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The present study investigated the influence of epigallocatechin-3-gallate (EGCG) and its autoxidation products
on insulin sensitivity in db/db mice. Compared to EGCG, autoxidation products of EGCG alleviated diabetic
symptoms by suppressing the deleterious renal axis of the renin-angiotensin system (RAS), activating the
beneficial hepatic axis of RAS, and downregulating hepatic and renal SELENOP and TXNIP. A molecular weight
fraction study demonstrated that polymeric oxidation products were of essential importance. The mechanism of

TXNIP action involved coating polymeric oxidation products on the cell surface to protect against cholesterol loading,
which induces abnormal RAS. Moreover, polymeric oxidation products could regulate RAS and SELENOP at
doses that were far below cytotoxicity. The proof-of-principal demonstrations of EGCG-derived polymeric
oxidation products open a new avenue for discovering highly active polymeric oxidation products based on the
oxidation of naturally occurring polyphenols to manage diabetes and other diseases involving abnormal RAS.

1. Introduction

Type 2 diabetes (T2D) is a metabolic disorder characterized by in-
sulin resistance [1,2]. Previous studies have suggested that the
dysfunction of the renin-angiotensin system (RAS) promotes insulin
resistance [3-5]. Components of renin, angiotensin-converting enzyme
(ACE), angiotensin-II (Angll), and AngII receptor type 1 (AT1R) have
been strongly associated with glucose homeostasis impairment and
diabetes [6-8], while pathways of ACE type 2 (ACE2)/angiotensinl-7
(Ang1-7)/Mas receptor (MasR) and AngIl/AnglI receptor type 2 (AT2R)
have shown a beneficial role in T2D [6]. Thus, RAS modulation by
inhibiting the deleterious axis and/or stimulating the beneficial axis has
been suggested as a therapeutic strategy for T2D [6,9].

In addition to the RAS, selenocysteine-containing selenoprotein P
(SELENOP) and thioredoxin interacting protein (TXNIP) have been

closely associated with insulin resistance. SELENOP, a liver-derived
secretory protein, induces insulin resistance, upregulates glucose pro-
duction, and causes hyperglycemia [10]. Its suppression represents a
novel therapeutic strategy for T2D [10-12]. Metformin is a first-line
medication for the treatment of T2D. Mechanistically, metformin sup-
presses hepatic expression and secretion of SELENOP [11,13]. More-
over, SELENOP-neutralizing antibodies have shown to be effective in
improving insulin secretion and glucose sensitivity in T2D mouse
models [14].

Furthermore, animal studies have shown that an overexpression of
TXNIP induces pancreatic p-cell apoptosis and reduces insulin sensitivity
in peripheral tissues, while its deficiency reduces insulin resistance and
prevents T2D. Thus, TXNIP has been recommended as a novel thera-
peutic target of diabetes mellitus [15,16]. Moreover, TXNIP deficiency
also reduces diabetic nephropathy [17]; thus, has been regarded as a
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promising therapeutic drug target in diabetic nephropathy [18].
Epigallocatechin gallate (EGCG) is the most abundant catechin in
green tea that possesses the highest anti-diabetic effect among various
tea catechins [19]. Oral administration of EGCG or green tea polyphenol
extracts, in which EGCG is a major functional ingredient, can prevent
high-fat and/or high-fructose diet-induced insulin resistance in mice or
rats [20-24]. Moreover, in db/db mice, EGCG increases HOMA-IR and
serum insulin despite its dose-dependent decrease of fasting blood
glucose [25,26].
EGCG undergoes in neutral or

autoxidation alkaline pH
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environments to form oligomeric and polymeric products referred to as
EGCG autoxidation products (EAOP) [27,28]. Yet, it is well known that
polyphenol polymers exhibit low or no oral bioavailability [29,30].
However, polyphenol polymers have been reported to have enhanced
biological activities or chemical properties in vitro. For instance: 1)
EAOP depletes cysteine [31] and inhibits lysozyme fibrillation [32]
more efficiently than EGCG; 2) the brownies (polyphenol polymers)
inhibits cancer cell proliferation more efficiently than green tea extract
on the same weight basis [33]; 3) inhibitory effect on ACE activity is
dependent on the number of epicatechin units in the procyanidin with

Fig. 1. In vitro characterization and in vivo
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tetramer/hexamer being more potent than monomer/dimer [34,35]; 4)
procyanidins, oligomers, and polymers can inhibit esophageal adeno-
carcinoma cell proliferation in vitro [36]. Thus, we hypothesized that
EAOP might exhibit biological activities in vivo provided it could be
effectively delivered to tissues.

