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Abstract

Background: Diabetes is regarded as an epidemiological threat for the twenty-first century. Phytochemicals with
known pharmaceutical properties have gained interest in the field of alleviating secondary complications of diseases.
Such a substance is crocin, a basic constituent of saffron (Crocus sativus). The present study aimed at examining the
beneficial effects of per os crocin administration on the antioxidant status, blood biochemical profile, hepatic gene
expression and plasminogen activator inhibitor-1 activity (PAI-1) in the liver, kidney and plasma (an important marker
of pre-diabetic status and major factor of thrombosis in diabetes) of healthy rats, as well as of rats with nicotinamide-
streptozotocin-induced diabetes.

Results: Diabetes disrupted the oxidation-antioxidation balance, while crocin improved the antioxidant state in the
liver by significantly affecting SOD1 gene expression and/or by restoring SOD and total antioxidant capacity (TAC) lev-
els. In the kidney, crocin improved hydrogen peroxide decomposing activity and TAC. In blood, hepatic transaminases
ALT and AST decreased significantly, while there was a trend of decrease regarding blood urea nitrogen (BUN) levels.
The expression of PAI-1 gene was affected in the liver by the dose of 50 mg kg™".

Conclusions: Crocin treatment contributed in restoring some parameters after diabetes induction, primarily by
affecting significantly hepatic transaminases ALT and AST, SOD1 and PAI-1 gene expression and nephric H,O, decom-
posing activity. In conclusion, crocin did contribute to the alleviation of some complications of diabetes.
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Background
Diabetes mellitus has been characterized as an “epidemi-
ological threat” of the twenty-first century [1]. In 2017, it
was estimated that there had been 425 million of diabet-
“Correspondence: izervos@vetauthgr - ics worldwide, while 212 million of them were considered
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of Health Sciences, Aristotle University of Thessaloniki, Thessaloniki, undiagnosed [2]. The relationship between diabetes and
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species (ROS) are involved in its pathophysiology [3].
Furthermore, disruption of carbohydrate, protein and fat
metabolism due to oxidative stress results in complica-
tions, such as micro- and macrovascular dysfunctions [4].

A growing research effort is being made regarding the
usage of substances of herbal origin, such as resveratrol
and quercetin [5], for the reduction of oxidative stress
associated with the disease [6]. Another substance used
is crocin (crocetin di-gentiobiose ester), one of the most
significant active compounds of the plant Crocus sativus
L. and of the respective elegant spice, saffron. It is a com-
pound reported to possess potent antioxidant [7] and—
possibly—hypoglycemic properties [8].

Plasminogen activator-inhibitor-1 (PAI-1), a single
chain glycoprotein of 379-381 amino acids, is mainly
produced in endothelial and smooth muscle cells (fib-
ers), although other cells like platelets, mesangial cells,
fibroblasts, hepatic cells, monocytes and adipocytes pro-
duce the inhibitor as well [9]. It is the main inhibitor of
plasminogen activation and its increased concentration
in plasma promotes clot formation, which is related to
cardiovascular disorders, an element observed in obe-
sity and type-2 diabetes [10]. Accumulating evidence
correlates increased PAI-1 levels with insulin resistance
and type 2 diabetes [9], although hyperglycemia per se
can increase PAI-1 secretion as well [11]. Recently, in a
lipopolysaccharide (LPS) animal model of thrombosis, it
was shown that crocin can acutely suppress PAI-1 activity
[12]. Since some of the observed effects did not correlate
with alterations of the oxidative status, the authors sug-
gested that this effect must be due to a different, probably
direct mechanism that may involve currently unknown
properties of the crocin molecule that go beyond its anti-
oxidant capacity. Feidantsis et al. [13] also made a similar,
yet not substantiated suggestion in a study on the effect
of crocin on cardiac dysfunction in STZ-induced diabetic
cardiomyopathy.

The objective of our study was to examine the potential
ameliorating effects of crocin supplementation regarding
the disruption of the oxidative status by the diabetic state.
For this purpose, we carried out blood biochemical tests
and determined a series of oxidative stress markers in the
liver and the kidney. The liver plays a major role in metab-
olism as the main site for gluconeogenesis, while the anti-
oxidant status of the organ after diabetes induction is of
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major importance. We also measured PAI-1 activity and
gene expression in the liver, a principal source of the
enzyme [9], along with the determination of antioxidant
enzyme gene expression, and correlated the results with
the respective parameters referring to the redox status
of the organ. As for the kidney, apart from being a main
organ for drug metabolism, diabetic nephropathy is a
complication of diabetes of high research interest. Finally,
we investigated the effect of crocin supplementation on
the expression of certain hepatic genes that encode anti-
oxidant proteins, namely SOD1, SOD2, and catalase, as
well as on PAI-1 gene expression and PAI-1 activity in
blood plasma and kidney.

Results

Animal weight

Animal weight was significantly decreased in the diabetic
control group compared to the controls (p <0.05), while
crocin administration did not compensate for this effect
(Table 1).

Effect of crocin on biochemical parameters in blood serum
Glucose in serum decreased by the administration of
crocin to non-diabetic animals. The effect, already sig-
nificant at the dose of 20 mg kg™! (»p=0.025), was even
more clear at the higher crocin dose (p =0.01). Further-
more, serum glucose was substantially increased by the
diabetic state (p <0.01) but crocin administration did not
compensate for this increase (Table 1).

The activity of alanine aminotransferase (ALT) was
decreased by the administration of crocin to healthy
animals, in a dose dependent manner (p=0.024 for the
20 mg kg~! dose of crocin, and p=0.004 for 50 mg kg~
of crocin). Additionally, ALT activity was markedly
increased in the diabetic animals compared to the control
group (p<0.01) while crocin administration at the dose
of 20 mg kg~! induced a decrease of the enzyme activ-
ity compared to diabetic controls (p <0.01). On the other
hand, the 50 mg kg™ dose of crocin did not have any
similar effect (Fig. 1a).

