of the incubation, each reaction was terminated by the
addition of 3 mL ice-cold methanol, then centrifuged at 7
000 x g for 20 min to remove denatured proteins in tubes.
Following the centrifugation, 3 mL of supernatant was taken
into another tube, and the absorbance was measured at the
excitation wavelength of 538 nm and an emission wavelength
of 587 nm by fluorometrically.

Determination of liver lipid peroxidation levels

Microsomal lipid peroxidation (LPO) levels were determined
with thiobarbituric acid reactive substances (TBARS) spectro-
photometrically as described by Wills and Bishayee [28–30].
1 mL of reaction medium contains microsomal protein,
100 mM potassium phosphate buffer (pH: 7.4), 0.02 mM

Fig. 1 Schematic figure illustrating the timeline of the experimental protocol. The abbreviations of the figure include STZ (streptozotocin); U (Unit); i.p.
(intraperitoneal)
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Fe++, 9 mM KCl, 400 mM Tris buffer (pH 6.8), 100 mM
glucose-6-phosphate, and cofactor including 20 mM
NADP+, 100 mMMgCI2, 400 mMpotassium phosphate buff-
er (pH 7.8) and 500 U/0.15mL glucose-6-phosphate dehydro-
genase. The reactionmediumwas added to test tubes placed in
a shaking water bath at 37 ºC, and the reaction was then
initiated by the addition of NADPH-generating system. The
samples were allowed to incubate at 37 ºC for 30 min in a
shaking water bath. At the end of the incubation, each reaction
was stopped by the addition of 500 µl of 25% trichloroacetic
acid (TCA), then centrifuged at 7 000 x g for 20min to remove
denatured proteins in tubes. After centrifugation, 1 mL of
supernatant was taken into another tube. 0.5 mL of thiobarbi-
turic acid (TBA) was added to each test tube, boiled for 20min
in a hot water bath. Following the boiling, the absorbance was
read at a wavelength of 530 nm spectrophotometrically.

Data Analysis

Statistical analysis was performed with Statistical Package for
the Social Sciences (SPSS) version 23. The data were
expressed as the means ± SD (standard deviation). Three
groups of data were compared with one-way ANOVA follow-
ed by the non-parametric Mann-Whitney U test. After Mann-
Whitney U, the non-parametric Kruskal-Wallis H test was
used for the multicomparison. p < 0.05 was considered statis-
tically significant.

Results

Physical and physiological parameters in diabetic
state

The blood glucose levels of control and insulin-treated diabet-
ic rats were about 116.8 mg/dL and 93.72 mg/dL, respective-
ly. However, in diabetic rats, the blood glucose levels were
approximately 445 mg/dL, corresponding 3.8- and 4.7-fold
statistically significant (p < 0.05) increase compared to con-
trols and insulin-treated diabetic rats, respectively. As a char-
acteristic of diabetes, we observed remarkable (p < 0.05)
weight loss in diabetic rats compared to insulin-treated diabet-
ic rats. However, no significant change in body weights was
noted between diabetic rats and controls. The data of the
changes in body weight and blood glucose levels before sac-
rifice are shown in Table 1.

Cytochrome P450 isoforms activity in liver
microsomes of sprague dawley rats

In diabetic rats, CYP1A1 activity showed 2.14- and 2.45-fold
marked increase compared to control and insulin-treated

diabetic rats, respectively (p < 0.05). The optimized method
for measuring CYP2E1 activity was also previously reported
in our group [26]. The present results indicated the statistically
significant 1.88- and 1.68-fold induced liver CYP2E1 activity
in diabetic rats compared to controls and insulin-treated dia-
betic rats, respectively (p < 0.05). However, hepatic CYP1A1
and CYP2E1 activities in diabetic rats were normalized by the
treatment of insulin. The data are shown in Fig. 2.

Lipid peroxidation levels in liver microsomes of
sprague dawley rats

In insulin-treated diabetic rats, LPO levels are statistically sig-
nificant 0.92- and 0.89-fold decrease compared to control and
diabetic group, respectively (p < 0.05). Interestingly, no
marked difference was noted between diabetic rats and con-
trols. These results demonstrated that insulin was able to de-
crease the levels of LPO (Fig. 2).