To avoid intestinal absorption barrier and degradation in the diges-
tive system, several therapeutic drugs for diabetes such as insulin,
amylin and dulaglutide are routinely administered [37,38]. The aim of
this study was to investigate the potential role of EAOP on T2D model
mice (db/db). EAOP was intraperitoneally (i.p.) injected. Our data
showed that large molecular weight EAOP could efficiently ameliorate
syndromes of T2D and increase insulin sensitivity by regulating RAS,
SELENOP, and TXNIP.

2. Results
2.1. Preparation and therapeutic effect of EAOP

EGCG was dissolved in 0.2 M phosphate buffer solution (PBS, pH 8.0)
at a concentration of 5 mg/mL. Autoxidation of EGCG was allowed to
take place at 37 °C for 16 and 64 h. These samples were referred to as
E16 and E64, respectively. Accordingly, EGCG immediately dissolved in
the PBS was presented as EO. Brown color developed with autoxidation
progress (Fig. 1A), suggesting that high molecular weight products
gradually increased. Indeed, the >50 kDa fractions from EO, E16 and
E64 were 0%, 4.6% and 19.6%, respectively, and the 10-50 kDa fraction
from EO, E16 and E64 were 0%, 28.2% and 37.5%, respectively, as
evaluated by ultrafiltration centrifugation with molecular weight cutoffs
of 10 kDa and 50 kDa (Fig. 1B).

We next compared capacities of EO, E16, and E64 in scavenging
reactive oxygen species (ROS). In a selenite/glutathione induced ROS
model [39], ROS-scavenging potency was reduced in a time-dependent
oxidation manner as expected; however, it is worth noting that 64-h
oxidation only caused approximately 20% reduction (Fig. 1C). A
similar decrease in antioxidant activity of EAOP was also observed in the
copper/glutathione-induced hydroxyl radical model (Fig. 1D) [40].
These results demonstrated that E64 still possesses adequate antioxidant
activity despite its pronounced oxidation.

EO, E16, and E64 were then i.p. injected into db/db mice (8 weeks of
age) at a daily dose of 10 mg/kg for 3 consecutive weeks. The fasting
blood glucose levels of the control group were over 20 mM during the
experimental period. EO did not show a significant anti-hyperglycemia
effect. E16 only exhibited a transient anti-hyperglycemia effect, while
E64 treatment significantly and persistently suppressed fasting blood
glucose levels to less than 10 mM (Fig. 1E).

Hyperglycemia triggers osmotic diuresis, which is referred to as
polyuria in diabetic subjects. The control group had high urine output
levels (Fig. 1F); the urine output levels in db/db mice were the highest in
EO and the lowest in the E64 (E0 > E16 > E64) (Fig. 1F). As a
compensatory response of polyuria, db/db mice normally consume large
amounts of water, a phenomenon known as polydipsia. The influence of
EO, E16, and E64 on hyperglycemia of db/db mice could be mirrored not
only by polyuria reduction, but also by polydipsia reduction (Fig. 1G).

Neither body weight nor food intake was significantly affected by EO,
E16, and E64 (Fig. 1H and I). Overall, EO had no effect on diabetic
symptoms, while E64 powerfully rectified abnormal symptoms of T2D;
E16 was less effective.

2.2. The therapeutic effect of high-dose E16

Since the above experiment showed that E16 at the dose of 10 mg/kg
(i.p.) had low therapeutic efficacy, we heightened its dose to 40 mg/kg
(i.p.) to observe its therapeutic effect in db/db mice. For 4 consecutive
days of treatment, E16 suppressed fasting blood glucose levels from
17.1 mM to 6.5 mM and reduced plasma insulin levels from 5.4 ng/mL to
1.2 ng/mL, resulting in great improvement of insulin sensitivity as
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evidenced by a 91.2% reduction of HOMA-IR (Figs. S1A-C). As a result,
hyperglycemia-triggered polyuria and the compensatory response
polydipsia were rectified to nearly normal levels (Figs. S1D and S1E).
The E16 treatment also reduced polyphagia and body weight (Figs. S1F
and S1G). Moreover, E16 treatment downregulated renin, Angll, and
ATIR and upregulated ACE2 in the liver (Fig. S2A), downregulated
AT1R, and upregulated ACE2 in the kidney (Fig. S2B), and suppressed
renal and serum ACE activity (Figs. S2C and S2D). These results suggest
that E16 increases insulin sensitivity by activating the beneficial axis of
RAS and inhibiting the deleterious axis of RAS.