Regarding aspartate aminotransferase (AST) activity
in serum, the higher dose of crocin resulted in strong
trend of decrease in non-diabetic animals, only mar-
ginally not significant (p=0.065). Diabetes affected
AST activity in serum. Specifically, there was a marked

Table 1 Body weight and serum glucose concentration (mean + SD)

C Cr20 Cr50 D DCr20 DCr50
Weight (g) 3104+26.3° 277.8+£17.9 2913+76 233.8422.2° 2263+£263 212.7+£384
Glucose (mg di~") 164.84+15.2° 141.74+12.8° 12884+11.9° 58484119.6° 666.7 £104.7 565.2+£96.9

Different letters in the same row represent statistically significant differences (p <0.05)
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Fig. 1 a ALT and AST activity in serum (mean = SD). *(p < 0.05), ***(p < 0.005): statistically significant compared to the C group; H(p<0.01),
#(p < 0.005): statistically significant compared to the D group. b BUN concentration in serum (mean = SD). ***Statistically significant compared
to the C group (p <0.005). ¢ Creatinine concentration in serum (mean = SD). **Statistically significant compared to the C group (p<0.01),
***Statistically significant compared to the C group (p <0.005). d Cholesterol and triglyceride concentration in serum (mean = SD). *(p < 0.05),
**(p<0.01), **(p <0.005): statistically significant compared to the C group

increase of the enzyme activity compared to the con-
trol group (p<0.01), while the administration of crocin
to diabetic animals at the dose of 20 mg kg™ caused a
statistically significant decrease (p <0.01). On the other
hand, the result was not similar for the DCr50 group
(Fig. 1a).

With respect to blood urea nitrogen (BUN) concen-
tration, it was increased in the D group compared to
the controls (p<0.01). Crocin administration to diabetic
rats did not reverse this effect in a statistically significant
way, yet it is intriguing that the p values were low for
both doses tested (p=0.107 and p=0.128 for DCr20 and
DCr50 groups, respectively) (Fig. 1b).

Creatinine concentration was reduced (p<0.01) by
the administration of the lower dose of crocin to healthy
rats. With respect to diabetic animals, it was signifi-
cantly increased in the D group compared to the con-
trols (p<0.01). On the other hand, the administration of
crocin did not alleviate this effect (Fig. 1c).

As for cholesterol concentration, it was significantly
increased in the D group compared to the control group
(p<0.01), but crocin intake did not counterbalance this
effect (Fig. 1d).

Diabetes caused a statistically significant increase of
triglyceride concentration compared to the control group
(p=0.01), and crocin intake did not compensate for this
effect (Fig. 1d).

Effect of crocin on redox biomarkers

Hydrogen peroxide decomposing activity

Hydrogen peroxide decomposing activity in the liver did
not change significantly by the supplementation of crocin
to healthy animals, neither did it change in the diabetic
rats (Table 2).

In the kidney, hydrogen peroxide decomposing activ-
ity demonstrated a different pattern. Specifically, it
was significantly reduced in the Cr50 group (p=0.004)
and the diabetic group (p=0.004). Interestingly, the
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Table 2 Redox biomarkers in the liver (mean £ SD)

C Cr20 Cr50 D DCr20 DCr50
H,0, decomposing activity (U mg ™' protein)  377.57467.58 3913947464 3786844764 3572749714 47394414344 3535411326
SOD (U mgf1 protein) 33.943.55° 34.65+10.88 69.56 + 15.89° 508+134 50.1+£17.26 34.28+10.21
GSH (umol mg~" protein) 0.036+0006° 003540007 007240024 004240009 005640023  0.044+0.014
Protein carbonyls (nmol mg" protein) 1444062 281+14 3.124098 3.054+1.31 33+137 19411
TAC (mmol DPPH mg~"' protein) 0.160 +0.02%° 0.13+0.03 0.259+0.08¢ 02274007 02154008 0.134£0.04°

Different superscripts in the same row represent statistically significant differences (p <0.05)

administration of crocin to diabetic rats at the dose of
20 mg kg ! ameliorated this effect (p<0.05), but it still
did not restore the activity to the level of the control
group (Table 3).

Superoxide dismutase (SOD) activity

Crocin, at the higher dose, induced a significant increase
of SOD activity in the liver. Diabetes did not cause a sta-
tistically significant increase of SOD activity in the liver,
although the p value was low (0.055). On the other hand,
the supplementation of crocin to diabetic rats did not
alter the enzyme’s activity to a statistically significant
degree. Nevertheless, we consider noteworthy that when
comparing the DCr50 group with the diabetic group, the
p value was as low as 0.078 (Table 2). In the kidney, SOD
activity did not increase significantly. However, in groups
DCr20 and DCr50 the activity significantly decreased
compared to the D group (Table 3).

Reduced glutathione (GSH) levels and protein carbonyls

The administration of 50 mg kg~ of crocin to healthy ani-
mals increased GSH concentration in the liver (p <0.01),
while the administration of the lower dose decreased the
concentration in the kidney (p<0.05). Nevertheless, no
diabetic group was influenced regarding the concentra-
tion of protein carbonyls or GSH in any organ (Tables 2
and 3). That said, it is noteworthy that regarding protein
carbonyls our results had a relatively high standard devi-
ation, which makes difficult their interpretation.

Table 3 Redox biomarkers in the kidney (mean & SD)

Total antioxidant activity (TAC)

Total antioxidant activity in the liver significantly
increased in the Cr50 group (p<0.05). The D group
showed a rising trend in hepatic TAC compared to
healthy animals, albeit marginally non-significant
(p=0.078). The DCr20 group did not present any sig-
nificant alterations compared with the D group, but the
DCr50 group showed a significantly decreased TAC value
compared with the diabetic controls (Table 2). In the kid-
ney, diabetes increased TAC significantly and the admin-
istration of crocin at the dose of 20 mg kg™ reversed to
some degree this effect, but not in a statistically signifi-
cant manner (p =0.078)

Effect of crocin intake on PAI-1 activity

The activity of PAI-1 in plasma was not affected, neither
in the Cr20 and Cr50 groups, nor by the diabetic state or
the subsequent crocin administration. In the liver, diabe-
tes did not alter significantly PAI-1 activity. In the kidney,
crocin-treated diabetic groups did not show statistically
significant changes compared to the D group. The results
are illustrated in Fig. 2.

Effect of crocin on gene expression

Astatistically significant increase of the SOD1 gene expres-
sion in the liver was noticed in the D group compared to
the controls (p<0.01).The administration of 20 mg kg™!
crocin did not affect the expression of SOD1 gene in dia-
betic animals but, interestingly, this was accomplished
with the 50 mg kg™ dose (p=0.01) (Fig. 3a).