Discussion

Diabetes mellitus is an endocrine-metabolic disorder charac-
terized by hyperglycaemia resulting from defects in insulin
secretion or impairment in the body’s ability to use insulin
efficiently. Its mechanisms have long been studied to develop
more efficient therapeutic strategies, but effective approaches
to preventing and treating diabetes are still rather limited.
Oxidative stress may be one of the primary mechanisms by
which its increased level in different tissues such as the liver,
pancreas, kidney, and brain can trigger the development of
diabetes and diabetic complications [31]. Furthermore, there
also might be a correlation between diabetes and lipid perox-
idation that is a major harmful consequence of increased ox-
idative stress [32]. On the other hand, the liver, which has a
unique role in the glucose homeostasis, can be severely affect-
ed by diabetic state, and the impairment of liver functions such
as fatty liver disease, hepatocellular carcinoma, cirrhosis, and
hepatic enzymes alterations may occur [15]. Hepatic
CYP450s enzymes could be regulated by diabetes due to its
pathological conditions, such as hyperglycaemia or other mol-
ecules associated with the disease [1]. Among CYP450s,
CYP1A1 and CYP2E1 are two of the most potent CYP iso-
zymes to generate ROS [4, 21, 33]. In this regard, the induc-
tion of CYP1A1 and CYP2E1 activities may have severe con-
sequences related to oxidative damage [34].

In the present study, after streptozotocin treatment, a
marked increase was shown in diabetic rats’ blood glucose
levels versus controls. The average blood glucose levels of
insulin-treated diabetic rats were not significantly (p < 0.05)
different from control rats and there was a statistically (p <
0.05) remarkable increase in the average body weight of
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insulin-treated diabetic rats in comparison to diabetic rats,
indicating that insulin therapy is effective to normalize blood
glucose levels and triggers the weight gain [35].

In our work, a significant increase in hepatic CYP1A1 and
CYP2E1 activities in diabetic rats was noted. These findings
are in accordance with Shankar et al. [36] and Haider Raza
et al.’s [1] works that showed an increment in CYP1A1 and
CYP2E1 enzyme activities compared to controls in STZ-
induced diabetic male Sprague-Dawley and Wistar rats, re-
spectively. However, Shankar and co-workers also reported
that there is no significant change in CYP2E1 activity and also

a decrease in CYP1A1 activity in STZ-induced diabetic male
Swiss Webster mice compared to non-diabetic mice, suggest-
ing highlights the importance of the inter-species in terms of
alterations in these enzyme activities under diabetic condition.
Besides the diversity within species, an increase in CYP1A1
and CYP2E1 activity could be attributed to the increased ke-
tone bodies in diabetic rats [36]. As an alternative energy
source, ketone bodies are produced by the oxidation of fatty
acids in the liver, and insulin deficiency can lead to hyperlip-
idaemia as well as hyperketonaemia. Since ketone bodies are
one of the substrates of the CYP2E1, their augmented

Fig. 2 Hepatic CYP2E1 (a) and CYP1A1 (b) activities and lipid
peroxidation (c) levels in the controls and treatment groups of Sprague
Dawley rats. Results are presented as means ± SD; n = 05 for the control
group, n = 11 for the diabetic rats, and n = 11 for the diabetic rats treated

with insulin. Significant changes are expressed as *(p < 0.05) in
comparison with the control group; O (p < 0.05) in comparison with the
diabetic group

Table 1 The body weights and blood glucose levels of the control, diabetic and insulin-treated diabetic rats

Control Diabetic Insulin-treated Diabetic

Blood glucose levels (mg/dL) 116.8 ± 9.1 445.0 ± 32.9* 93.72 ± 12.2 o

Body weight (g) 335.4 ± 48.5 295.7 ± 30.7 344.0 ± 24.5 o

All the values are represented as means ± SD; n = 05 for the control group, n = 11 for the diabetic rats, and n = 11 for the diabetic rats treated with insulin.
Significant changes are expressed as * (p < 0.05) in comparison with control group; O (p < 0.05) in comparison with the diabetic group
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production may trigger an increase in CYP2E1 activity [22,
37–39]. Nevertheless, the changes in the level of ketone bod-
ies cannot be sufficient to explain the alterations in the activ-
ities of CYP450s. In diabetic conditions, lipids, carbohy-
drates, and hormones such as insulin, glucagon, leptin, and
growth hormone and testosterone may also attribute to chang-
es in CYP450s activity [40].