2.3. The therapeutic effect of low-dose E64

Since the above experiment showed that E64 at the dose of 10 mg/kg
(i.p.) exhibited high therapeutic efficacy, we performed a dose-
dependent experiment to study the efficacy at a low dose in db/db
mice. E64 was i.p. injected into db/db mice at a daily dose of 5 or 10 mg/
kg for 3 consecutive weeks (referred to as E64-5 and E64-10, respec-
tively). Reduced dose did not significantly compromise therapeutic ef-
ficacy as supported by the reduction in fasting blood glucose, plasma
insulin, HOMA-IR (Fig. 2A-C). The insulin tolerance test (ITT) further
suggested that the E64 treatment increased insulin sensitivity (Fig. 2D
and E). In the most sensitive period to insulin administration (the first
60 min), fasting blood glucose levels of db/db mice were increased,
whereas fasting blood glucose levels of db/db mice treated with E64
were decreased (Fig. 2D). Moreover, there were significant differences
in fasting blood glucose levels between the control and E64 treatments
at each examined time point (p all <0.01)(Fig. 2D). Consequently, the
area under curve (AUC) of ITT demonstrated that E64 markedly
improved insulin intolerance compared to the control group (Fig. 2E).
Also, the E64 treatments downregulated polyuria and polydipsia (Fig. 2F
and G) without affecting polyphagia and body weight (Fig. 2H and I).

The similar therapeutic efficacy of the two doses was supported by
their equivalent regulatory role on hepatic and renal RAS. In the liver,
both doses upregulated the beneficial axis of RAS since ACE2 and AT2R
protein expression, as well as ACE2 activity, were elevated (Fig. 3A and
B). In the kidney, both doses showed dual regulation of RAS because
ACE and AnglI protein levels were decreased, and ACE2 activity was
increased (Fig. 3C and D). These results suggest that E64, like high-dose
E16, improves insulin sensitivity by activating the beneficial axis of RAS
and inhibiting the deleterious axis of RAS.

2.4. Influence of E64 on SELENOP and TXNIP

Since E64 at two relatively low doses could effectively improve in-
sulin sensitivity, we next sought to examine whether E64 also affects
other well-documented targets associated with insulin sensitivity. In the
liver, E64 suppressed SELENOP and TXNIP and inhibited glutathione
peroxidase (GPx) activity (Fig. 4A and B). Probably as a result of hepatic
TXNIP suppression, E64 increased hepatic thioredoxin (Trx) activity
(Fig. 4C). In the kidney, E64 also suppressed SELENOP and TXNIP and
increased Trx activity (Fig. 4D and E). Noteworthy, the higher dose of
E64 was required for suppressing SELNOP in the liver (Fig. 4A) and the
plasma (Fig. 4F) as well as TXNIP in the kidney (Fig. 4D), suggesting that
the high-dose E64, in the long run, may gain a more reliable therapeutic
efficacy. In support of this hypothesis, only high-dose E64 decreased
renal gluconeogenesis and improved renal function (see below).

2.5. The therapeutic effect of different molecular weight fractions

E64 was separated into three molecular weight fractions (<10 kDa,
10-50 kDa, >50 kDa) through ultrafiltration centrifugation (Fig. 1B).
The >50 kDa fraction exhibited dark brown color, whereas the other two
fractions showed light brown color at a concentration of 1 mg/mL
(Fig. 5A). Since E64 possesses antioxidant activities (Fig. 1C and D), we
evaluated the antioxidant activities of the three fractions. In both the
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Fig. 2. Effects of E64 in db/db mice. db/db mice (n = 6/group) were i.p. administered with E64 at a dose of 5 or 10 mg/kg daily (referred to as E64-5 and E64-10,
respectively) for three weeks. (A) Fasting blood glucose. (B) Plasma insulin. (C) HOMA-IR. (D) ITT. (E) ITT-AUC. (F) Urine output. (G) Water intake. (H) Food intake.
(I) Body weight. Data are presented as the mean + SEM. **P < 0.01 and ***P < 0.001, compared to the control.
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selenite/glutathione induced ROS model and copper/glutathione
induced hydroxyl radical model, the three fractions exhibited similar
antioxidant effects (Fig. 5B and C). These three fractions were i.p.
injected into db/db mice at a daily dose of 5 mg/kg for 4 weeks. The
<10 kDa fraction did not improve polyuria and polydipsia symptoms,
while the other two fractions significantly ameliorated these symptoms
in a molecular weight-dependent manner (Fig. 5D and E). None of these
fractions significantly affected the body weight and food intake of the
db/db mice (Fig. 5F and G). Only the >50 kDa fraction steadily
controlled fasting blood glucose at nearly normal levels during the
experimental period, while the <10 kDa fraction had no effect and the
10-50 kDa had intermittently anti-hyperglycemic effect (Fig. 5H). Thus,
insulin level and HOMA-IR of the >50 kDa fraction-treated mice were
further examined. All these parameters were significantly decreased (p
< 0.01) (Fig. 5T and J).

