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Abstract

Background: Theaflavins are major polyphenols in black tea which is the most widely consumed tea in the world. They
possess a broad spectrum of biological activities, such as antioxidant, anti-tumor, anti-inflammatory, and cardio-protective
effects. The present study was aimed to evaluate the protective effect of theaflavin on glycoprotein content and
tricorboxylic acid cycle enzymes in high-fat diet and streptozotocin-induced diabetic rats as there was no study on this
aspect. Diabetes was induced in male albino Wistar rats by feeding them with high-fat diet and injecting them
intraperitoneally with streptozotocin (40mg/kg b.wt).

Results: Different doses of theaflavin (25, 50, and 100mg/kg b.wt /day) were administered orally to high-fat diet and
streptozotocin-induced diabetic rats for 30 days for fixing the glucose lowering dose. However, the dose at 100mg/kg
b.wt showed a significant reduction in the levels of plasma glucose and Homeostatic Model Assessment of Insulin
Resistance with concomitant elevation of insulin when compared to the other two doses (25 and 50mg/kg b.wt).
Hence, 100mg/kg b.wt was fixed as an effective dose and used for further analysis. Theaflavin administration restored
the altered glycosylated hemoglobin, hemoglobin and glycoproteins (Hexose, hexosamine, fucose, and sialic acid) and
TCA cycle enzymes (isocitrate dehydrogenase, α-ketoglutarate dehydrogenase, succinate dehydrogenase, and malate
dehydrogenase) near the normal levels by correcting hyperglycemia. Improved histological changes were observed in
the pancreas of diabetic rats upon treatment with theaflavin which supported the biochemicals investigated.

Conclusion: The effect produced by the theaflavin on various parameters was comparable to that of metformin—a
reference antidiabetic drug. These findings suggest that theaflavin can replace the commercial drugs which could lead
to reduction in toxicity and side effect caused by the later as well as reduce the secondary completions.
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Background
Diabetes mellitus is a metabolic and endocrine disorder
characterized by hyperglycemia which leads to alterations
in carbohydrate, lipid, and protein metabolism, associated
with absolute or relative deficiencies in insulin secretion
and/or insulin action (Valiathan, 1988). More than 220
million people worldwide have diabetes, and this number
is likely to more than double by 2030 (World Health and
Organization (WHO), 2009).The management of diabetes
with insulin and synthetic oral hypoglycemic drugs
(biguanides sulfonylurea and metformin) can produce ser-
ious side effects and in addition fails to prevent diabetes-
related complications in many patients. A new diabetic
management strategy is needed, and it should be more ef-
fective and lessen side effects (Prabhar & Doble, 2011). In
this regards, several species of plants and plant-based
compounds have been described in the scientific literature
as having hypoglycemic activity due to their perceived ef-
fectiveness, minimal side effects, and relatively low costs
(De Sousa et al., 2004).
Theaflavins are major chemical constituents of black

tea which have been reported to have antioxidant
(Almajano, Carbó, Limenéz, & Gordon, 2008), anti-
cancer (Gosslau et al., 2011), antiinflammatory (Zu et al.,
2012), antimicrobial (Almajano et al., 2008; Friedman,
2007), and antiviral abilities including bovine corona-
virus, bovine rotavirus (Clark et al., 1998), HIV-1 (Liu
et al., 2005; Yang et al., 2012), influenza (Zu et al., 2012),
and HSV-1 (Cantatore, Randall, Traum, & Adams, 2013)
. However, protective effect of theaflavin on glycoprotein
components and TCA cycle enzymes in high-fat diet
and streptozotocin-induced diabetic rats has not been
explored so far. Therefore, the present study was aimed
to evaluate effect of theaflavin on glycoprotein compo-
nents and TCA cycle enzymes in diabetic rats. The
structure of theaflavin was given in Fig. 1.
Fig. 1 Structure of theaflavin
Materials and methods
Chemicals and drugs
Theaflavin and streptozotocin, high-fat diet components
such as cholesterol, bile salt, egg yolk power, and lard
were obtained from Sigma Chemical Company (St.
Louis, MO, USA), Sisco Research Laboratories Pvt. Ltd.
(Mumbai, India), Central Drug House Pvt. Ltd. (New
Delhi, India), SKM Egg Products Export (India) Limited
(Erode, Tamil Nadu, India), and lard was obtained from
local market in Chennai. All other chemicals used were
of analytical grade.
Animal
Male albino Wistar rats weighing 200–220 g body weight
were procured from the Central Animal House Facility,
University of Madras, Taramani Campus, Chennai, Tamil
Nadu, India. They were maintained at an ambient
temperature of 25 ± 2 °C and 12/12-h of light/dark cycle.
Animals were given standard commercial rat chow and
water ad libitum and housed under standard environmen-
tal conditions throughout the study. The experiments
were conducted according to the Institutional Animal
Ethics Committee Guidelines (IAEC No 32/02/2014).
Experimental induction of type 2 diabetes in rats
The animals were divided into seven groups of six ani-
mals each. The rats were fed with high-fat diet consist-
ing of standard laboratory chow 84.3%, lard 5%, yolk
powder 10%, cholesterol 0.2%, and bile salt 0.5% for 2
weeks (Xie et al., 2005). After 2 weeks, the animals were
kept in an overnight fast and injected with low dose of
streptozotocin (40 mg/kg, dissolved in 0.1M sodium cit-
rate buffer, pH 4.5) (Wu et al., 2012). Fasting blood glu-
cose was measured 3 days after the injection. The rats
with fasting blood glucose levels above 250 mg/dl were
considered diabetic. The diabetic rats were fed on the
high-fat diet for another 4 weeks.
Experimental design
In this experiment, a total of 42 rats (30 diabetic surviv-
ing rats, 12 normal rats) were divided into seven groups
with six rats in each.