The insulin treatment normalized hepatic CYP1A1 and
CYP2E1 activities in diabetic rats, suggesting that insulin
has a regulatory effect on CYP450s. However, Borbás and
his colleagues showed that with insulin therapy, increased
CYP1A1 activity in diabetic rats was restored to the level of
control rats, while CYP2E1 activity did not change either in
STZ-induced diabetic rats or insulin-treated STZ-induced di-
abetic rats [23]. Although at first glance our findings seem to
contradict with their results in terms of CYP2E1 activity, they
observed a major standard deviation that could be attributed to
the inter-individual variation of sensitivity to insulin, and also
a significant decrease in CYP2E1 activity had been shown in
insulin-treated non-diabetic rats. This may be due to the sup-
pression effect of insulin on CYP2E1 transcription to prevent
oxidative stress [23, 41]. Indeed, several potential mecha-
nisms could be offered about the normalizing effect of insulin
on hepatic CYP450s. In diabetes, growth hormone deficiency
may occur, leading to alterations in CYP450s [42], and
insulin-related normalization of growth hormone-mediated
procedures could be one of the possible explanations for
changes in CYP450s activity [43].

In contrast to the results of the present study, Bukan et al.
and Mukherjee et al. have reported elevated levels of hepatic
lipid peroxidation in diabetic male albino rats compared to the
control group [44, 45]. In Bukan et al.’s study, hepatic
malondialdehyde (MDA) levels, which is one of the LPO
products used to determine oxidative stress, in 24-week old
diabetic rats were significantly higher than 8-week old diabet-
ic and control rats, suggesting the possible effect of aging on
the formation of LPO [44]. However, in our work, hepatic
LPO levels did not significantly change in diabetic rats com-
pared to the control group. The possible reasons for our find-
ings may be that reactive oxygen species cannot have reached
the level of causing lipid peroxidation, and the liver is less
susceptible to oxidative stress [1]. On the other hand, it is
worth noting that after insulin treatment, lipid peroxidation
levels in insulin-treated diabetic rats were statistically remark-
able (p < 0.05) decrease compared to those of diabetic rats and
controls, indicating that insulin has a crucial role in reducing
hepatic lipid peroxidation levels. Nonetheless, in addition to
its harmful effects, LPO could be beneficial to perform some
physiologically basic functions as a regulator of gene expres-
sion and mediator of cellular signalling [46]. Therefore, very
low lipid peroxidation levels below those of physiological
levels may cause undesirable consequences in the normal
functioning of the body. In the current study, although hepatic

LPO level in insulin-treated diabetic rats was lower than that
of controls, it was not a level far below the physiological limit,
which may cause the disruption of cell metabolism.

In conclusion, to the best of our knowledge, here we report
for the first time the effect of insulin treatment on hepatic
CYP1A1 and CYP2E1 activities by comparing them with
hepatic lipid peroxidation levels in diabetic conditions.
Increased hepatic CYP1A1 and CYP2E1 activities in STZ-
induced diabetic rats suggest that oxidative stress is one of
the potential mechanisms in the development of diabetes and
its complications. However, CYP1A1- and CYP2E1-
dependent ROS production in diabetes should be at a certain
level for the formation of lipid peroxidation. Another impor-
tant conclusion is that the regulatory hormone insulin can
reduce the harmful effects of oxidative stress in diabetes by
restoring the increased hepatic CYP450s activity and decreas-
ing the lipid peroxidation levels. These findings may be useful
for understanding the effects of diabetes on hepatic functions
in terms of CYP450s activity related to lipid peroxidation
levels. Yet, further studies are needed to elucidate the role of
oxidative stress in diabetes.

Limitations

When compared to humans, differences in rodent physiology
is the primary limitation of this study. Another limitation is
that the present research was conducted only on the liver.
Therefore, these parameters should also be studied in other
tissues related to diabetes and its complications. On the other
hand, the increase in oxidative stress in diabetes can be
established a more explicit cause-effect relationship by mea-
suring antioxidant enzymes such as glutathione peroxidase,
glutathione reductase, and superoxide dismutase in the liver
as well as other tissues. The final limitation is that the exper-
imental duration of diabetes and insulin treatment can be ex-
tended to evaluate the long-term effects of the disease in terms
of oxidative stress.
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