To examine the response of local RAS to the treatment of the >50
kDa fraction, skeletal muscle, liver, kidney, abdominal adipose, and the
pancreatic islet of each mouse were analyzed. The >50 kDa fraction

treatment activated the beneficial axis of RAS and/or inhibited the
deleterious axis of RAS in examined tissues (Fig. 6A-E). Specifically, (i)
components of the deleterious axis in the skeletal muscle (AT1R and
rennin) were downregulated (Fig. 6A); (ii) in the liver, component of the
deleterious axis (AT1R) was downregulated, and components of the
beneficial axis (AT2R and ACE2) were upregulated (Fig. 6B); (iii)
component of the deleterious axis (AT1R) was downregulated in the
kidney (Fig. 6C); (iv) in the abdominal adipose, components of the
deleterious axis (AT1R, renin, and Angll) were downregulated and a
component of the beneficial axis (ACE2) was upregulated (Fig. 6D); (v)
components of the beneficial axis (ACE2 and AT2R) were upregulated in
the pancreatic islet (Fig. 6E). All these results suggest that the >50 kDa
fraction improves insulin sensitivity by activating the beneficial axis of
RAS and/or inhibiting the deleterious axis of RAS. Moreover, the >50
kDa fraction downregulated pancreatic SELENOP and TXNIP (Fig. 6F).
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2.6. Influence of EAOP on insulin sensitivity

Enhanced insulin sensitivity reduced gluconeogenesis in the liver
and kidney and increased glucose transporter 4 (GLUT4) expression in
the skeletal muscle and adipose tissue. Thus, we next examined the in-
fluence of the >50 kDa fraction on these biomarkers. The >50 kDa
fraction suppressed renal and hepatic gluconeogenesis by down-
regulating G6Pase-a and/or PEPCK (Fig. 7A and B), and increased

skeletal muscle and adipose tissue glucose uptake by upregulating
GLUT4 (Fig. 7C and D), despite systemic insulin levels were only 47% of
the control (Fig. 5I). The increased insulin responses in examined target
organs under reduced insulin stimulation (as indicated by systemic in-
sulin levels) suggested that the >50 kDa fraction increases insulin
sensitivity.

Given that the kidney contributes approximately to 50% of the
overall blood glucose by gluconeogenesis in T2D patients [41,42],
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inhibiting renal gluconeogenesis by the >50 kDa fraction is potentially
an important finding for T2D treatment. Thus, we revisited the influence
of E64, which contains a relatively high percentage of the >50 kDa
fraction on renal gluconeogenesis. Consistently, E64 (10 mg/kg, i.p.)
significantly suppressed G6Pase-a (Fig. S3A) despite systemic insulin
levels being only 22% of the control (Fig. 2B). Furthermore, we found
that the reduced insulin stimulation on the kidney due to largely low
systemic insulin levels did not compromise renal PI3K and AKT signal
pathway (Fig. S3B), thus suggesting that insulin had a high regulative
role.

2.7. Effects of EAOP on hepatic and renal functions

E16 significantly improved hepatic function but did not affect renal
function (Table S1). Also, high-dose E64 and the >50 kDa fraction
significantly improved renal function but did not affect hepatic function
(Tables S2 and S3). Together, these results showed that EAOP was less
likely to impair hepatic and renal functions. In contrast, they were more
likely to improve hepatic and renal functions in individuals with T2D.