Group I: Normal control (received 0.5 ml of distilled
water)
Group II: Drug control (normal healthy control rats
received intra-gastrically theaflavin 100 mg/kg b.wt.)
dissolved in 0.5 ml of distilled water for 30 days.
Group III: Diabetic control
Group IV: Diabetic rats received intra gastrically
theaflavin (25 mg/kg b.wt.) dissolved in 0.5 ml of
distilled water for 30 days.
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Group V: Diabetic rats received intra gastrically
theaflavin (50 mg/kg b.wt.) dissolved in 0.5 ml of
distilled water for 30 days.
Group VI: Diabetic rats received intra gastrically
theaflavin (100 mg/kg b.wt.) dissolved in 0.5 ml of
distilled water for 30 days.
Group VII: Diabetic rats received intra gastrically
Metformin (500 mg/kg b.wt.) dissolved in 0.5 ml of
distilled water for 30 days.

Sample collection
After 30 days of treatment, the animals were deprived of
food overnight and sacrificed by decapitation. Blood was
collected in two different tubes, i.e., one with a mixture of
potassium oxalate and sodium fluoride (1,3) for estimation
of plasma insulin, glucose, and glycoproteins and another
with ethylene diamine tetra acetic acid (EDTA) for the es-
timation of hemoglobin and glycated hemoglobin. Liver
and kidney tissues were excised immediately and rinsed in
ice-chilled normal saline to remove the blood. Known
weights of the tissues were minced and homogenized in
5.0 ml of 0.1M Tris–HCl buffer (pH 7.4) in ice cold condi-
tion. The homogenate was centrifuged, and the super-
natant was used for the estimation of various biochemical
parameters. A section of the pancreas was kept aside for
histological studies.

Biochemical analysis
Plasma glucose was estimated by the method of Trinder
using a reagent kit Trinder (1969). Hemoglobin (Hb) and
glycated hemoglobin (HbA1c) were estimated by the
method of Drabkin & Austin (1932) and Sudhakar and
Pattabiraman (1981), respectively. The plasma insulin was
measured by the method of Burgi, Briner, Franken, &
Kessler (1988). Glycoprotein components such as hexose,
hexosamine, fucose, and sialic acid were estimated by the
methods of Dische and Shettles (1948), Dubois and Gilles
(1956), Wagner (1979), and Warren (1959), respectively.
The TCA cycle enzymes such as isocitrate dehydrogenase,
α-ketoglutarate dehydrogenase, succinate dehydrogenase,
and malate dehydrogenase were assayed by the method of
Bell & Baron (1960), Mehler, Kornberg, Grisolia, & Ochoa
(1948), Reed and Mukherjee (1969), and Slater & Bonner
(1952), respectively. Protein content in the plasma and tis-
sue homogenate was estimated by the method of Lowry,
Rosebrough, Farr, & Randall (1951).

HOMA−IR ¼ fasting insulin
� fasting blood sugar=405

Histopathology of pancreas
The pancreatic tissues of the tested rats were fixed in 10%
formaldehyde, dried out in an evaluated arrangement of
ethanol, and embedded in paraffin. Liver sections (5 μm
thick) were acquired utilizing rotary microtome and
afterward rehydrated. Sections were then stained by
hematoxylin-eosin (H&E) and viewed under the light
microscope and shot by photomicrography.

Statistical analysis
All data were analyzed with SPSS/17 student software.
Hypothesis testing methods included one-way analysis of
variance (ANOVA) followed by LSD. All values are
means of three replicates. The values are expressed as
mean ± SD, and results were considered to be statisti-
cally significant if P value is less than 0.05.

Results
Dose-dependent effects of theaflavin on plasma glucose,
insulin levels, and HOMA-IR index
Blood glucose and plasma insulin levels of normal and
experimental rats are given in Table 1. The diabetic rats
showed a significant increase in blood glucose and a sig-
nificant decrease in plasma insulin levels. The adminis-
tration of theaflavin (all doses) to diabetic rats caused a
significant decrease in blood glucose levels and a signifi-
cant increase in plasma insulin when compared with
diabetic untreated rats. In the same context, diabetic rats
showed a significant increase in HOMA-IR when
compared with the control rats. Supplementation of
theaflavin significantly decreased HOMA-IR index in a
dose-dependent manner. But, theaflavin at a dose of 100
mg/kg body weight showed a highly significant effect
than the other two doses (25 and 50 mg/kg b.wt) and
that effect was comparable to that of metformin. There-
fore, 100 mg/kg body weight was fixed as an effective
dose and used for further analysis.

