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(81, 18 and 92 %) in serum, heart and kidney, respectively. 
Altered antioxidant enzyme activities such as superoxide 
dismutase, catalase, glutathione peroxidase, glutathione 
reductase and glutathione transferase were also affected in 
serum, heart and kidney of lutein-fed diabetic group.
Conclusion  Lutein prevented cardiac and renal injury in 
STZ-induced hyperglycemic rats due to potential amelio-
ration of altered activities in polyol pathway and oxidative 
stress markers.
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Introduction

Diabetes is a syndrome characterized by hyperglycemia 
due to insulin resistance or non-secretion or both. Chronic 
hyperglycemia impairs glucose metabolism and devel-
ops secondary complications of diabetes [1]. Under such 
conditions, to maintain glucose homeostasis, metabolism 
of glucose deviates from glycolysis to polyol pathway 
resulting in fructose formation that is less catabolic than 
glucose [2]. Accumulation of fructose leads to increased 
generation of advanced glycation end products (AGEs) 
and reactive oxygen species (ROS) in tissue [2]. Excess 
ROS contributes to oxidative stress at the cellular level and 
is controlled by antioxidant defense system, essential for 
regulating normal physiological functions. ROS such as 
superoxide anion, hydroxyl radical and hydrogen peroxide 
overwhelms the antioxidant system in diabetic condition 
[3]. In addition, increased oxidative stress induces lipid 
peroxidation by striking double bonds in polyunsaturated 
fatty acids, resulting in more oxidative cellular damage 
[4]. Excessive redox active state reported to damage DNA, 

Abstract 
Purpose  Lutein’s role on chronic hyperglycemia-induced 
oxidative stress and associated glucose homeostasis in heart 
and kidney is limited. Purpose of the study is to investigate 
the effect of lutein on cardiac and renal polyol pathway 
enzymes and oxidative stress markers under hyperglyce-
mia-induced oxidative stress condition using streptozotocin 
(STZ)-injected rat model.
Methods  STZ-induced hyperglycemic (fasting blood glu-
cose ≥11  mM) male Wistar rats were divided into two 
groups (n =  11/group). Group 1 received micellar lutein 
(39 nmol/day/rat) and group 2 (negative control) received 
micelle without lutein for 8  weeks. A separate group (no 
STZ injected) served as a positive control (n = 11/group). 
Oral glucose tolerance test (OGTT), biweekly urine glu-
cose and activities of aldose reductase (AR) and sorbitol 
dehydrogenase (SDH) enzymes were assessed. Activities 
of antioxidant enzymes and antioxidant level were also 
evaluated.
Results  Lutein-administered hyperglycemic rats showed 
better glucose tolerance as evidenced with OGTT and 
biweekly urine glucose when compared to negative con-
trol. Activities of AR and SDH were decreased in heart 
and kidney of lutein-fed hyperglycemic rats. Also, they had 
significantly (p  <  0.05) decreased malondialdehyde levels 
(66, 34, and 33 %) and increased reduced glutathione level 
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protein and other macromolecules [1]. Endogenous and 
dietary antioxidant defense molecules prevent such dam-
age by scavenging the ROS [5]. Moreover, an inadequate 
intake of antioxidant nutrients may compromise antioxi-
dant potential, thus compounding overall stress. Unfortu-
nately, under the hyperglycemia condition, the activity of 
endogenous antioxidants is so limited that oxidative stress 
and its mediated cellular damage can become cumulative 
and debilitating. Increased oxidative insult paves a founda-
tion for various organ failure including kidney and heart 
apart from eye and brain [6].

Polyol pathway enzymes, aldose reductase and sorbitol 
dehydrogenase, require NADPH and NAD+, respectively, 
as cofactors and compete with other NADPH and NAD+ 
requiring antioxidant enzymes. Increase in activity of 
these enzymes under chronic hyperglycemia depletes 
NADPH and NADP+ due to glucose flux through polyol 
pathway [2]. Subsequently, glutathione reductase lacks 
sufficient NADPH to regenerate GSH. To add up more 
impaired glutathione metabolism along with NAD+ 
and NADPH depletion disturbs the antioxidant enzyme 
activities and contributes to the redox imbalance [7]. All 
such complications observed with diabetes are reported 
mainly due to the altered oxidative status and glucose 
metabolism.