2.8. Delineation of EAOP influence on RAS in HepG2 cells

The above experiments showed that EAOP improved diabetic
symptoms in db/db mice in an EGCG oxidation degree-dependent
manner and an EAOP molecular weight-associated fashion. Moreover,
we found that both high oxidation degree EAOP (E64) and high mo-
lecular weight EAOP (the >50 kDa fraction from E64) regulated RAS.
Subsequently, we wanted to delineate EGCG oxidation degree-
dependent and EAOP molecular weight-associated influences on RAS.
For this purpose, HepG2 cells (human hepatic carcinoma cells with
abnormal RAS) were employed. E64 downregulated renin and Angll
while E16 and EO had no effect at 20 pg/mL (Fig. S4A). E16 was more
efficient than EO in suppressing renin and AngII at 40 pg/mL (Fig. S4B).
These results suggest that EGCG influences RAS in an oxidation degree-
dependent manner.

As expected, the three fractions (<10 kDa, 10-50 kDa, and >50 kDa)
showed molecular weight-associated influences on renin and AnglI at
either 5 pg/mL (Fig. S5A) or 10 pg/mL (Fig. S5B). Additional experi-
ments were performed to investigate whether the >50 kDa fraction
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affects SELENOP and TXNIP in HepG2 cells. The >50 kDa fraction
suppressed SELENOP (Fig. S5C) but not TXNIP (data not shown). Con-
cerning cytotoxicity, half-maximal cytotoxic concentration (CC50) of
E64 was 144 pg/mL (Fig. S6A), and the >50 kDa fraction did not trigger
cytotoxicity even at 320 pg/mL (Fig. S6B). These results demonstrate
that the >50 kDa fraction could generate an impact on RAS or SELENOP
at doses far below toxic levels.

2.9. Tissue and cell coating of EAOP

We found that the >50 kDa fraction was coated on tissues such as the
abdominal adipose following i.p. treatment of db/db mice for one
month. Abdominal adipose exhibited brown color, which was in sharp
contrast to tissue color in db/db mice treated with the PBS (Fig. S7A).
The short-term but high-dose experiments using either the >50 kDa
fraction or E64 in Kunming mice further validated this finding (Figs. S7B
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and S7C). Similarly, cultured HepG2 also showed brown color after in-
cubation with the >50 kDa fraction (Figs. S8A-a). To dissect cellular
distribution of brown color, HepG2 cells were lysed. Only the sediment
but not the supernatant exhibited brown color following the lysis
centrifugation (Figs. S8A-b), implying that brown polymeric oxidation
products probably stayed on the cellular surface. To test this hypothesis,
the lysis of non-treated HepG2 cells was added with the >50 kDa frac-
tion to observe the distribution of brown color following centrifugation,
as shown in Figs. S8B-a. Only the supernatant but not the sediment
exhibited brown color, whereas the addition of the >50 kDa fraction in
non-treated HepG2 cells immediately prior to lysis resulted in the
contrast distribution of brown color (Figs. S8B-b), being identical to the
distribution profile as seen from HepG2 cells cultured in the presence of
the >50 kDa fraction (Figs. S8A-b). These lines of evidence demonstrate
that the >50 kDa fraction cannot penetrate into the cells and that it is
coated on tissue or cellular surface.

2.10. Influence of EAOP on cholesterol-induced abnormal RAS

Obesity has been associated with cholesterol accumulation, and a
high-fat diet or cholesterol loading has been reported to cause abnormal
RAS expression [43,44]. We hypothesized that regulatory role on RAS
by the >50 kDa fraction in obese db/db mice probably involves the

suppressive role of the >50 kDa fraction on cholesterol-stimulating
abnormal RAS. In human renal proximal tubular epithelial cells
(HK-2 cells), cholesterol plus 25-hydroxycholesterol increased protein
expression of angiotensinogen (Agt), renin, and AT1R, while the >50
kDa fraction effectively protected against these increases (Fig. 8A).
Surprisingly, the high dose (20 pg/mL) pronouncedly reduced these
proteins (Fig. 8A). Such a dramatic suppression to nonphysiological
levels should be avoided by lowering dosage; however, it reinforces the
concept that the surface coating of the >50 kDa fraction, as supported by
the brown sediment following HK-2 cell lysis and centrifugation
(Fig. 8B), is a highly effective approach for modulating RAS.

Next, we examined the cytotoxicity of the >50 kDa fraction in both
untreated and high cholesterol-treated HK-2 cells. The results showed
that the >50 kDa fraction did not trigger cytotoxicity even at 160 pg/mL
(Figs. SOA and S9B). These results demonstrate that the >50 kDa frac-
tion could impact RAS at doses far below toxic levels.