Effect of theaflavin on the levels of hemoglobin and
glycosylated hemoglobin
The levels of hemoglobin and HbA1c in control and ex-
perimental animals were depicted in Table 2. The dia-
betic rats showed significant decrease in the level of
total hemoglobin and significant increase in the levels of
HbA1C when compared to control rats. The levels of
total hemoglobin and HbA1C were significantly reversed
by the administration of theaflavin and metformin to
diabetic rats. Normal rats treated with theaflavin at a
dose of 100 mg/kg body weight did not show any signifi-
cant changes in plasma glucose, insulin, and hemoglobin
and HbA1C levels.

Effects of theaflavin on glycoprotein components
The levels of plasma and tissue glycoproteins (hexose,
hexosamine, fucose, and sialic acid) are presented in
Table 3. Significantly elevated levels of these glycopro-
teins were observed in the plasma and tissue of diabetic



Table 1 Dose-dependent effect of theaflavin on blood glucose, insulin levels, and HOMA-IR index in control and experimental
animals

Parameters Control Normal +
theaflavin (100mg/
kg b.wt)

Diabetes Diabetes +
theaflavin (25 mg/
kg b.wt)

Diabetes +
theaflavin (50 mg/
kg b.wt)

Diabetes +
theaflavin 100 mg/
kg b.wt

Diabetes +
metformin (500 mg/
kg b.wt)

Glucose
(mg/dl)

97.65 ± 5.03 95.28 ± 5.15 273.76 ± 16.35b 239.43 ± 12.54c 183.98 ± 8.74d 131.81 ± 7.49e 129.64 ± 8.12

Insulin
(μU/ml)

19.42 ± 1.80 18.99 ± 1.82 9.57 ± 1.18b 11.80 ± 1.12c 13.51 ± 1.36d 16.15 ± 1.35e 17.66 ± 1.27

HOMA-IR 4.68 ± 0.64 4.38 ± 0.53 6.62 ± 0.70b 7.20 ± 0.81c 60.2 ± 0.58d 5.13 ± 0.37e 5.57 ± 0.49

Values are given as mean ± SD for six animals in each group
Values are considered significantly different at P < 0.05 with post-hoc LSD test *P < 0.05
aControl vs. drug control (theaflavin-alone-treated rats
bControl rats vs. diabetic rats
cDiabetic rats vs. theaflavin (25 mg/kg)
dDiabetic rats vs. theaflavin (50 mg/kg)
eDiabetic rats vs. theaflavin (100 mg/kg)
fDiabetic rats treated with theaflavin (100 mg/kg) vs. diabetic rats treated with metformin (500 mg/kg)
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control rats when compared with normal rats. However,
administration of theaflavin and metformin to diabetic
rats for a period of 30 days resulted in a significant re-
duction of hexose, hexosamine, fucose, and sialic acid in
plasma when compared with diabetic control rats.
The levels of sialic acid were significantly decreased

whereas the levels of hexose, hexosamine, and fucose
were significantly increased in the tissues of diabetic
rats. Administration of theaflavin and metformin to dia-
betic rats significantly reversed these changes in tissues
to near normal levels.

Effects of theaflavin on TCA cycle key enzymes
Table 4 represent the activities of TCA cycle key enzymes in
liver and kidney tissues of control and experimental rats.
The liver and kidney tissues of diabetic rats showed a signifi-
cant decrease in the activities of isocitrate dehydrogenase, α-
ketoglutarate dehydrogenase, succinate dehydrogenase, and
malate dehydrogenase. The diminished activities of these
key enzymes were reverted to close normalcy by treatment
with theaflavin and metformin to diabetic rats.

Histopathological observations of pancreas
Figure 2 represents the hematoxylin and eosin staining
of pancreas of control and experimental rats. Normal
Table 2 Effects of theaflavin on hemoglobin and glycosylated hemo

Parameters Control Normal+ theaflavin (100mg/kg
b.wt)

Diab

Hemoglobin(g/
dl)

14.62 ± 1.15 13.93 ± 0.87 7.38

HbA1c(%) 4.75 ± 0.41 4.64 ± 0.42 11.15

Values are given as mean ± SD for six animals in each group
Values are considered significantly different at P < 0.05 with post-hoc LSD test *P <
aControl vs. drug control (theaflavin-alone-treated rats)
bControl rats. vs. diabetic rats
cDiabetic rats.vs. theaflavin (100mg/kg)
dDiabetic rats treated with theaflavin (100 mg/kg) vs. metformin (500mg/kg)
histological features of both exocrine and endocrine part
were shown in the section of pancreatic tissue of control
rats (Fig. 2a). Pancreatic section from theaflavin-alone
treated rat shows no changes on beta cells, and it looks
like control pancreas (Fig. 2b). The section of pancreatic
tissues of diabetic rats shows degenerative changes of is-
lets and is characterized by reduction in number and
size of the islets. Subsequently, the central areas of most
pancreatic islets are completely empty when compared
to control rats (Fig. 2c). The section of pancreatic tissues
of diabetic rats treated with theaflavin and metformin
shows marked regeneration of islets with significant
number of granulated cells than that of diabetic rats.
Moreover, several islets are well granulated when com-
pared to pancreatic islets of diabetic rats indicating the
improved functioning of cells which was reflected in the
increased plasma insulin level (Fig. 2d, e).