Lutein, an essential carotenoid, is well known for its 
protective effect against nitro-oxidative stress, inflamma-
tion and angiogenesis [8, 9]. Lutein undergoes oxidative 
metabolism in the body to produce several physiologically 
active compounds that may exhibit its own antioxidant 
properties [10]. Many observations state that the level of 
lutein in serum is low in diabetic patients, accounted for 
its lesser bioavailability [11]. However, biologically avail-
able antioxidants such as lutein can prevent increase in 
fasting blood glucose (FBG) because symptoms observed 
with diabetes are mainly due to chronic hyperglycemia-
induced oxidative stress. Therefore, increased bioavail-
ability of lutein using an appropriate lipid carrier can 
improvise the insulin sensitivity and decrease hyperglyce-
mic aftereffects. Studies on the effect of lutein on diabetic 
condition have been limited to only diabetic retinopathy 
and neuropathy, but very scarce information on heart and 
kidney [12]. Therefore, we have suspended isolated pure 
lutein in mixed micelles to increase its bioavailability [13, 
14]. Also, we have investigated whether the increased 
lutein bioavailability has a protective effect on oxidative 
imbalance and glucose flux through polyol pathway in 
diabetic rats. Our attempt was to establish the effect of 
lutein on structural abnormalities, antioxidant enzymes 
and polyol pathway enzymes (aldose reductase and sorbi-
tol dehydrogenase) in kidney and heart of STZ-induced 
diabetic rats.

Materials and methods

Chemicals and reagents

Bovine serum albumin, butylated hydroxyl toluene 
(BHT), 1-chloro 2, 4-dinitrobenzene (CDNB), choles-
terol, 5,5′-dithio-bis-(2-nitrobenzoic acid) (DTNB), lutein 
standard (>97  %), lysophosphatidyl choline (lysoPC), 
monooleoyl glycerol, oleic acid, sodium taurocholate, 
streptozotocin (STZ), trichloroacetic acid (TCA), TRIRea-
gent, thiobarbituric acid (TBARS) and 1,1,3,3-tetrameth-
oxypropane (TMP) were purchased from Sigma-Aldrich 
(St. Louis, USA). Analytical and HPLC—grade organic 
solvents and other solvents were obtained from Rankem 
Laboratories (Mumbai, India). Other chemicals mentioned 
elsewhere in the text were procured from Sisco Research 
Laboratories (Mumbai, India). Marigold flower and refined 
groundnut oil were obtained from a local super market 
(Mysore, India). Casein was procured from Nimesh Corpo-
ration (Mumbai, India), and all other chemicals for experi-
mental diet preparation were obtained from Himedia Labo-
ratories (Mumbai, India).

Lutein isolation and mixed micelles preparation

Marigold flower petals were used to extract lutein as per 
the protocol of Lakshminarayana et al. [15]. In brief, pet-
als of marigold flower were cleaned in distilled water, 
air-dried under shade and ground into fine powder using 
commercial mixer. Ground powder was squashed well in 
ice-cold acetone with 0.1 % BHT using mortar and pestle. 
The extract was shaken at 100  rpm in shaking water bath 
(Scigenics Orbitek, India) at 40  °C till it became color-
less (approximately 2 h) to isolate total carotenoids. Total 
extract was saponified with potassium hydroxide (30 %) at 
dark for 3 h. Saponified extract was phase separated with 
hexane and condensed using flash evaporator (Hahn-Shin, 
HS-2005V-N, Korea) to a volume of 5 mL. Condensed vol-
ume was subjected to open column chromatography (OCC, 
20  cm 1.5  cm) packed with activated silica gel (particle 
size 60–120 mesh), and lutein fraction was eluted using 
dichloromethane:methanol (DCM:MeOH, 1:1 v/v).

Lutein was clarified by HPLC as per Lakshminaryana 
et al. [16]. In brief, lutein extract dissolved in mobile phase 
(acetonitrile:MeOH:DCM; 60:20:20, v/v/v) was detected 
at 444 nm on C-30 (4.6 mm × 250 mm, Princeton, USA) 
column with photodiode array detector (SPD-M20A, Shi-
madzu) by reverse phase HPLC (LC-10 Avp, Shimadzu, 
Japan) under isocratic condition with a flow rate of 1 mL/
min.

Mixed micelles with and without lutein were used 
for oral intubation studies [14]. Mixed micelles with 



2477Eur J Nutr (2017) 56:2475–2485	

1 3

lysophosphatidyl choline (lysoPC) have been previously 
shown to increase the bioavailability of lutein, so used as 
lipid source for micelle preparation [13]. In brief, 200 µM 
lutein, 0.5 mM cholesterol, 3 mM lysoPC, 2.5 mM monoo-
leoyl glycerol and 7.5 mM oleic acid in hexane were nitro-
gen-evaporated and vigorously mixed with PBS (pH 7.4) 
containing 12  mM sodium taurocholate to form micellar 
lutein. Mixed micelles without lutein served as a vehicle 
control.

Experimental design

Male Wistar rats (8 weeks old) weighing 120–130 g were 
kept in a room on a 12-h light–dark cycle and received ad 
libitum water and AIN 93G diets throughout the experi-
ment [17]. All investigations were conducted in accordance 
with Committee for the Purpose of Control and Supervi-
sion of Experiments on Animals (CPCSEA) implemented 
through the Institutional Animal Ethical Committee of 
CSIR-CFTRI.