C Cr20 Cr50 D DCr20 DCr50
H,0, decomposing activity (U mg ™" protein) ~ 637.94180.72 472741229 285074455 23174657° 356541096 308341053
SOD (U mg™' protein) 71724157 57544156 505841903 84741727 5954158% 551741319
GSH (umol mg~" protein) 0.05940016° 004540009  00474+0029° 00824005 0059001 0.07640.023°
Protein carbonyls (nmol mg ™" protein) 3.894+048° 43140.88° 43341.77° 5.5741.53° 545+1.67° 5.8941.38°
TAC (mmol DPPH mg~" protein) 0.1714£0044° 0.1214£0031% 014340045 0229+40036° 0.1754£0047%  0.183+0.05°

Different superscripts in the same row represent statistically significant differences (p <0.05)
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Furthermore, diabetes affected the SOD2 gene by
increasing significantly its expression in the liver, com-
pared to the control group (p<0.01).However, crocin
administration did not alter this effect (Fig. 3a).

Finally, diabetes induction or subsequent treatment
with crocin did not affect catalase gene expression in the
liver (Fig. 3a).
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Regarding the PAI-1 gene expression in the liver, it
was significantly increased in the D group compared to
the controls (p<0.01). Crocin at the dose of 20 mg kg™
induced a salient trend of amelioration of this effect
(p=0.055), while the 50 mg kg~' dose induced a statisti-
cally significant alleviation (Fig. 3b).

Discussion

The present study involved for the first time the effect of
crocin supplementation on PAI-1 activity in liver, kidney
and plasma, as well as on the expression of SOD1, SOD2,
catalase and PAI-1 genes. Although the effect of crocin
administration on the antioxidant status of streptozo-
tocin-induced diabetic rats is studied in several publica-
tions, only a small part of this literature studies the effect
of the per os crocin administration [14—16].

Regarding the effect of crocin administration on glu-
cose levels in the blood of healthy rats, Tamaddonfard
et al. [17] reported no hypoglycemic effect. On the con-
trary, Arasteh et al. [18] reported that the intraperito-
neal administration of a hydromethanolic saffron extract
does have such an effect. In our study, glucose levels were
decreased by crocin in both Cr20 and Cr50 groups, com-
pared to controls. One might point out that there is a
discrepancy between our results and the results by Tama-
ddonfard et al. [17]. Nevertheless, it is important to com-
ment that when crocin is administered per os, as in this
study, it is converted to crocetin and absorbed as such
[19]. Therefore, our protocol is closer to that of Arasteh
et al. [18], since they administered a saffron extract,
which obviously contained both crocin and crocetin. As
for a possible mechanism explaining the effect on blood
glucose levels, given that crocin inhibits pancreatic lipase
[20], it is possible that it also reduces lipid absorbance
and inhibits gluconeogenesis. Regarding the effect of
crocin on glucose levels in diabetic rats, we report no sta-
tistically significant outcome. Although Altinoz et al. 8]
showed a decrease of glucose levels by 13%, they started
treatment just 3 days after the injection of STZ, while
our animals received crocin 2 weeks later. Such a time
interval allows for a more stable picture of the damage
inflicted to the pancreas, as reflected in glucose levels.

The available literature does not allow for a definite
conclusion regarding the effect of crocin supplementa-
tion on body weight. While Hazman et al. [21] reported
a weight decrease of overweight rats, in another study
[22], the addition of crocin to a high-fat diet for rats
induced a decrease in total as well as epididymal fat, but
not in animal weight. In our experiment, no statistical
differences were detected, yet p values were very low
(0.059 for the Cr20 group and 0.1 for the Cr50 group).
On the other hand, although the induction of diabe-
tes expectantly caused a significant decrease in animal
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weight, crocin administration did not compensate for
this effect, which is in accordance with Altinoz et al.
[14] and Hazman et al. [21]. Most probably, the simple
administration of an antioxidant such as crocin cannot
compensate for the serious weight loss caused by diabe-
tes, at least when insulin levels remain compromised.

The H,0O, decomposing activity in the liver did not
change by the administration of crocin to healthy ani-
mals. This result agrees with Magesh et al. [23] and
Rahbani et al. [24]. Furthermore, in our experimenta-
tion, the induction of diabetes did not induce any sig-
nificant change of hydrogen peroxide decomposing
activity in the liver. Although the H,0, decomposi-
tion rate does not exclusively reflect CAT, this enzyme
comprises a major element of the H,0O, decomposing
activity. Therefore, the stable H,0O, decomposition rate
agrees with the unaffected expression levels of the cata-
lase gene, also noticed in our experiment. These results
are supported by Maritim et al. [25], who suggested
that hepatic catalase activity is not consistently altered
by a diabetogen (e.g. STZ), nor by the administration of
some antioxidants such as melatonin, quercetin or vari-
ous vitamins.

To our knowledge, our manuscript presents for the
first time the effect of long-term crocin administration
on the H,0, decomposing activity in the kidney. Bouss-
abbeh et al. [26] injected i.p. a single dose of crocin
(250 mg kg™') and reported no alterations in catalase
activity. In our experiment, the Cr50 group exhibited
a significantly lower H,O, decomposing activity com-
pared to the controls, while the Cr20 group did not.
Carotenoids can be beneficial at low concentrations but
harmful at high concentrations (prooxidant action), espe-
cially when not administered along with other substances
[27]. In the previously mentioned review, Maritim et al.
[25] state that renal catalase activity exhibits a clearer
decrease in diabetes, an element reported by Kakkar
et al. [28] and identified in our experiment as well. On
the other hand, the administration of antioxidants may
alleviate this effect [5]. Such an alleviation did occur in
our experiment, but only with the 20 mg kg™! crocin
dose. While it is not always clear why antioxidants do not
necessarily work in a dose-dependent manner, it is true
that in an oxidative stress state (e.g. diabetes), antioxi-
dant enzymes may be depleted. In this state, antioxidant
substances such as crocin can reduce oxidative stress by
scavenging ROS and contribute to some extent to the res-
toration of enzyme levels.

In the only study that relates to our work, Magesh et al.
[23] administered i.p. crocetin with no effect on SOD
activity in the rat liver. In our experiment, the admin-
istration of crocin to healthy animals increased SOD
activity, but only in the DCr50 group. According to
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Wang et al. [29], such an increase is possibly due to an
increase in Nrf2 (nuclear factor-erythroid 2-related fac-
tor 2) activity, which has an important role in the cellular
defense against oxidative stress and a proven relationship
with the increase of antioxidant enzyme activity after the
administration of antioxidants such as vitamin A. On the
other hand, various research teams report contradicting
results regarding the effect of diabetes induction on the
activity of SOD in the liver [e.g. 25], although they always
reverse these results by administering some antioxidant
other than crocin. In 2011, Rahbani et al. [24] reported
a decrease of SOD activity by the induction of diabetes,
a finding that relates to our work since they counterbal-
anced this decrease by administering a saffron ethanolic
extract. Our experimentation only adds extra informa-
tion to the debate: diabetes tended to increase SOD activ-
ity (p=0.055), and this was reversed by the higher crocin
dose (once again, only as a trend, p=0.078).