Discussion
Metabolic disorder of glucose is the most important and
fundamental pathological changes in diabetes. So, the
blood glucose level is the key indicator to evaluate the
success of models and the effectiveness of drugs. Experi-
mental results showed that the drugs can significantly
reduce high blood sugar, regulate the glycogen synthesis
globin levels in control and experimental animals

etes Diabetes + theaflavin (100 mg/kg
b.wt)

Diabetes +
metformin

± 1.33b 11.96 ± 1.30c 12.87 ± 1.11

± 1.16b 7.28 ± 0.73c 6.40 ± 0.78

0.05



Table 3 Effects of theaflavin on glycoprotein metabolism in control and experimental animals

Parameters Control Normal+ theaflavin (100 mg/kg
b.wt)

Diabetes Diabetes + theaflavin (100 mg/kg
b.wt)

Diabetes + metformin (500
mg/kg)

Plasma (mg/dl)

Hexose 86.09 ± 5.88 84.47 ± 5.80 137.56 ±
10.24b

91.47 ± 5.53c 89.35 ± 5.81

Hexosamine
70.47 ± 6.99 68.58 ± 7.03 99.34 ±

10.68b
80.68 ± 8.01c 78.59 ± 9.18

Fucose 29.43 ± 2.50 27.30 ± 2.42 42.44 ± 4.26b 32.39 ± 3.14c 30.74 ± 2.93

Sialic acid 52.26 ± 4.89 50.56 ± 4.92 73.51 ± 6.00b 59.64 ± 5.60c 58.10 ± 5.69

Liver (mg/g)

Hexose 29.28 ± 2.61 28.59 ± 2.51 52.49 ± 5.09b 32.13 ± 3.21c 30. 77 ± 2.97

Hexosamine
13.55 ± 1.37 12. 48 ± 1.29 33.48 ± 2.95b 18.56 ± 1.61c 17.17 ± 1.46

Fucose 19.36 ± 1.84 20.43 ± 1.78 37.53 ± 3.59b 24.27 ± 2.47c 22.99 ± 2.26

Sialic acid 11.47 ± 1.04 10.81 ± 1.09 4.80 ± 0.45b 9.02 ± 0.85c 8.26 ± 0.81

Kidney (mg/g)

Hexose 22.36 ± 2.19 21.60 ± 2.01 41.87 ± 2.89b 25.55 ± 2.44c 24.10 ± 2.22

Hexosamine
18.79 ± 1.35 17.70 ± 1.53 38.73 ± 2.32b 22.58 ± 1.63c 21.74 ± 1.59

Fucose 14.53 ± 1.34 13.53 ± 1.37 27.63 ± 2.16b 17.86 ± 1.66c 16.55 ± 1.86

Sialic acid 7.53 ± 0.61 6.85 ± 0.67 3.89 ± 0.36b 5.80 ± 0.56c 5.27 ± 0.63

Values are given as mean ± SD for six animals in each group
Values are considered significantly different at P < 0.05 with post-hoc LSD test *P < 0.05
aControl vs. drug control (theaflavin-alone-treated rats
bControl rats. vs. diabetic rats
cDiabetic rats vs. theaflavin (100 mg/kg)
dDiabetic rats treated with theaflavin 100 mg/kg vs. metformin (500 mg/kg

Table 4 Effects of theaflavin on TCA cycle enzymes in control and experimental animals

Parameters Control Normal+ theaflavin (100
mg/kg b.wt)

Diabetes Diabetes + theaflavin (100
mg/kg b.wt)

Diabetes + metformin (500
mg/kg b.wt)

Liver

Isocitrate dehydrogenase 682.75 ± 45.47 680.26 ± 45.57 371.44 ± 36.53b 612.37 ± 40.45c 610.66 ± 40.19

Malate dehydrogenase 393.23 ± 40.16 389.99 ± 40.21 171.17 ± 22.40b 304.09 ± 27.48c 302.34 ± 27.67

Alpha ketoglutarate
dehydrogenase

284.35 ± 30.35 282.68 ± 20.76 104.5 ± 11.72b 200.28 ± 15.87c 198.37 ± 15.88

Succinate
dehydrogenase

56.39 ± 4.85 54.09 ± 5.20 14.60 ± 2.66b 36.16 ± 3.21c 34.51 ± 2.86

Kidney

Isocitrate dehydrogenase 615.41 ± 24.55 612.79 ± 24.47 297.21 ± 17.51b 591.13 ± 22.11c 589.39 ± 22.02