Diabetes induction

Hyperglycemia was stimulated in 12-h fasted rats (n = 22) 
by streptozotocin injection (36 mg/kg wt) intraperitoneally. 
Age-matched healthy animals (group I, n = 11 rats) were 
injected with vehicle control (10  mM citrate buffer, pH 
4.5). After 7  days of streptozotocin injection, diabetic-
confirmed rats (fasting blood glucose >11.1  mmol/L) 
were divided into two groups viz., diabetic control group 
(group II, n = 11 rats) and diabetes + lutein group (group 
III, n =  11 rats), respectively. Group III rats were orally 
intubated with 200 µL of mixed micelles containing lutein 
(200  µM), whereas Group I and II rats received mixed 
micelles alone (no lutein) for 8 weeks.

Weight gain, feed intake and urine glucose

Food and water consumption (daily) and gain in body 
weight (weekly) were monitored during the 8-week experi-
ment. Also, biweekly urine was collected, and glucose was 
estimated using glucose oxidase method [18].

Oral glucose tolerance test

On day 48 of treatment, animals were fasted for 12 h and 
subjected to oral glucose tolerance test with an oral glucose 
load (10 g/kg body wt). Thereafter, glucose was measured 
at 0, 30, 60, 90, 120 and 180 min in blood drawn from cau-
dal vein using glucose strips (Accu-Chek Active Glucose 
Monitor). This study did not measure insulin level since 
STZ injection leads to pancreatic β cell destruction i.e., in 
other words no plasma insulin level, and our scope is to 

understand effect of lutein on hyperglycemia irrespective of 
type I (no insulin secretion) or type II (insulin insensitivity) 
diabetes.

Tissue processing

Animals were killed under isofluorane anesthesia after 
8  weeks (post diabetic). Cardiac puncture was done for 
blood collection. Blood was permitted to clot at 4  °C for 
2 h. Clotted blood was centrifuged at 2600 rpm for 20 min 
at 4  °C, and the supernatant (serum) was collected. Kid-
ney and heart were harvested by snap freezing. Serum and 
tissue samples were stored at −80 °C until analysis. Kid-
ney and liver were homogenized with 10 volumes (w/v) 
of normal saline, and the supernatant was used for analy-
sis of polyol pathway enzymes and antioxidant enzymes, 
whereas homogenate was used for lipid peroxidation and 
glutathione estimation.

Histopathology

Left kidney and heart tissue sections were H&E-stained for 
histopathology evaluation. In brief, tissues were fixed in 4 % 
formaldehyde (v/v, in PBS) overnight at 4  °C and embed-
ded in paraffin wax. Transverse sections (10 micron) were 
cut using microtome (Leica Microsystems, India). Prior to 
H&E staining, sections were deparaffinized using xylene, 
dehydrated in decreasing concentration of alcohol (100, 
75, 50, 30 and 10 %) followed by staining for 30 s. Stained 
sections were rehydrated with increasing concentrations of 
alcohol (10, 30, 50, 75 and 100 %) and mounted with DPX.

MDA, GSH:GSSG and ROS analysis

Malondialdehyde (MDA) level in serum, kidney and heart 
homogenates was measured by thiobarbituric acid reacting 
substance (TBARS) method [19]. Briefly, the reaction mix-
ture consists of 200 µL biological sample in 1.5 mL ace-
tic acid (pH 3.5, 20 %, v/v), 1.5 mL of thiobarbituric acid 
(0.8 %, v/v) and 200 µL of sodium dodecyl sulfate (8 %, 
v/v). The mixture was incubated in boiling water bath for 
1  h and purified the TBARS (pink complex) with 5  mL 
of n-butanol (upper phase). The complex was read spec-
trofluorometrically (Hitachi, F-2000, Japan) with 515  nm 
excitation and 553 nm emission. Readings were quantified 
as malondialdehyde equivalents using TMP as a standard.

Reduced glutathione was monitored by the rate of forma-
tion of 5-dithio-2-nitrobenzoic acid at 412 nm [20]. In brief, 
serum and tissue homogenates (10 %, w/v in PBS, pH 7.4) 
were de-proteinized using tricarboxylic acid (10  %, v/v). 
De-proteinized sample (100  µL) was reacted with 50  µL 
of 10 mM DTNB in 4.75 mL of sodium phosphate buffer 
(0.1 M, pH 8.0). Formation of 5-dithio-2-nitrobenzoic acid 
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was read spectrophotometrically (Shimadzu Corporation, 
UV-1800, Japan) using standard reduced glutathione at 
412  nm. Oxidized glutathione was measured fluorometri-
cally with excitation at 345 nm and emission at 425 nm as 
per the protocol of Hissin and Hilf [21] with slight modi-
fication. In brief, serum and tissue sample supernatant 
as described above for GSH was reacted with 100  µL of 
40 mM N-ethylmaleimide (NEM) mL for 30 min followed 
by addition of 1.4 mL of 0.1 N NaOH and 100 µL OPT and 
incubation for 45 min at RT and taken. Standard oxidized 
glutathione standard is used as a reference.