According to Maritim et al. [25], the effect of diabetes
on SOD activity in the kidney is not consistent either. In
our experiment, the enzyme activity did not change after
the induction of diabetes. This result goes along with
Maritim et al. [30], as well as with Bandegi et al. [31]. On
the other hand, crocin administration decreased renal
SOD activity in diabetic animals. Kataya and Hamza [32]
presented a similar effect by administering an antioxidant
extract of red cabbage.

The concentration of protein carbonyls (liver and kid-
ney) did not change in any group, diabetic or not. In a
similar way, in the only previous study on the effect
of crocin on healthy animals, El-Beshbishy et al. [33]
reported no alteration of the protein carbonyls concen-
tration after the i.p. administration of the substance.
Regarding the kidney, Palsamy and Subramanian [34]
administered per os resveratrol to healthy rats with no
effect on protein carbonyls concentration. Diabetes tends
to increase the concentration of protein carbonyls in the
rat liver [35, 36] due to the formation of active carbonyl
forms. Our findings do not confirm these reports, but
this could be just due to the high standard deviation of
our results.

The concentration of GSH in the liver of healthy ani-
mals was increased by the administration of 50 mg kg™
of crocin. This is in accordance with Gedik et al. [37], and
verifies the results reported in 2004 by Ochiai et al. [38],
where crocin administration increased GSH concentra-
tion in PC-12 cells. Skrzydlewska et al. [39] specifically
reported for the rat liver an induction—at gene level—
of enzymes that metabolize drugs after the administra-
tion of tea polyphenols. Alternatively, such an increase
in enzyme activity could be attributed to (a) an increase
in the activity of enzymes responsible for GSH synthe-
sis (e.g. g-glutamylcystein ligase or GSH synthetase), or
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(b) an increase in glutathione reductase activity, which
resynthesizes GSH through its oxidized form [40]. Fur-
thermore, in our experiment, GSH did not change in any
organ of the diabetic controls. It seems that at their sac-
rifice time-point, the animals had neither a severe oxida-
tive stress level to the point of GSH significant reduction,
nor a stimulus for a compensatory rise of GSH levels.

As far as hepatic TAC in the liver of healthy rats is con-
cerned, Yuan et al. [41] administered a mixed fruit and
vegetable juice for 5 weeks and reported an increase
in liver TAC. Our result was similar regarding the
Cr50 group. Such an outcome can be attributed to the
increased activity of both GSH and SOD. Indeed, Bar-
tosz [42] mentioned that in tissue homogenates, hepatic
included, TAC is high due to glutathione. Furthermore,
a strong correlation was determined between TAC and
SOD (Fig. 3c). Finally, regarding the Cr20 and Cr50
groups, a strong correlation was determined between
TAC and GSH as well (r;=0.736, p=0.001). Neverthe-
less, such a correlation between TAC and GSH was not
confirmed in the diabetic groups. This suggests a nega-
tive impact of diabetes induction on the oxidative status.
According to Hosseini et al. [43], hepatic TAC is not nec-
essarily altered by the induction of diabetes, nor by the
treatment of diabetics with saffron. With reference to the
diabetic controls and the DCr20 group, our results agree
to the aforementioned authors. However, in our proto-
col, the DCr50 group exhibited a statistically significant
decrease of TAC levels in the liver compared to diabetic
controls, an effect which should not be considered as
prooxidant since protein carbonyls remained stable. A
question that may arise is why TAC in the DCr50 group is
low, even though H,0, decomposing activity, SOD, GSH
and protein carbonyls are not different from the controls.
A possible explanation is that TAC comprises not only
the parameters we determined, but other molecules as
well (e.g. vitamin C, E, etc.). As mentioned previously, the
increase of some antioxidants may induce the decrease
of others. Indeed, when comparing the diabetic group
with the DCr50 group, TAC alterations are paralleled by
the changes in SOD activity: although superscript let-
ters in Table 2 do not indicate any statistical difference
because p values were slightly higher than 0.05, both
TAC (p=0.076) and SOD (p =0.068) are increased in the
D group, and both return back to normal levels (TAC;
p=0.018, SOD; p=0.1) in the DCr50 group. Hence, we
believe that SOD does contribute to the low TAC levels
in the DCr50 group.

In the kidney of healthy animals, TAC was not affected
by the administration of crocin. This result agrees with
Nasiri et al. [44], who reported that the administration
of antioxidant compounds did not affect renal TAC in
healthy animals. The induction of diabetes did not have
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any significant impact either. In a study which is the clos-
est available to ours, Karamouzis et al. [45] found that
TAC levels in the plasma of patients with chronic kidney
disease remained stable in any stage apart from stage five.
In our protocol, TAC in kidney was indeed unaffected by
the diabetic state. According to Kusano and Ferrari [46],
it is possible that TAC is not influenced as long as vita-
mins A and E remain unaffected.

The effect of diabetes on catalase gene expression in
the liver is an element not thoroughly studied and the
few existent works have no consistent results. In humans,
catalase gene expression regulates catalase activity at
different levels (transcription, post-transcription, post-
translation) [47]. Nevertheless, in our experiment, cata-
lase gene expression was not affected by diabetes or by
crocin administration. Our result agrees with Ahmed
et al. [48], who showed that the diabetic state does not
influence catalase gene expression. In another case, the
expression of this gene was downregulated by the diabetic
state [49], an effect not compensated for by the adminis-
tration of antioxidants (e.g. ascorbic, lipoic acid). The dif-
ferences of the protocols concerning diabetes induction
might explain the discrepancies of these results.

As far as SOD1 gene expression in the liver is con-
cerned, there is no consistent effect of the induction of
diabetes and/or of the administration of antioxidants.
For instance, Sadi et al. [50] found that the diabetic state
decreased SOD1 gene expression and this effect was not
changed by resveratrol injection. This is in accordance
with the administration of crocin in our experiment. Fur-
thermore, Sadi et al. [49] reported that lipoic acid and
vitamin C did not alter the expression of this gene. Nev-
ertheless, in our experiment crocin did alter SOD1 gene
expression and compensated for the significant increase
induced by diabetes.