Malate dehydrogenase 323.44 ± 23.62 322.61 ± 22.90 116.51 ± 13.23b 283.32 ± 19.89c 281.56 ± 19.96

Alpha ketoglutarate
dehydrogenase

85.05 ± 6.39 82.25 ± 6.62 24.45 ± 3.61b 68.54 ± 6.06c 66.85 ± 6.05

Succinate
dehydrogenase

30.31 ± 2.70 28.29 ± 2.65 13.31 ± 1.18b 22.94 ± 2.44c 21.07 ± 2.43

Values are given as mean ± SD for six animals in each group
Values are considered significantly different at P < 0.05 with post-hoc LSD test *P < 0.05
The enzyme activities are expressed as: n moles of a-ketoglutarate/h/mg of protein for isocitrate dehydrogenase, n moles of potassium ferrocyanide/h/mg of
protein for α-ketoglutarate dehydrogenase, μmoles of succinate oxidized/min/mg of protein for succinate dehydrogenase, and μmoles of NADH oxidized/min/mg
of protein for malate dehydrogenase
aControl vs. drug control (theaflavin-alone-treated rats
bControl rats vs. diabetic rats
cDiabetic rats vs. theaflavin (100 mg/kg)
dDiabetic rats treated with theaflavin (100 mg/kg) vs. metformin (500mg/kg)
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Fig. 2 Histopathological section of pancreas of control and experimental rats (× 40). Control (a), normal + theaflavin (b), diabetes induced (c),
diabetic + theaflavin (d), and diabetic + metformin (e). f Quantification of granulated cells from pancreas. Values are given as mean ± SD for six
animals in each group (n = 6).Values are considered significantly different at P < 0.05 with post hoc LSD test. Comparisons are made as (a) control
vs. drug control (theaflavin-alone-treated rat); (b) control rat vs. diabetic rat; (c) diabetic rat vs. theaflavin-treated diabetic rat; (d) theaflavin-treated
diabetic rat vs. metformin
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which was very significant to maintain normal blood
sugar and improve glucose tolerance. Hence, blood glu-
cose is a key marker for diagnosis and prognosis of dia-
betes mellitus. Insulin deficiency causes radical elevation
in the levels of blood glucose as a result of excessive
production of endogenous glucose by hepatic as well as
extrahepatic tissues through gluconeogenic and glyco-
genolytic pathways and reduced consumption of glucose
through glycolytic, TCA cycle, glycogenic, and HMP
shunt pathways by various tissues during diabetes melli-
tus (Soling & Kleineke, 1976). Moreover, Insulin defi-
ciency and high levels of plasma glucose in diabetic
condition may result in an increased synthesis of oligo-
saccharide moieties of glycoprotein; hexose, hexosamine,
fucose, and sialic acid have an important role in the
maintenance of structural integrity of the membrane bi-
layer. Cell surface glycoproteins have vital roles in the
transport of vitamins and lipids, in signal transduction
as hormone receptors and in immunological specificity.
In the present study, upon treatment with theaflavin

and metformin appreciably lowered the level of blood
glucose and improved the insulin in high-fat diet and
streptozotocin-induced diabetic rats. These glucose low-
ering and elevated insulin levels are brought by the anti-
oxidant potential of theaflavin (Almajano et al., 2008).
The consumption of natural antioxidant phytochemicals
were reported to have potential health benefits and help
to regenerate β cells and protect pancreatic islets against
cytotoxic effects of streptozotocin (Alvarez et al., 2004;
Rangkadilok et al., 2007).
Glycosylated hemoglobin (HbA1c) is the clinical marker

of chronic glycemic control in patients with diabetes mel-
litus (Koenig et al., 1976). Persistent hyperglycemia leads
to the glycosylation of amino groups of lysine residue in
proteins (Asgary, Naderi, & Sarrafzadegan, 1999). This
condition favors reduction in the level of total hemoglobin
and elevation in glycosylated hemoglobin which in turn
directly proportional to blood glucose (Al-Yassin &
Ibrahim, 1981). Diabetic rats showed higher levels of
glycosylated hemoglobin indicating their poor glycemic
control. The oral administration of theaflavin and metfor-
min to diabetic rats significantly reduced the HbA1c levels
compared to untreated diabetic rats. This reflects the anti-
oxidant potential theaflavin and metformin in long-term
control of hyperglycemia through insulin secretion.
The function of glycoproteins in stabilizing the tissue