ROS level was determined by the rate of conversion of 
DCFH-DA to fluorescent DCF as per the method of Driver 
et  al. [22] with slight modifications. In brief, heart and 
kidney homogenates in ice-cold Locke’s buffer (154  mM 
NaCl, 5.6  mM KCl, 3.6  mM NaHCO3, 5  mM HEPES, 
2 mM CaCl2, 50 µM FeSO4 and 10 mM d-glucose; pH 7.4) 
incubated with 5 mM DCFH-DA for 30 min at room tem-
perature to allow the DCFH-DA to be incorporated into any 
membrane-bound vesicles and the diacetate group cleaved 
by esterases. The conversion of DCFH to DCF was meas-
ured using a fluorescence spectrophotometer with excita-
tion at 485 nm and emission at 530 nm. The ROS formed 
was calculated in relation to a DCF standard curve and 
expressed in pmol DCF/min/mg protein.

Polyol pathway enzyme assays

Aldose reductase (AR) activity was measured spectropho-
tometrically according to Kim and Oh [23]. Assay mixture 
contained 0.32 mM NADPH and enzyme source in phos-
phate buffer (0.135 M; pH 7.0). The reaction was initiated 
by the addition of 5.5  mM dl-glyceraldehyde and moni-
tored by following the decrease in absorbance at 340 nm. 
Sorbitol dehydrogenase (SDH) activity was measured 
using fructose as substrate according to Gerlach and Hiby 
[24].Briefly, reaction initiated by adding 1.19 mM fructose 
to solution containing 1.2  µM NADH, 0.2  M triethanola-
mine buffer (pH 7.4) and sample (enzyme source).

Antioxidant enzymes

Antioxidant enzyme activities were measured in serum, 
kidney and heart samples. Total superoxide dismutase 
(SOD) activity was determined by cytochrome c reduc-
tion method [25]. Total catalase (CAT) activity was ana-
lyzed by reduction of hydrogen peroxide [26]. Glutathione 
peroxidase (GPx) activities were quantified by reduction 
of t-butyl hydroperoxide solution by NADP+ [27]. Glu-
tathione reductase (GR) activity was determined by meas-
uring the decrease in absorbance in a reaction mixture of 
750 µL of potassium phosphate buffer (pH 7.2, 0.1 M) and 
50 µL of enzyme source and incubated at 37 °C for 10 min 

and later 50 µL of 2 mM NADPH (in 1 % NaHCO3), and 
50 µL of oxidized glutathione was added, and the absorb-
ance at 340  nm was monitored using spectrophotometer 
[28]. Glutathione-S-transferase (GST) activity was deter-
mined following the formation of conjugate of GSH and 
CDNB at 340 nm in a reaction mixture containing 50 µL 
GSH (20  mM), 50  µL CDNB (20  mM), sample (50  µL) 
and 880 µL phosphate buffer (0.1 mM, pH 6.5) containing 
1  mM EDTA. The increase in absorbance was monitored 
for 5 min using spectrophotometer [29].

Lutein profiling

Lutein was extracted from serum, kidney and heart homoge-
nates according to Lakshminarayana et al. [14]. Extraction 
mixture contained serum (0.5  mL), DCM:MeOH (3  mL, 
v/v, 2:1) with 2  mM α-tocopherol and hexane (1.5  mL). 
Lutein was released to upper hexane/DCM phase upon 
centrifugation at 3000 rpm at 4 °C for 5 min. The extrac-
tion procedure was repeated three times. Extracts were 
pooled, evaporated to dryness using nitrogen, dissolved 
in mobile phase and analyzed by HPLC with the method 
as mentioned elsewhere. Kidney and heart homogenates 
(10 %, w/v with normal saline) were saponified separately 
with 2 mL of KOH at 60 °C for 45 min and vortexed every 
15 min during saponification with an addition of 2 mL of 
ice-cold deionized water before lutein extraction.

Statistical analysis

The data are presented as mean values ± SD/SEM. Statis-
tical significance between the groups was interpreted by 
one-way ANOVA followed by Tukey’s test using GraphPad 
Prism (v. 5.00). Significance level was set at p < 0.05.

Results

Lutein (95  ±  2  %) purified from marigold petals had a 
spectrum with λmax of 444 nm, comparable with standard 
lutein. Isolated lutein was used for mixed micelles prepa-
ration for animal intubation (39  nmol/rat/day in 200  µL) 
studies.