In our study, the expression of SOD2 gene in the liver
did not change in the crocin-treated healthy animals.
Oliveras-Lépez et al. [51] carried out a study with mice,
which received extra virgin olive oil rich in polyphe-
nols, and reported that SOD2 gene expression in pan-
creatic islets was not affected. Moreover, resveratrol
administration in healthy rats does not alter signifi-
cantly SOD2 gene expression in the liver [50]. On the
contrary, this expression increased in the D group com-
pared to the controls, an observation that partly agrees
with Sadi and Giiray [52] who presented an increase of
expression (albeit non-significant). As for the adminis-
tration of antioxidants, neither resveratrol [50] nor the
injection of lipoic acid [52] altered SOD2 gene expres-
sion, in accordance with our outcomes.

Compared to type-2 diabetes, the effect of type-1 dia-
betes on fibrinolysis is relatively under-researched and
probably underestimated, possibly due to the clinical
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significance of thromboembolism in type-2 diabetes.
Nevertheless, there is a consensus that the two different
types of diabetes have an overlapping pathophysiology
[53]. Regarding the mechanisms involved in the altera-
tion of PAI-1 activity by diabetes, a role for hyperglyce-
mia per se (which applies to type-1 diabetes as well) is
strongly suggested [54].

The expression of PAI-1 gene in the liver seems to
increase in diabetes mellitus, as well as in several pro-
tocols of hepatic injury, and is mainly attributed to
mechanisms mediated by glucagon and/or reactive
oxygen species [55]. A known pathway of activation of
genes, among them PAI-1, includes the phosphoryla-
tion of Smad proteins [56]. In that study, the expression
of PAI-1 gene was induced by TGF-p and a-lipoic acid
inhibits this action in hepatic cells by inhibiting TGF-
B-mediated molecular mediators such as Smad3. In
our experiment crocin, being an antioxidant, may have
acted in a similar way.

Neither the induction of diabetes nor crocin supple-
mentation did affect PAI-1 activity in the liver in any
group. The same applies with PAI-1 activity in plasma.
Although it might be considered as contradictory that
the increase of gene expression was not accompanied
by a respective increase of PAI-1 activity, this is not
necessarily so. Fibrinolysis involves complex mecha-
nisms and numerous activating and inhibiting factors,
and fibrinolytic agents can be readily consumed or
inhibited upon release. Additionally, the molecule of
PAI-1 has a short half-life of approximately 1 h under
physiological conditions [57]. Therefore, our findings
might be explained by significant differences in tPA and
tPA/PAI-1 ratio between diabetic and normal subjects
[58]. Besides, PAI-1 inhibits the action of plasminogen
activators such as tPA [9]. That said, a more thorough
investigation of the effects of type-1 diabetes on tissue
fibrinolysis would be of interest. As far as the adminis-
tration of antioxidants is concerned, Chan et al. [59] did
not notice any significant variation of the plasma PAI-1
activity in diabetic rats after the administration of asta-
xanthin, an outcome in accordance with our results.
The fact that crocin impressively corrected the effect
of diabetes on PAI-1 gene expression but had no sim-
ilar effect on hyperglycemia allows us to suggest that,
although the elevated glucose levels might have played
a role in the expression of the gene, some other factors
that affect gene expression must be involved.

With respect to the kidney, PAI-1 activity is reported
to increase in the diabetic state, but this rise accompa-
nies the depletion of GSH [60]. In our experiment, PAI-1
activity in kidney did not increase in the D group, either
due to the stable GSH levels in the kidney or because of
a compensatory increase in tPA. Indeed, Fisher et al. [61]
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reported that tPA levels increased in the presence of high
glucose concentration in renal mesangial cells. However,
an increased PAI-1 activity in the kidney is related to dia-
betic nephropathy [62].

The activity of ALT in blood serum decreased signifi-
cantly by the administration of crocin to healthy animals
in a dose dependent manner. This finding agrees with El-
Beshbishy et al. [33], who reported reduced ALT activ-
ity after the i.p. administration of crocin at the dose of
200 mg kg~ for 7 days, as well as with Asdaq and Inam-
dar [63], who found that that the per os crocin treatment
to healthy rats at the dose of 19.34 mg kg™* for 5 days
decreased ALT activity as well. Regarding AST activity
in serum, the higher dose of crocin resulted in a strong
trend of decrease (p=0.065), a result that again agrees
with El-Beshbishy et al. [33]. Such a decrease could be
due to the antioxidant effect of crocin, a hypothesis
supported by Djordjevic et al. [64], who administered
another carotenoid (astaxanthin) to football players and
found decreased AST activity along with a decrease
in the production of reactive oxygen species. Further-
more, the activities of ALT and AST in blood serum sig-
nificantly increased in the diabetic animals compared to
controls. In diabetes, the necessary energy exploitation
of amino acids through protein catabolism is achieved
via transamination with the assistance of aminotrans-
ferases, which are elevated in this case. Referring to our
experiment, crocin administration managed to decrease
ALT and AST activities in the DCr20 group, whereas
the 50 mg kg~' dose did not have the same effect. It is
common for an antioxidant to affect some parameters in
a positive way at a certain dose, yet have a reverse effect
when the dose is higher (probably acting in a prooxidant
way). Indeed, Altinoz et al. [14] noticed that crocin at
the dose of 20 mg kg™! induced a decrease in ALT and
AST activities, while Kianbakht and Hajiaghaee [65]
did not detect any decrease after the administration of
50 mg kg ™! of crocin.

Regarding BUN, there was a significant increase in the
diabetic controls compared to the C group, an element in
accordance with Kulina and Rayfield [66]. Diabetes mel-
litus triggers gluconeogenesis, hence muscle tissue amino
acids are mobilized and used as energy source. For their
uptake and exploitation by the liver, these amino acids
need to be catabolized to alanine. Alanine plays a dual
role: as a precursor used for gluconeogenesis, as well as a
transporter of nitrogen into the liver, where it is used for
the formation of urea [67]. In our experiment, although
the decrease induced by either dose of crocin was not
statistically significant, the margin was close (p=0.107
in the DCr20 group and p=0.128 in the DCr50 group).
From a biological point of view, and given that these
results refer to different doses of the same substance, the
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probability that both null assumptions are wrong should
be even lower. Indeed, such an extrapolation is supported
by the results of Altinoz et al. [15]. The administration of
crocin induced a decrease in ALT activity, which allows
for the speculation that protein catabolism decreased,
resulting to decreased alanine production and BUN
levels. Besides, in a study with diabetic mice [68], the
administration of more broadly used antioxidant com-
pounds (i.e. vitamin C, E) did decrease BUN levels. These
authors attribute this outcome to the antioxidant and
anti-inflammatory effects of these substances.