may be involved in maintaining the structural stability of
collagen fibrils. Glycoproteins are important components
of intracellular matrix, cell membrane, and membranes
of sub-cellular organelles (Zachariah & Basu, 1993). Dur-
ing diabetes, synthesis of glycoproteins was decreased
because of reduced incorporation of glucose caused by
insulin deficiency. Increased glycosylation of various
proteins in diabetic patients have also been reported
earlier and the elevated of glycoproteins in diabetics may
also be a predictor of angiopathic complications
(Konukoglu, Serin, Akcay, & Hatemi, 1999; Rahman,
Zafar, & Shera, 1990) In this study, we have observed
the altered levels of hexose, hexosamine, fucose, and si-
alic acid in plasma and tissues of streptozotocin and
high-fat diet-induced diabetic rats. Theaflavin and met-
formin administration to diabetic rats normalized the
levels of glycoproteins in plasma and tissues. Decreased
hyperglycemic state with increased levels of plasma insu-
lin observed in theaflavin- and metformin-treated dia-
betic rats might be responsible for the beneficial changes
in glycoproteins in the plasma, liver, and kidney. In this
context, other researchers have shown that a decrease in
hyperglycemia could lead to a decrease in glycoprotein
levels (Gandhi & Chowdhury, 1979; Latha & Pari, 2005;
Sundaram, Naresh, Shanthi, & Sachdanandam, 2012).
Mitochondria play a part in regulation of diverse

physiological functions by providing energy for the ma-
jority of intracellular processes necessary for vital func-
tions. Mitochondria are one of the key cell organelle in
diabetes research because of their central role as a regu-
lator of energy balance (Wallace, 1999). Magnetic reson-
ance spectroscopy studies on human suggest that more
subtle defects in mitochondrial function might take part
in the pathogenesis of insulin resistance in diabetes
which is the most widespread metabolic disease in the
world (Lowell & Shulman, 2005). In the present study,
the activities of the mitochondrial marker enzymes—
isocitrate dehydrogenase, α-ketoglutarate dehydrogenase,
succinate dehydrogenase, and malate dehydrogenase
levels—were significantly dropped in the liver and kidney
of high-fat diet and streptozotocin-induced diabetic rats.
These results are in agreement with previous reports
(Akude et al., 2011; Sener, Rasschaert, & Malaisse, 1990).
However, diabetic rats treated with theaflavin and met-
formin resulted in significant marked elevation in the ac-
tivities of TCA cycle enzymes which might be due to the
normoglycemic potential of theaflavin and metformin.
The population of β cells in islets of Langerhans of the

pancreas reflects the production and secretion of insulin.
In the present study, histopathological findings revealed
severe necrotic changes of pancreatic islets and a rela-
tively small number of insulin-positive β cells were ob-
served in high-fat diet and streptozotocin-induced
diabetic rats with such evidence, it is possible to assume
that theaflavin treatment might have stimulated the in-
sulin secretion from existing β cells.

Conclusion
Based on the results obtained, we conclude that oral ad-
ministration of theaflavin to diabetic rats restored all the
altered glycoprotein components and TCA cycle enzymes
to near normal levels by correcting the hyperglycemia.
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These findings suggest that theaflavin has complimentary
potency to develop an antihyperglycemic agent for the
treatment of diabetes mellitus. Further studies are in pro-
gress to elicit the exact mechanism of antihyperglycemic
action of theaflavin in diabetes.
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Hb-hemoglobin: HbA1c-Glycosylated hemoglobin; TCA cycle: Tricorboxylic
acid cycle; WHO: World Health Organization

Acknowledgements
The authors are grateful to Dr. Muthusamy Assistant professor, University of
Illinois, Chicago, USA, for refining this manuscript and making free from
grammatical errors.

Funding
No funding.

Availability of data and materials
Not applicable. If this manuscript is accepted for publication, we will
produce the data.

Authors’ contributions
KG and VSG conducted the experiments and the data analysis. TA took part
in the data analysis. SR is responsible for the experimental design and in
overseeing all the work. All authors read and approved the final manuscript.

Ethics approval and consent to participate
This is an animal study, and the experiments were conducted according to
the ethical norms approved by the Ministry of Social Justices and
Empowerment, Government of India, and the Institutional Animal Ethics
Committee Guidelines (32/02/2014).

Consent for publication
This study conducted at University of Madras for the award of Doctoral
Degree to kirubananthan. All authors are agreed to publish this work and
declared no conflict of interest.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Department of Biotechnology, University of Madras, Guindy Campus,
Chennai 600025, India. 2Department of Plant Biology and Plant
Biotechnology, Government Arts College for Men (Autonomous), Nandanam,
University of Madras, Chennai 600035, India. 3Department of Medical
Biochemistry, Dr. ALM Post Graduate Institute of Basic Medical Sciences,
University of Madras, Taramani Campus, Chennai 600113, India. 4Department
of Biochemistry, Saveetha Dental College & Hospital, Saveetha Institute of
Medical & Technical Sciences, Velappanchavadi, Chennai 600077, India.

Received: 12 December 2018 Accepted: 31 May 2019

References
Akude, E., Zherebitskaya, E., Chowdhury, S. K., Smith, D. R., Dobrowsky, R. T., &

Fernyhough, P. (2011). Diminished superoxide generation is associated with
respiratory chain dysfunction and changes in the mitochondrial proteome of
sensory neurons from diabetic rats. Diabetes, 60, 288–297.

Almajano, M. P., Carbó, R., Limenéz, A. L., & Gordon, M. H. (2008). Antioxidant and
antimicrobial activities of tea infusions. Food Chemistry, 08, 55–63.