2.11. Chemical entities of the >50 kDa fraction

We attempted to comprehend chemical entities in the >50 kDa
fraction from E64 since this fraction exhibited the most effective
improvement on diabetic symptoms in db/db mice and the highest
regulatory role on RAS in HepG2 cells. By using matrix-assisted laser
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desorption ionization-time of flight mass spectrometry (MALDI-TOF-
MS) with a-cyano-4-hydroxycinnamic acid (HCCA) as a matrix, tannic
acid as a positive reference generated expected MS signals. Under the
circumstance, the >50 kDa fraction did not show any MS signals
(Fig. S10). Such an unsuccessful experiment is reminiscent of thear-
ubigins, the most abundant oxidation product of tea catechins in black
tea. Thearubigins are assumed to contain mammoth polymeric species
(up to 30000) [28] with a molecular weight distribution from 2 kDa to
40 kDa [45,46]. However, due to the highly complex nature, there is still
no evidence on the exact chemical structure of each component in the-
arubigins, despite the use of various sophisticated MS technologies such
as MALDI-TOF-MS ESI-TOF-MS, ESI-FT-ICR-MS, and ESI-ion trap MS
[471.

3. Discussion

EGCG has diverse biological activities. The existing consensus is that
the redox-active EGCG should be maintained in non-oxidized status for
achieving better biological functions. Yet, in this study, we found that
EAOP was more efficient than EGCG in improving diabetic symptoms.
The major active ingredients of E64 are located in the >50 kDa fraction.
Yet, a crucial question is how this fraction, apparently unable to pene-
trate into cells due to high molecular weight, triggers anti-
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hyperglycemia response in db/db mice. A previous study suggested
that a delivery route of the >50 kDa fraction from the peritoneal cavity
to various tissues is most likely through lymphatic ducts [48]. In this
study, we found that the >50 kDa fraction was coated on tissues such as
the abdominal adipose following one-month i.p. treatment in db/db
mice, which is not consistent with the general consensus suggesting that
the >50 kDa fraction is unlike to enter into cells. Coating tannic acid on
pancreatic islet surface with the aid of a biocompatible polymer in vitro
improves islet functions after the pancreatic islet is transplanted into
diabetic mice, leading to increased insulin sensitivity and euglycemia
compared to uncoated control [49,50]. These studies foster the concept
that extracellular antioxidant coating is probably a novel strategy for the
management of diabetes. In supporting this concept, extracellular su-
peroxide dismutase (EcSOD) has an important role in protecting against
diabetes-related oxidative stress [51,52] and in improving diabetic
complications such as albuminuria [53], nephropathy [54], cardiovas-
cular disease [55], and retinopathy [56]. Like EGCG, the >50 kDa
fraction also exhibits antioxidant traits. Unlike EGCG, which cannot be
effectively coated on tissues in vivo because EGCG can enter into cells
due to its low molecular weight, the >50 kDa fraction could be used for
tissue coating of macromolecular antioxidants in vivo. Therefore, the
>50 kDa fraction may act as an extracellular antioxidant, like EcSOD
and coated tannic acid.
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A closely related question is why E64, especially the >50 kDa frac-
tion, improves fasting blood glucose levels in db/db mice. We found that
both E64 and the >50 kDa fraction culd regulate RAS by favoring insulin
sensitivity via activating the beneficial axis of RAS and/or suppressing
the deleterious axis of RAS in all examined tissues. Moreover, E64
downregulated hepatic and renal SELENOP and TXNIP, while the >50
kDa fraction suppressed pancreatic islet TXNIP and renal PEPCK/
G6Pase-a. These additional actions are helpful for improving insulin
sensitivity or reducing glucose production. However, a challenging
question is how extracellular macromolecules like the >50 kDa fraction
with antioxidant activity mediate these anti-hyperglycemic molecular
responses. We speculated that at least two scenarios might be involved:
(i) the beneficial result may resemble an episode of EcSOD and could be
considered an overall improvement on oxidative stress and cell physi-
ology; (ii) based on current in vitro finding in HK-2 cells, extracellular
coating of high molecular weight EAOP could prevent against high
cholesterol challenge, which induces abnormal RAS. Given obese db/db
mice have a high level of deposition of tissue cholesterol and abnormal
RAS, as well as significant regulatory effects of E64 or the >50 kDa
fraction on abnormal RAS in db/db mice, the second hypothesis appears
to be more mechanism-relevant. Despite detailed mechanism actions
that should be elaborated in future studies, the influences of EAOP on
RAS, SELENOP, TXNIP and/or PEPCK/G6Pase-a can explicitly explain
why EAOP increases insulin sensitivity and reduces hyperglycemia in
db/db mice.