Oxidative stress in diabetes mellitus is due to increased
lipid oxidation and production of reactive oxygen and
nitrogen species, and induces direct damage to nephrons
giving rise to vasoconstriction, platelet aggregation and
cellular toxicity [69]. Possibly, this mechanism of renal
damage gradually leads to kidney disease resulting in
creatinine accumulation in the blood stream. Creatinine
is a simple kidney status biomarker with its concentra-
tion being elevated in the blood when there is renal dis-
ease [70]. In a series of studies [71-73], various authors
reported that crocin administration did not influence
creatinine in a few species, rat included. We believe that
the statistically significant decrease in the Cr20 group is
mainly due to the coincidentally low standard deviations,
given that the means are very close. Furthermore, creati-
nine significantly increased in the D group compared to
the C group, and neither dose of crocin could compen-
sate for this increase, results that agree with Altinoz et al.
[15].

Regarding cholesterol and triglyceride concentration
in blood serum, Asdaq and Inamdar reported that the
per os supplementation of crocin diluted in a H,O vehi-
cle containing carboxymethylcellulose for 5 days reduced
cholesterol and triglyceride levels in healthy rats [63].
In our study, no group of healthy rats exhibited such an
effect, but the differences of the two protocols regard-
ing the duration of the treatment and the composition of
the vehicle constitute difficult any comparison. The ele-
vated cholesterol and triglyceride levels observed in the
diabetic controls agree with Young et al. [74]. Reduced
insulin secretion occurring in diabetes mellitus increases
lipolysis. Insulin inhibits hepatic VLDL production and
promotes the catabolism of lipoproteins, which are rich
in triglycerides. On the other hand, crocin did not reduce
cholesterol or triglyceride levels, a result that disagrees
with Altinoz et al. [75]. This discrepancy could be due
to the protocol differentiation: we started crocin treat-
ment 2 weeks after STZ injection, while Altinoz et al. [75]
supplemented crocin as early as 3 days after STZ. Our
2-week interval between STZ injection and the beginning
of crocin treatment must have induced a more severe
potentiation of gluconeogenesis, hence higher levels of
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cholesterol and triglycerides, an effect that crocin could
not reverse.

Methods

Animals

Forty-two 8-week old male albino Wistar rats (230410 g)
were provided by the rat colony of the Labs of Physiol-
ogy, Pharmacology, Biochemistry and Toxicology, School
of Veterinary Medicine, Faculty of Health Sciences, Aris-
totle University of Thessaloniki, Greece. The rats were
kept individually in propylene cages at room temperature
(24=£2 °C) under a 12-h light-dark cycle and consumed
conventional rat chow and tap water. The animals were
allowed 1 week to adapt to the individual housing. The
experimental procedures were carried out according to
EU Directive 2010/63/EU and the local veterinary and
scientific authority (Region of Central Macedonia, Direc-
torate General of Rural Economy and Veterinary Medi-
cine, Directorate of Veterinary Medicine, Department of
Animal Health, Welfare, Veterinary Drugs and Applica-
tions) approved the protocol (371421/3559).

Induction of diabetes

The animals were randomly chosen as follows: six ani-
mals served as controls, 12 animals formed the two
groups of negative controls (healthy rats that received
either 20 mg kg™ or 50 mg kg~ of crocin) while the rest
24 animals were subjected to type-1 diabetes induction.
For this purpose, we administered i.p. 110 mg kg™! b.w.
nicotinamide (NA) dissolved in natural saline, and 15 min
later 65 mg kg™! b.w. streptozotocin (STZ) dissolved in
10 mM sodium citrate (pH 4) was injected [76], once
again i.p. [77]. Streptozotocin is one of the most promi-
nent diabetogens utilised for the study of diabetes and
induces diabetes by causing necrosis of the pancreatic 3
cells [78]. The animals were in a non-fasting state before
the administration of the drugs. According to Masiello
et al. [76], the nicotinamide injection that precedes that of
STZ protects the insulin producing B cells by preventing
their complete destruction by streptozotocin, resulting
to more stable hyperglycemia. The successful induction
of diabetes was confirmed 14 days after STZ adminis-
tration. Given that, according to our experience, glucose
levels tend to fluctuate for a few days after the nicotina-
mide/STZ injection, the 14-day interval allows for a safer
characterization of an animal as diabetic. Glucose was
determined using a one-touch glucose meter (Contour
Next, Bayer, Germany), following a 4 h-fasting. Animals
with a glucose value above 200 mg dl™! were consid-
ered as diabetic. Longer fasting periods were avoided, as
acute energy limitations increase PAI-1 levels in plasma
[79]. The overall diabetes induction success rate was 75%,
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hence 18 rats composed the three diabetic groups of the
study, as described in the following paragraph.

Experimental protocol

After the induction of diabetes, the animals formed six
groups (i.e. three groups of healthy and three groups
of diabetic rats). The control group, named as group C
(Controls, n=6), received natural saline and, 15 min
later, 10 mM sodium citrate (pH 4) (the two respec-
tive vehicles of the injected substances). Crocin, when
supplemented, was administered orally. The healthy,
crocin-treated groups were named as Cr20 (healthy
animals which received 20 mg kg™ b.w. crocin, n=6)
and Cr50 (healthy animals which received 50 mg kg™
b.w. crocin, n=6). The diabetic groups were named as
group D (Diabetic controls, n=6), DCr20 (Diabetic ani-
mals which received 20 mg kg™ b.w. crocin, n=6) and
DCr50 (Diabetic animals which received 50 mg kg™ b.w.
crocin, n=6). Crocin (98% purity, Sigma, St. Louis, Mis-
souri, U.S.A.) was administered daily for 4 weeks. Crocin
dosage selection was based on previous work of other
research groups. Specifically, Abou-Hany et al. [16] used
the dosage of 20 mg kg~! b.w. and found that crocin sup-
pressed diabetic nephropathy, whereas Kianbakht and
Hajiaghaee [65] found that the dosage of 50 mg kg™
b.w. has a hypoglycaemic effect. Crocin was adminis-
tered after being dissolved in drinking water. Specifically,
the substance was diluted in 5 ml of drinking water and
administered via bottles covered by aluminum foil for
photoprotection. Under the above-mentioned conditions
(light, pH, air, temperature) the molecule of crocin main-
tains its stability [80]. The administration of crocin as
an aqueous solution via water bottles is a novel method,
applied only once [13]. We consider as advantageous the
simplicity of the method and the avoidance of potential
administration of anesthetics, hence keeping the animal
welfare at a high level. The daily administration of any
treatment via oral gavage, even when carried out by well-
trained staff, constitutes a stress factor for the animals,
and it is well established that stress can affect glucose lev-
els. Although stress is alleviated by sedating the animals
prior to gavage usage, one should take into considera-
tion that most anesthetics do affect the oxidative status
[81]. The animals surely ingested the complete and exact
dosage, since we provided the solution individually, and
it was consumed in a short period of time (15 min on
average). The day diabetes was confirmed (14 days after
the STZ injection) was considered as day 1 of the experi-
ment. By the completion of the experimental period, the
animals were euthanized by decapitation.
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Blood and tissue collection