Alvarez, J. F., Barbera, A., Nadal, B., Barcelo-Batllori, S., Piquer, M., Claret, J. J., …
Gomis (2004). Stable and functional regeneration of pancreatic beta-cell
population in n-STZ rats treated with tungstate. Diabetologia, 47, 470–477.
Al-Yassin, D., & Ibrahim, K. (1981). A minor haemoglobin fraction and the level of
fasting blood glucose. Journal of the Faculty of Medicine, 23, 373–380.

Asgary, S., Naderi, G., & Sarrafzadegan, N. (1999). Anti-oxidant effect of flavonoids
on hemoglobin glycosylation. Pharmaceutica Acta Helvetiae, 73, 223–226.

Bell, J. L., & Baron, D. N. (1960). A colorimetric method for determination of
isocitrate dehydrogenase. Clinica Chimica Acta, 5, 740–746.

Burgi, W., Briner, M., Franken, N., & Kessler, A. C. H. (1988). One step sandwich
enzyme immunoassay for insulin using monoclonal antibodies. Clinical
Biochemistry, 21, 311–314.

Cantatore, A., Randall, S. D., Traum, D., & Adams, S. D. (2013). Effect of black tea
extract on herpes simplex virus-1 infection of cultured cells. BMC
Complementary and Alternative Medicine, 13, 139.

Clark, K. J., Grant, P. G., Sarr, A. B., Belakere, J. R., Swaggerty, C. L., Phillips, T. D., &
Woode, G. N. (1998). An in vitro study of theaflavin and metformin s
extracted from black tea to neutralize bovine rotavirus and bovine
coronavirus infections. Veterinary Microbiology, 63, 147–157.

De Sousa, E., Zanatta, L., Seifriz, I., Creczynski-Pasa, T. B., Pizzolatti, M. G.,
Szpoganicz, B., & Silva, F. R. (2004). Hypoglycemic effect and antioxidant
potential of kaemp- ferol-3,7-O- (alpha)-dirhamnoside from Bauhinia forcata
leaves. Journal of Natural Products, 67, 829–832.

Dische, Z., & Shettles, L. B. (1948). Specific colour reactions of methylpentoses
and spectrophotometric micromethod for their determination. The Journal of
Biological Chemistry, 175, 595–603.

Drabkin, D. L., & Austin, J. M. (1932). Spectrophotometric studies,
spectrophotometricconstants for common haemoglobin derivatives in
human, dog and rabbit blood. Journal of Biological Chemistry, 98, 719–733.

Dubois, M., & Gilles, K. A. (1956). Methods in Enzymology. NewYork: Academic.
Friedman, M. (2007). Overview of antibacterial, antitoxin, antiviral, and antifungal

activities of tea flavonoids and teas. Molecular Nutrition & Food Research, 51,
116–134.

Gandhi, C. R., & Chowdhury, R. D. (1979). Effect of diabetes mellitus on sialic acid
& glutathione content of human erythrocytes of different ages. Indian
Journal of Experimental Biology, 17, 585–587.

Gosslau, A., En Jao, D. L., Huang, M. T., Ho, C. T., Evans, D., Rawson, N. E., & Chen,
K. Y. (2011). Effects of the black tea polyphenol theaflavin and metformin -2
on apoptotic and inflammatory pathways in vitro and in vivo. Molecular
Nutrition & Food Research, 55, 198–208.

Koenig, R. J., Peterson, C. M., Jones, R. L., Saudek, C., Lehrman, M., & Cerami, A.
(1976). Correlation of glucose regulation and hemoglobin AIc in diabetes
mellitus. The New England Journal of Medicine, 295, 417–420.

Konukoglu, D., Serin, O., Akcay, T., & Hatemi, H. (1999). Relationship between
diabetic angiopathic complications and serum total and lipid associated
sialic acid concentrations. Medical Science Research, 27, 53–55.

Latha, M., & Pari, L. (2005). Effect of an aqueous extract of Scoparia dulcis on
plasma and tissue glycoproteins in streptozotocin induced diabetic rats.
Pharmazie, 60, 151–154.

Liu, S., Lu, H., Zhao, Q., He, Y., Niu, J., Debnath, A. K., … Jiang, S. (2005).
Theaflavin and metformin derivatives in black tea and catechin
derivatives in green tea inhibit HIV-1 entry by targeting gp41. Biochimica
et Biophysica Acta, 1723, 270–281.

Lowell, B. B., & Shulman, G. I. (2005). Mitochondrial dysfunction and type 2
diabetes. Science, 7, 307–384.

Lowry, O. H., Rosebrough, N. J., Farr, A. L., & Randall, R. J. (1951). Protein
measurement with folinphenol reagent. The Journal of Biological
Chemistry, 193, 265–275.

Mehler, A. H., Kornberg, A., Grisolia, S., & Ochoa, S. (1948). The enzymatic
mechanism of oxidation-reductions between malate or isocitrate or pyruvate.
The Journal of Biological Chemistry, 174, 961–977.