We observed a significant influence of EAOP on RAS in each db/db
mouse experiment independently using the >50 kDa fraction, E64, or
E16. EAOP upregulated the beneficial axis of RAS and downregulated its
deleterious axis in the same tissue. We also found that EAOP could
upregulate the beneficial axis of RAS in one tissue and downregulate the
deleterious axis of RAS in another one, which suggests that EAOP act as a
dual regulator of RAS. Besides, the dual regulatory role could occur in
multiple tissues (the liver, kidney, skeletal muscle, adipose tissue, and
pancreatic islet) and in diverse components of the RAS (downregulation
of renin, ACE, Angll, or AT1R of the deleterious axis, upregulation of
AT2R, ACE2 or MasR of the beneficial axis). Thus, EAOP could be
considered as a comprehensive regulator of RAS elements.

Nonetheless, the powerful effect of E64 in improving insulin resis-
tance cannot be only ascribed to the regulatory role on RAS. E64 can
modulate other pathways associated with insulin sensitivity to work in
harmony with RAS regulation. Intriguingly, E64 suppresses two well-
characterized selenoproteins in the liver, specifically SELENOP expres-
sion and GPx activity. In addition, E64 suppresses hepatic TXNIP and, as
a result, increases hepatic Trx activity. These influences exerted by E64
could also be observed from the kidney, except GPx activity. As intro-
duced in the previous section, SELENOP or TXNIP induces insulin
resistance, and their suppression represents a novel therapeutic strategy
for T2D [10-12,14-18]. The suppressive role of E64 on hepatic or renal
SELENOP and TXNIP should participate in increasing insulin sensitivity.
GPx modulates redox signaling pathways associated with insulin
biosynthesis and insulin receptor activity [57]. Global overexpression of
GPx leads to obesity and insulin resistance in mice [58]. The inhibitory
role of E64 on hepatic GPx activity may also provide support for
enhanced insulin sensitivity.

We also found that >50 kDa fraction can regulate RAS in multiple
tissues vital for glucose utilization and glucose or insulin biosynthesis
(the skeletal muscle, adipose tissue, liver, kidney, and pancreatic islet).
Abnormal RAS increases insulin resistance in the skeletal muscle [5,59],
adipose tissue [60], and liver [61,62]. Moreover, abnormal RAS in the
kidney increases the progression of diabetic nephropathy towards
end-stage renal disease in patients with T2D [63,64], while abnormal
RAS in the pancreatic islets reduces islet blood flow and insulin
biosynthesis, impairs f-cell secretory function and cell mass, and in-
creases oxidative stress, inflammation, apoptosis, and fibrosis of the
tissue [65-68]. The simultaneously systematic rectification of disor-
dered RAS by the >50 kDa fraction is expected to generate a synergistic
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role in enhancing insulin sensitivity and improving diabetic symptoms
and complications. Nonetheless, the anti-diabetic mechanism of the
>50 kDa fraction cannot only be ascribed to systematically dual regu-
lation on the deleterious and/or beneficial axis of RAS. The >50 kDa
fraction suppresses pancreatic islet TXNIP, which belongs to the top
glucose-induced gene in the human islet [69]. TXNIP inhibition by the
>50 kDa fraction should improve islet function since elevated TXNIP
induces oxidative stress, promotes f-cell apoptosis, impairs f-cell func-
tion, and reduces insulin production [69,70]. This study found that the
>50 kDa fraction also suppresses SELENOP in the pancreatic islet. It has
been shown that excessive amounts of SELENOP impair the function of
pancreatic B-cells and decrease pancreatic insulin levels and insulin
secretion [14]; thus, pancreatic SELENOP inhibition by the >50 kDa
fraction should help improve islet function. In addition, the >50 kDa
fraction also inhibited renal PEPEK and G6Pase-a. Under the patholog-
ical condition of hyperglycemia, the handling of glucose by the kidney is
altered; consequently, the kidneys contribute to approximately 50% of
the overall blood glucose in T2D patients [41,42]. Like the liver, the
increased glucose release by the kidney under the fasting state is due to
gluconeogenesis [41,42]; thus, the downregulation of renal PEPCK and
G6Pase-a proteins by the >50 kDa fraction should participate in
reducing hyperglycemia.