Fasting blood glucose, feeding efficiency, organ weight 
and urine output

Streptozotocin-injected rats (after 2  weeks) had fast-
ing blood glucose (FBG) level of 13.9  ±  0.8  mmol/L 
which was significantly higher than the rats in group I 
(6.2  ±  0.2  mmol/L). Induction of diabetes resulted in 
decrease (10  %) in body weight gain, whereas in case of 
rats in group I, an increase in body weight gain (15  %) 
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was evident. The change in body weight found to be cor-
responded inversely with the food and water intake of rats 
in group I (16 ± 1.1 g/day and 20 ± 3 mL/24 h) and group 
II (26 ± 2.4 g/day and 120 ± 25.3 mL/24 h).

Lutein intubation for 8 weeks to rats in group III did not 
alter the FBG level (12.8 ± 1.6 mmol/L), but rats in group 
II had significantly increased FBG (22.0 ±  0.8  mmol/L), 
whereas its level in rats of group I remained low at 
5.0  ±  0.2  mmol/L. Decrease in FBG contradicting with 
the weight gain (12 %) and food and water intake of rats 
in group III, whereas the group II had no change in weight 
gain, but there was a change in food and water intake 
(Fig.  1). Over the experimental span, the body weight 
increased in group I (35 %) and group III (12 %), but did 
not change in group II. Further, there was detectable lutein 
level in serum (69 ±  18  nmol/dL), kidney (14.75  nmol/
dL) and heart (1.35 nmol/g) respectively in group III rats, 
whereas no lutein was detected in group I and group II.

Biweekly urine glucose was measured to assess the 
severity of diabetes upon STZ injection. Throughout the 
experimental span, urine glucose was significantly higher 
(p < 0.05) in group II (4.4 ± 0.8–7.2 ± 0.4 g/24 h) com-
pared to group I (0.1 ± 0.0–0.2 ± 0.0 g/24 h). Intubation of 
lutein to group III resulted in lower urine glucose level (day 
56, 55 %) than group II (Fig. 2), indicating an inverse cor-
relation between circulating lutein and urine glucose.

Results on the oral glucose tolerance test also showed 
significant decrease in blood glucose level at 30 min (27 %) 
in rats of group III when compared to rats in group II, but 
at other time intervals, no significant change was observed. 
Rats in group II and group III both had significantly higher 
(p  <  0.05) glucose level at all observed intervals of time 

Fig. 1   Daily food intake (left) and water intake (right) during the 
time course (0–8 weeks) of lutein treatment between groups. Values 
are mean ±  SD. aValues differ significantly (p  <  0.05) from group 

I and bvalues differ significantly (p  <  0.05) from group II. Group 
I = normal rats, group II = diabetic control rats and group III = dia-
betic rats fed with lutein

Fig. 2   Effect of lutein on biweekly urine glucose levels. Values are 
mean ±  SD (n =  11/group). aValues differ significantly (p  <  0.05) 
from group I and bvalues differ significantly (p  <  0.05) from group 
II. Group I = normal rats, group II = diabetic control rats and group 
III = diabetic rats fed with lutein

Fig. 3   Effect of lutein on oral glucose tolerance (after oral glucose 
load of 10  g/kg body weight) on 48th day of treatment. Values are 
mean ±  SD (n =  11/group). aValues differ significantly (p  <  0.05) 
from group I and bvalues differ significantly (p  <  0.05) from group 
II. Group I = normal rats, group II = diabetic control rats and group 
III = diabetic rats fed with lutein
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when compared to rats in group I (Fig. 3). Rats in group III 
had highest blood glucose level (3.5-fold) at 60  min than 
rats in group I (131 ± 0.98 mg/dL), whereas rats in group 
II had highest blood glucose level (four fold compared 
to rats in group I, 129 ±  0.23 mg/dL) at 30 min. Results 
imply better glucose tolerance in rats of group III compared 
to rats in group II.

Aldose reductase and sorbitol dehydrogenase activity

The activities of AR and SDH were investigated in heart 
and kidney and are illustrated in Fig. 4. Kidney and heart 
of rats in group II showed an increase (p < 0.05) in activ-
ity of AR (1.7- and 0.8-fold) and SDH (0.4- and 0.9-fold), 
respectively, when compared to rats in group I. However, 
activity of AR (0.3- and 0.2-fold) and SDH (0.2- and 0.3-
fold) was decreased in both kidney and heart of rats in 
group III compared to rats in group II.

MDA level and antioxidant status

Induction of diabetes resulted in elevated levels of MDA 
in serum, kidney and heart (3.1-, 1.6- and 1.5-fold), 
respectively, in rats of group II when compared to rats 
in group I, whereas its level was decreased significantly 
(0.3-, 0.7- and 0.7-fold) in rats of group III when com-
pared to rats in group II is comparable with rats of group 
I. Similarly, rats in group II had decreased level of GSH 
in serum and kidney (0.4- and 0.6-fold) compared to rats 
in group I. GSH levels in rats of group III was elevated 
significantly (1.8- and 1.9-fold) toward its levels in rats of 
group I when compared to rats in group II. However, no 
change was evident in glutathione levels in heart (Fig. 5) 
between rats of all groups. Results indicate that lutein 
increases the glutathione level and prevents lipid peroxi-
dation in kidney, whereas it may directly scavenge lipid 
peroxides without affecting glutathione level in heart 
under diabetic condition.