Prabhar, P. K., & Doble, M. (2011). Interaction of phytochemical with hypoglycemic
drug on glucose uptake in L6 myotube. Phytomedicine, 18, 285–291.

Rahman, M. A., Zafar, G., & Shera, A. S. (1990). Changes in glycosylated proteins in
long-term complications of diabetes mellitus. Biomedicine and Pharmacotherapy,
44, 229–234.

Rangkadilok, N., Sitthimonchai, S., Worasuttayangkurn, L., Mahidol, C., Ruchirawat,
M., & Satayavivad, J. (2007). Evaluation of free radical scavenging and
antityrosinase activities of standardized longan fruit extract. Food and
Chemical Toxicology, 45, 328–336.

Reed, C. D., & Mukherjee, D. B. (1969). Methods in Enzymology, 13, 55.
Sener, A., Rasschaert, J., & Malaisse, W. J. (1990). Hexose metabolism in pancreatic

islets. Participation of Ca2 (+)-sensitive 2-ketoglutarate dehydrogenase in the
regulation of mitochondrial function. Biochimica et Biophysica Acta, 10, 42–50.



Gothandam et al. The Journal of Basic and Applied Zoology           (2019) 80:43 Page 9 of 9
Slater, E. C., & Bonner, W. D. (1952). The effect of fluoride on the succinic oxidase
system. The Biochemical Journal, 52, 185–196.

Soling, H. D., & Kleineke, J. (1976). Species dependent regulation of hepatic
gluconeogenesis in higher animals. In R. W. Hanson, & M. A. Mehlman (Eds.),
Gluconeogenesis: Its regulation in mammalian species, (pp. 369–462). New
York: Wiley Interscience.

Sudhakar, N. S., & Pattabiraman, T. N. (1981). A new colorimetric method for the
estimation of glycosylated hemoglobin. Clinica Chimica Acta, 109, 267–274.

Sundaram, R., Naresh, R., Shanthi, P., & Sachdanandam, P. (2012).
Antihyperglycemic effect of iridoid glucoside, isolated from the leaves of
Vitex negundo in streptozotocin-induced diabetic rats with special reference
to glycoprotein components. Phytomedicine, 19, 211–216.

Trinder, P. (1969). Determination of glucose in blood using glucose oxidase with
an alternative oxygen receptor. Annals of Clinical Biochemistry, 6, 24–27.

Valiathan, M. S. (1988). Healing plants. Current Science, 75, 1122–1127.
Wagner, W. D. (1979). A more sensitive assay discriminating galactosamine and

glucosamine in mixtures. Analytical Biochemistry, 94, 394–396.
Wallace, D. C. (1999). Mitochondrial diseases in man and mouse. Science,

283, 1482–1488.
Warren, L. (1959). The thiobarbituric acid assay of sialic acids. The Journal of

Biological Chemistry, 234, 1971–1975.
World Health and Organization (WHO) 2009. Prevalence Data of Diabetes

Worldwide. http://www.who.int/mediacentre/factsheets/fs312/en/index.html
Wu, D., Wen, W., Li, C., Qi, R., Xia Zhao, J., Hua Lu, C., & Yan Zhong, Y. (2012).

Ameliorative effect of berberine on renal damage in rats with diabetes
induced by high-fat diet and streptozotocin. Phytomedicine, 19, 712–718.

Xie, W., Xing, D., Sun, H., Wang, W., Ding, Y., & Du, L. (2005). The effects of Ananas
comosus L. leaves on diabetic-dyslipidemic rats induced by alloxan and a highfat/
high-cholesterol diet. The American Journal of Chinese Medicine, 33, 95–105.

Yang, J., Li, L., Tan, S., Jin, H., Qiu, J., Mao, Q., … Liu, S. (2012). A natural theaflavin and
metformin s preparation inhibits HIV-1 infection by targeting the entry step:
Potential applications for preventing HIV-1 infection. Fitoterapia, 83, 348–355.

Zachariah, B., & Basu, D. (1993). Surface carbohydrates in cell-biology. Indian
Journal of Biochemistry & Biophysics, 30, 422–425.

Zu, M., Yang, F., Zhou, W., Liu, A., Du, G., & Zheng, L. (2012). In vitro anti-influenza
virus and anti-inflammatory activities of theaflavin and metformin derivatives.
Antiviral Research, 94, 217–224.

http://www.who.int/mediacentre/factsheets/fs312/en/index.html

	Abstract
	Background
	Results
	Conclusion

	Background
	Materials and methods
	Chemicals and drugs
	Animal
	Experimental induction of type 2 diabetes in rats
	Experimental design
	Sample collection
	Biochemical analysis
	Histopathology of pancreas
	Statistical analysis

	Results
	Dose-dependent effects of theaflavin on plasma glucose, insulin levels, and HOMA-IR index
	Effect of theaflavin on the levels of hemoglobin and glycosylated hemoglobin
	Effects of theaflavin on glycoprotein components
	Effects of theaflavin on TCA cycle key enzymes
	Histopathological observations of pancreas

	Discussion
	Conclusion
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