Immediately after euthanasia, blood was collected into
both EDTA-coated tubes (for plasma) and serum sepa-
rating tubes (for serum) and immediately centrifuged
(1370 g, 10 min, 4 °C). Plasma and serum were frozen
at —80 °C until further analysis. The liver and the left
kidney were excised, and the right lobe of the liver was
immersed in RNA-later solution (Takara Bio Inc, Shiga,
Japan) and stored at —80 °C for gene expression analy-
sis. The rest of the liver and the entire kidney, after being
rinsed in cold normal saline, were immersed in liquid
nitrogen and immediately stored at —80 °C.

Plasminogen activator inhibitor-1 (PAI-1) activity was
determined in the plasma, the middle lobe of the liver
and the left kidney. Alanine aminotransferase and AST
activities, glucose, BUN, creatinine, cholesterol and tri-
glycerides were determined in serum. Redox biomarkers
(i.e. hydrogen peroxide decomposing activity, GSH, SOD,
protein carbonyls and total antioxidant capacity) were
determined in homogenates of the middle lobe of the
liver and of the left kidney.

Blood glucose and biochemical tests

For the confirmation of diabetes induction after strepto-
zotocin administration, blood glucose was determined
weekly for a 2-week period. For this purpose, a blood
drop was obtained from the tail vein. After sacrifice,
blood glucose, as well as ALT, AST, BUN, creatinine,
cholesterol and triglycerides were determined spectro-
photometrically with an automatic biochemical analyzer
(Abbott Laboratories, Architect c8000, Abbott Park, Chi-
cago, lllinois, USA).

Tissue homogenization

For the determination of the redox biomarkers and of
PAI-1 activity, hepatic and renal tissue samples were
homogenized as follows (modified from [82]): a small
piece of tissue was placed in a mortar, liquid nitrogen was
added, and the tissue was cracked and pulverized with a
pestle. Subsequently, one part (g) of the ground tissue was
homogenized with three parts (ml) of 0.01 M phosphate
buffered saline (PBS) (154 mM NaCl, 1.06 mM KH,PO,
and 2.97 mM Na,HPO,, pH 7.4) and a mix of protein
inhibitors was added (1 uM aprotinin, 1 mg ml™! leucep-
tin and 1 mM phenylmethanesulfonyl fluoride, Complete
Mini Protease Inhibitor Cocktail Tablets-Roche Diagnos-
tics GmbH, Mannheim, Germany). No protein inhibitors
were added in the sample homogenates for the determi-
nation of PAI-1 activity. The homogenates were force-
fully vortexed, centrifuged (15,000g, 5 min, 4 °C) and the
supernatants were collected.

Page 11 of 15

Redox biomarkers

Catalase, glutathione peroxidase and peroxiredoxins
synergistically convert hydrogen peroxide to water [83].
These enzymes are antioxidant molecules, and the afore-
mentioned process they serve, is defined as H,O, decom-
posing activity.

The determination of hydrogen peroxide (H,O,)
decomposition rate was based on a modification of the
method of Aebi [84]. In brief, as for the hepatic samples,
5 pl of homogenate was diluted 112 times in a 0.01 M
PBS solution, whereas for the nephric ones, the homoge-
nate was diluted 81 times in the same solution. 40 pl of
the diluted homogenates was transferred to plastic test
tubes containing 2955 ul of 67 mM phosphate buffer (pH
7.4). The samples were vortexed and subsequently incu-
bated at 37 °C for 10 min. The content was transferred
to a quartz cuvette and 5 pl of 30% H,O, was added. The
absorbance change was monitored at 240 nm for 1.5 min.
Hydrogen peroxide decomposing activity was calculated
using the Molar Extinction Coefficient (MEC) of H,0,
(MEC refers to its absorbance at the given wavelength.
Its SI unit is M~ cm™!. The MEC of H,0, is equal to
401 mol~! ecm™).

The assessment of SOD activity was carried out as
described by Veskoukis et al. [85], a method based on
Aureliano et al. [86]. In brief, 740 pl of 50 mM phos-
phate buffer (pH 7.8), 100 pl of 0.5 mM xanthine solu-
tion, 100 pl of 0.1 mM cytochrome c solution and 10 pl
of the homogenate were added to a plastic test tube. The
mixture was vortexed, transferred to a cuvette and 50 pl
of bovine xanthine oxidase (diluted 1/50 from a 25-Unit
stock) were added before the cuvette was rapidly inverted
three times and the absorbance was monitored at 550 nm
for 1 min. The activity of SOD was determined with the
use of the Molar Extinction Coefficient of cytochrome
c (its ST unit is M~ cm™*. The MEC of cytochrome c is
equal to 19.2 1 mol ™! cm™).

Total antioxidant activity in liver and kidney was deter-
mined with the method of Janaszewska and Bartosz
(modified from [87]). The homogenates were diluted
five more times. Subsequently, 40 pl of the diluted
homogenate was added to tubes containing 460 ul of
10 mM phosphate buffer (PB, pH 7.4) and 500 pl of
0.1 M 2,2-diphenyl-1-picrylhydrazyl (DPPH) free radi-
cal diluted in methanol. The blank contained 500 pl of PB
and 500 pl of the DPPH radical. The samples were vor-
texed and incubated in a dark room for 60 min at room
temperature, then centrifuged (20,000g, 3 min, 25 °C),
and the absorbance was read at 520 nm.