Effects of lutein intubation on the activities of radical 
scavenging  enzymes such as SOD, CAT, GPx, GST and 
GR in diabetic rats were investigated (Table  1). In serum 
and kidney, there was an increased activity of SOD (35 and 
22 %), CAT (130 and 42 %), GR (112 and 19 %) and GST 
(40 and 24 %), whereas decreased activity of GPx (31 and 
65 %) was observed in rats of group II, when compared to 
rats in group I, but heart exhibited a different trend of anti-
oxidant status with decreased activity of SOD (28 %),CAT 
(26 %), GPx (45 %), GR (40 %) and GST (30 %), respec-
tively, in rats of group II when compared to rats in group I. 
Amelioration of altered antioxidant enzymes was evident in 
rats of group III when compared to rats in group II and was 
comparable with that of rats in group I.

Histopathogical characteristics of heart and kidney

STZ-induced hyperglycemic rats were found to develop 
pathological changes in kidney and heart (Fig. 6). Results 
show that STZ-induced hyperglycemia caused more inter-
stitial space and increased number of intercalated disk 
structures in heart sections of group II. Kidney sections 
reveal more of macrophage infiltration into Bowman cap-
sule along with capsule thickening in rats of group II when 
compared to rats in group I. Lutein treatment for 8 weeks 
showed improved glomerular capillary size in kidney and 
reduced interstitial space in heart. An increase in the weight 
of kidney (12 %) and decrease in the heart weight (25 %) 
was evident in diabetic rats compared to control rats. Treat-
ment of lutein to diabetic rats resulted in no significant 
change in kidney or heart weight when compared to rats in 
group II (Table 2). 

Discussion

Streptozotocin-induced diabetic rat is an acceptable 
model for endogenous chronic oxidative stress studies 

Fig. 4   Oral lutein administration prevented activities of aldose reduc-
tase and sorbitol dehydrogenase in kidney (a, b) and heart (c, d) of 
experimental diabetic rats. Values are mean ±  SD (n =  11/group). 
aValues differ significantly (p < 0.05) from group I and bvalues differ 
significantly (p < 0.05) from group II. Group I = normal rats, group 
II = diabetic control rats and group III = diabetic rats fed with lutein
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[30]. Kidney and heart are considered to be one among 
the main targets for examinations of alterations associated 
with chronic hyperglycemia since they are markedly sen-
sitive to cellular damage and insult [31]. Cellular damage 
reported to occur due to impaired antioxidant mechanism 
which also shown to have role in the development of insu-
lin resistance [32]. Reducing oxidative stress with feeding 
antioxidant shown to reverse insulin resistance by inhibit-
ing redox sensitive phosphorylation and downregulation 
of insulin receptor substrate-1 [33]. The CARDIA inves-
tigation revealed that higher serum carotenoid levels were 
correlated with reduced complications of diabetes in insu-
lin resistance in non-smokers [34]. In this study, we have 
examined the effect of lutein intubation on key enzymes 
of polyol pathway and oxidative stress markers in heart 
and kidney of STZ-induced diabetic rats. Results showed 
that intubation of antioxidant lutein to diabetic rats for 
8 weeks reduced FBG. This may be due to increased lutein 
absorption. Increased lutein bioavailability depends on the 
potential incorporation of absorbable mixed micelles in 

enterocytes [35]. Baskaran et  al. [13] and Lakshminaray-
ana et al. [14] have shown oleic acid micelles significantly 
improve the plasma response of lutein. The bioavailability 
of lutein observed in this study may be due to the intubated 
micellar lutein. Bioavailable antioxidants improve glucose 
regulation [34].

Diabetic rats were characterized by decreased body 
weight, enlarged kidney and reduced heart size as com-
pared to normal control rats. These features are typi-
cal signs of diabetic complications [36]. Lutein is shown 
to have no harmful effect on kidney and heart, but with 
slight increase in body weight (12  %) though no signifi-
cant (Table 2) between day 1 and day 56 of treatment. Oral 
administration of lutein had a better glucose tolerance and 
is also evidenced with lower urine glucose levels. Possibly 
lutein’s antiglycemic effect uniting with calorie restriction 
may extend life span in diabetic patients. In this regards, 
further studies are needed. Further, as in the case of lutein 
as observed in the present study, curcumin has been 
reported to ameliorate hyperglycemic complications [37].