For protein carbonyls determination, a modified ver-
sion of the method of Patsoukis et al. [88] was followed.
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Specifically, 50 pl of 20% TCA was added to 50 pl of
either hepatic or renal homogenate. The mix was vor-
texed and incubated in ice bath for 15-min, then cen-
trifuged at 15,000¢ for 5 min at 4 °C. Subsequently,
the supernatant was withdrawn and 500 pl of 14 mM
2,4-dinitrophenylhydrazine (DNPH) dissolved in HCI
2.5 N (for the test tubes) or 500 ul of HCI 2.5 N (for the
blank) were added. The samples were then incubated in
the dark for 1 h at room temperature. During the incu-
bation and every 15 min, the samples were vortexed.
Following the incubation, the samples were centrifuged
(15,000g, 5 min, 4 °C), the supernatant was removed and
1 ml of 10% TCA was added with subsequent vortexing
and centrifugation (15,000¢g, 5 min, 4 °C). The superna-
tant was removed and a mix of 1 ml 1:1 v/v ethanol and
ethyl acetate was added before the samples were vortexed
and centrifuged (15,000g, 5 min, 4 °C) again. The last
step was repeated twice. The resulting supernatant was
removed, 1 ml of 5 M urea (pH 2.3) was added and the
samples were vortexed and incubated at 37 °C for 15 min.
Finally, a last centrifugation was carried out at 15,000g
for 3 min at 4 °C and the absorbance was read at 375 nm.
For the protein carbonyls calculation, we used the molar
extinction coefficient of DNPH (its SI unit is M~' cm ™.
The MEC of DNPH is equal to 22 1 mol™! cm™?).
Reduced glutathione was determined with the method
of Reddy et al. [89], as modified by Papadopoulou et al.
[40]. Briefly, 20 pl of tissue homogenate, treated with
equal volume of 5% TCA, was mixed with 660 ul of
67 mM sodium potassium phosphate (pH 8.0) and 330 pl
of 1 mM 5,5-dithiobis-2-nitrobenzoate (DTNB). After
incubation of the aliquots for 45 min in the dark at room
temperature, the absorbance was read at 412 nm. The
calculation of GSH concentration was based on a calibra-
tion curve made with the use of commercial standards.

Determination of total protein concentration

Total protein concentration of the homogenates was
determined according to Bradford [ [90], modified]. Spe-
cifically, 20 pl of tissue homogenate was added to 1000 pl
of Bradford reagent. The blank contained 20 pl of PBS
instead of tissue homogenate. The mixture was incu-
bated at 37 °C for 15 min and the absorbance was read at
595 nm. Protein concentration was determined based on
a standard curve made of albumin solutions with known
concentrations.

PAI-1 activity

For the determination of PAI-1 activity, the liver and kid-
ney tissue homogenates were further diluted to a final
concentration of 1 and 0.2 mg ml™}, respectively. The
activity in tissue homogenates and in plasma was deter-
mined using a commercial ELISA kit [Rat plasminogen
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activator inhibitor 1 (PAI-1) ELISA Kit (Cusabio, Mary-
land, USA)]. The assay was carried out following the
instructions of the manufacturer. The absorbance was
measured with an ELISA plate Humanreader (HUMAN
Diagnostic Systems, Germany).

Quantitative gene expression analysis

The extraction of total RNA was carried out using a
NucleoSpin Total RNA Isolation kit (Macherey-Nagel,
Duren, Germany), following the instructions of the
manufacturer. The RNA concentration was determined
spectrophotometrically at 260 nm (Eppendorf BioPho-
tometer, Eppendorf, Hamburg, Germany) and the sam-
ples were stored at —80 °C until further analysis. For
the synthesis of complementary DNA we used the Pri-
meScript 1st Strand cDNA Synthesis kit (Takara, Bio
Inc., Japan) following the instructions of the manufac-
turer. Quantitative expression analysis was carried out
with real-time polymerase chain reaction (RT-PCR),
based on the SYBR Green chemistry. The Glyceraldehyde
3-phosphate dehydrogenase (GAPDH) housekeeping
gene served as internal control. Primer3 input software
(version 0.4.0) [91] was used for primer design based on
nucleotide sequences available in GenBank (Accession
numbers-PAI-1: M24067.1, SOD1: BC082800.1, SOD2:
NM_017051.2 Catalase: NM_012520.2). Table 4 presents
the sequences of the primers and the amplicon sizes.

For the amplification of PCR, the 20 ul reaction mix-
ture included 2 pl of cDNA, 1x KAPA SYBR FAST qPCR
mix (KAPA BIOSYSTEMS, Wobum, MA, USA) and
250-350 nM of each primer pair. A Bio-Rad MiniOpticon
System (Bio-Rad Laborarories, Hercules, CA, USA) was
used for temperature cycling, which included 40 cycles
of the following stages: (a) denaturation for 10 s at 95 °C,
(b) annealing/extension for 20 s at temperatures varying
from 57 to 63 °C. Every PCR reaction started with a dena-
turation temperature of 95 °C for 3 min and ended with
successive readings between 65 and 95 °C (increment of

Table 4 Primers used for gene expression analysis

Primer Sequence (5'-3) Amplicon
size (bp)

PAI-1-F ATCAACGACTGGGTGGAGAG 108

PAI-1-R GAAATAGAGGGCGTTCACCA

SOD1-F GGTGAACCAGTTGTGGTGTCAGG 114

SOD1-R ATGAGGTCCTGCAGTGGTACAG

SOD2-F TAACGCGCAGATCATGCAGCTG 133

SOD2-R AGGCTGAAGAGCAACCTGAGTT

CAT-F CTTCATCAGGGATGCCATGT 150

CAT-R CGGTCGCTGAACAAGAAAGT

GAPDH-F CATCACTGCCACTCAGAAGACTG 153

GAPDH-R ATGCCAGTGAGCTTCCCGTTCAG
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0.5 °C) for the generation of a melting curve and the veri-
fication of the product specificity. The gene expression
quantification was carried out with the comparative Ct
method, also known as the 2724¢t [92].

Statistical analysis

Data were processed with the Kruskal-Wallis test and
pairwise comparisons were performed with the Mann—
Whitney U test. Statistical correlations were established
with the Spearman’s rho. Statistical significance level was
set at p<0.05. All experimental data were analyzed with
the SPSS version 24.0 (IBM Corp., Armonk, New York,
USA) and are presented as mean =+ SD.

Conclusions

In conclusion, crocin treatment in NA-STZ-induced dia-
betic rats significantly affected hepatic transaminases
ALT and AST, SOD1 and PAI-1 gene expression, as well
as nephric H,O, decomposing activity. Additionally,
crocin was associated with ameliorating trends regarding
BUN, hepatic SOD activity and TAC levels in the liver.
The exact mechanism of action of crocin, with respect to
the parameters studied in our protocol, is not always well
established. Although, the investigation of each particu-
lar mechanism should be the subject of further research,
we believe that our results—especially regarding gene
expression—contribute to this promising field.
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