Table 1   Effect of lutein 
on ROS, GSH:GSSG ratio 
and antioxidant enzymes in 
serum, kidney and heart of 
streptozotocin-induced diabetic 
rats

Values are mean ± SD (n = 11/group)
a  Values differ significantly (p < 0.05) from group I
b  Values differ significantly (p < 0.05) from group II. Group 1 = normal rats, group II = diabetic control 
rats, group III = lutein-fed diabetic rats. Values within a row not sharing similar lower case letters are sig-
nificantly different (p < 0.05)

Group I Group II Group III

Serum

SOD (U/mg protein) 0.26 ± 0.01 0.35 ± 0.03a 0.28 ± 0.01b

CAT (µmol/min/mg protein) 0.68 ± 0.09 2.3 ± 0.11a 1.18 ± 0.04a,b

GPX (mmol/min/mg protein) 223.10 ± 6.36 150.90 ± 1.20a 219.70 ± 5.72b

GR (mmol/min/mg protein) 0.64 ± 0.05 1.35 ± 0.07a 0.87 ± 0.04b

GST (mmol/min/mg protein) 1.33 ± 0.07 1.86 ± 0.18a 1.38 ± 0.05b

GSH:GSSG ratio 30.1 ± 7.2 11.3 ± 2.3a 24.0 ± 4.1a,b

ROS level (pmol DCF/min/mg protein) 4.3 ± 0.9 10.5 ± 0.9a 6.1 ± 1.2a,b

Kidney

SOD (U/mg protein) 9.75 ± 0.16 11.9 ± 0.56a 9.47 ± 0.25b

CAT (µmol/min/mg protein) 9.47 ± 0.76 13.45 ± 0.64a 9.00 ± 0.76b

GPX (mmol/min/mg protein) 52.72 ± 6.37 18.18 ± 1.2a 42.82 ± 5.72a.b

GR (mmol/min/mg protein) 0.23 ± 0.01 0.28 ± 0.01a 0.24 ± 0.01b

GST (mmol/min/mg  protein) 6.29 ± 0.16 7.78 ± 0.38a 5.79 ± 0.33b

GSH:GSSG ratio 23.3 ± 3.80 14.4 ± 1.5a 18.2 ± 3.90a,b

ROS level (pmol DCF/min/mg protein) 12.3 ± 1.91 20.7 ± 2.97a 16.4 ± 1.30a.b

Heart

SOD (U/mg protein) 17.63 ± 1.67 12.63 ± 0.70a 14.99 ± 0.44a,b

CAT (µmol/min/mg protein) 12.72 ± 1.00 9.44 ± 0.62a 13.37 ± 0.51b

GPX (mmol/min/mg protein) 36.76 ± 1.46 20.15 ± 2.45a 34.65 ± 2.72b

GR (mmol/min/mg protein) 48.86 ± 5.54 28.96 ± 3.14a 34.24 ± 1.29a,b

GST (mmol/min/mg protein) 5.07 ± 0.49 3.52 ± 0.11a 4.92 ± 0.33b

GSH:GSSG ratio 33.1 ± 5.4 29.1 ± 6.1 32.9 ± 7.2

ROS level (pmol DCF/min/mg protein) 8.4 ± 2.0 13.9 ± 1.2a 11.0 ± 1.7b
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Diabetic rats exhibited hypertrophied glomerulus, thick-
ening of Bowman’s capsule and inner wrinkled lining in 
kidney morphology, whereas heart exhibited increased 
intercalated space between intercalated disk [38, 39]. Heart 
sections of lutein-fed diabetic rats revealed reduced inter-
calated space and also decrease in number of intercalated 
disk. Kidney sections of lutein-fed diabetic animals had 
decreased Bowman’s capsule thickening compared to dia-
betic rats. It is evident from the results, an ameliorating 
effect of lutein on structural abnormalities associated with 
diabetes as reported by Muruganandan et al. [40].

Chronic hyperglycemia induces non-enzymatic modifi-
cation of simple sugars on other proteins leading to the for-
mation of AGEs. AGEs accumulation in the tissue leads to 
the generation of ROS, a possible mechanism causing oxi-
dative stress [41]. Glucose flux from glycolysis to polyol 
pathway is the main culprit in increased oxidative stress 
(Fig.  7) [2]. Therefore, effect of feeding lutein on aldose 
reductase and sorbitol dehydrogenase activities in kidney 
and heart was quantified. Diabetic rats (group II) had sig-
nificantly higher AR and SDH activities in both kidney and 
heart compared to normal control rats (Fig.  3). Increased 
activities of AR depleted NADPH and may be resulted 
in decreased GSH. Intubation with lutein to diabetic rats 
resulted normalization of AR and SDH toward group I 
(normal control). It appears that biologically available 
lutein exhibits antihyperglycemic effect as evidenced by 
decreased FBG and also decreased food and water intake 
in the group II (diabetic control) rats. Decreased FBG 
may have accounted for lower activity of AR and SDH in 
both liver and kidney of lutein-fed group. As in the case of 
lutein, curcumin was found to decrease AR activity with-
out any effect on SDH and FBG in diabetic rats [37]. In 
that way, lutein may be a superior antioxidant molecule 
with antihyperglycemic potential. Bioavailability of lutein 
decreased FBG and might have accounted for the decreased 
AR, SDH and blood glucose in the lutein-fed diabetic rats. 
Further, the superior antihyperglycemic potential of lutein 
compared with curcumin may be due to the structural and 
functional difference between these molecules.

Inferring the MDA and GSH levels and elucidating the 
changes in the activities of antioxidant enzymes are good 
markers of oxidative stress implication [4]. Increased MDA 
level and decreased GSH level in group II compared with 
group I suggest that there is an increased oxidative stress 
in kidney and heart of diabetic rats which may be due to 
elevated glucose levels (Fig.  4). Antioxidants reported to 
modulate the oxidative stress. Alpha-tocopherol increased 
mRNA level of gamma-glutamylcysteine synthetase, rate 
limiting enzyme in glutathione biosynthesis [42]. As in the 

Fig. 5   Effect of lutein on lipid peroxides (MDA, left) level and glu-
tathione (right) level in serum (a), kidney (b) and heart (c) of dia-
betic rats. Values are mean  ±  SD (n  =  11/group). aValues differ 
significantly (p < 0.05) from group I and bvalues differ significantly 
(p < 0.05) from group II. Group I = normal rats, group II = diabetic 
control rats and group III = diabetic rats fed with lutein

Table 2   Effect of lutein on body weight, kidney and heart weight in 
streptozotocin-induced diabetic rats

Values are mean + SEM (n = 11/group)
a  Values differ significantly (p < 0.05) from group I. Group 1 = nor-
mal rats, group II = diabetic control rats, group III = lutein-fed dia-
betic rats

Group I Group II Group III

Body weight (g) 280.5 ± 12.2 165 ± 10.9a 172.1 ± 12.4a

Kidney weight (g) 1.9 ± 0.1 2.3 ± 0.2a 2.2 ± 0.2a

Heart weight (g) 0.8 ± 0.0 0.6 ± 0.0a 0.6 ± 0.0a
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case of α-tocopherol, lutein being an antioxidant, its activ-
ity might have increased the glutathione level. However, 
in-depth studies are necessary to conclude this mechanism. 
Moreover, decreasing the activities of AR and SDH might 
have also contributed in part for the decrease in GSH level 
and ultimately MDA level. Lutein treatment prevented the 
alterations similar with that of turmeric and curcumin in 
diabetic cataract [37]. The exact action of lutein on these 
enzyme activities needs further investigations at molecular 
level.

In the present study, diabetic rats also exhibited 
decreased activities of GPX in serum, kidney and heart. 
Possible reason for the reduced GPX activity may be due 
to the depletion of reduced GSH, whereas SOD, CAT, 
GR and GST activities were increased in serum and kid-
ney, but heart displayed decreased activities of all these 
enzymes in diabetic condition. Upon intubation of lutein, 
the activity of these enzymes was modulated toward the 
normal control rats (Table  1). Possible reason for this 
effect may be the increased GSH level in lutein-treated 
diabetic rats as evidenced with α-tocopherol in diabetic 
lens [42].

Because of the protective action of lutein against STZ-
induced heart and kidney damage, it is possible to conclude 
that glucose tolerance could be one of the reasons for the 
decrease in oxidative stress markers studied in the lutein-
treated diabetic animals. However, the possibility of antiox-
idant activity of lutein could not be ruled out for the potent 
protection offered in lutein-administered diabetic animals.

Conclusion

Due to potent antioxidant nature and bioavailability of 
lutein when given with mixed micelles, lutein ameliorates 
glucose intolerance by decreasing the activities of AR and 
SDH. Decreased polyol pathway replenishes GSH:GSSG 
pool and ameliorates the altered antioxidant defense sys-
tem in heart and kidney of diabetic rats. Lutein or any other 
antioxidant is not sufficient enough to completely prevent 
diabetic-mediated pathophysiological complications, but 
they seem to be an appropriate coadjuvant treatment for the 
impairments associated with chronic hyperglycemia medi-
ated oxidative stress.

Fig. 6   Lutein prevented pathophysiology of heart (above) and kidney 
(below) (H&E, ×200 magnification) of streptozotocin-induced dia-
betic rats. Arrow symbol indicates intercalated space in heart sections 

and dotted arrow indicates thickened Bowman’s capsule due to mac-
rophage infiltration in kidney. Group 1 = normal rats, group II = dia-
betic control rats, group III = lutein-fed diabetic rats
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