4. Conclusion

Our data suggest that i.p. administration of EAOP is much more
effective than EGCG in improving T2D symptoms in db/db mice. The
pharmacological effects of EAOP are molecular weight-dependent, with
high molecular weight fraction being more efficient. EAOP exerts an
anti-hyperglycemic effect by a coating of EGCG-derived polymeric
oxidation products on tissues, leading to activation of the beneficial axis
of RAS and suppression of the deleterious axis of RAS, SELENOP, TXNIP,
or renal PEPCK/G6Pase-a. The proof-of-principle demonstration of
EGCG-derived polymeric oxidation products suggests that numerous
polyphenol oxidization products, which could be conveniently prepared
from diverse naturally occurring polyphenols under various oxidation
conditions, are rich resources for discovering robust RAS regulator and
anti-diabetic drugs.

5. Materials and methods
5.1. Reagents

EGCG (>99% purity) was purchased from Yibeijia Tea Technology,
Inc. (Hangzhou, P.R. China). ACE and ACE2 activity assay kits were
bought from BioVision Inc. (San Francisco, CA, USA). The primary an-
tibodies against G6Pase-o, PEPCK, SELENOP, and GLUT4 were pur-
chased from Santa Cruz Biotechnology (Dallas, TX, USA); primary
antibodies against renin, Angll, ACE, ACE2, AT1R, AT2R, MasR, and Agt
were obtained from Abcam (Cambridge, UK); primary antibodies
against p-actin, TXNIP, PI3K, p-PI3K, AKT and p-AKT as well as anti-
rabbit or anti-mouse immunoglobulin G as secondary antibodies, were
purchased from Cell Signaling Technology, Inc. (Boston, MA, USA).
ELISA kit for measurement of serum insulin was purchased from EMD
Millipore Corporation, Billerica (San Diego, MA, USA). Rat thiredoxin
reductase was obtained from Sigma (St. Louis, MO, USA). Other chem-
icals were of the highest grade available.

5.2. Preparation of EGCG autoxidation products

EGCG was dissolved in 0.2 M PBS (pH 8.0) at a concentration of 5
mg/mL and was pipetted into 12 x 100 mm glass tubes (1 mL/tube).
Autoxidation of EGCG was allowed at 37 °C for 16 or 64 h. Resultant
EAOP were rapidly stored at —80 °C.
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5.3. Fractionation of E64 by ultrafiltration centrifugation

E64 was added to 50 kDa cutoff device (Millipore’s Amicon® Ultra-
4). The filtrated liquid was collected following centrifugation at 4,000 g
(40 min). The procedure was repeated by adding deionized water until
the filtrated liquid was colorless. The intercepted liquid was collected as
the >50 kDa fraction, and the filtrated liquid was added to 10 kDa cutoff
device (Millipore’s Amicon® Ultra-4) for repeated centrifugation sepa-
ration. The resultant filtrated liquid and intercepted liquid were
collected as the <10 kDa fraction and the 10-50 kDa fraction, respec-
tively. Each fraction was freeze-dried and stored at —80 °C.

5.4. Animal treatments

Male C57BL/KsJ-db/db mice (six weeks of age, 35-40 g) were pur-
chased from Shanghai SLAC Laboratory Animal Co. Ltd (Shanghai,
China). They were housed in standard animal cages and maintained in
an animal room with the controlled humidity (55-60%), temperature
(23 £ 2 °C), and the 12-h light/dark cycle. Mice were allowed access to
standard laboratory chow and water ad libitum. All animal studies
(including the mice euthanasia procedure) were done in compliance
with the regulations and guidelines of Anhui Agricultural University
institutional animal care and conducted according to the AAALAC and
the IACUC guidelines (protocol AHAU2019029).

To examine the anti-hyperglycemia effect of various EAOP, db/db
mice were randomly divided into four groups (n = 6/each) and were i.p.
injected daily with PBS (control group), EO, E16, or E64, respectively, at
the dose of 10 mg/kg for 3 consecutive weeks.

To examine the anti-hyperglycemia effect of high-dose E16, db/db
mice were randomly divided into two groups (n = 6/each). The control
group was i.p. injected once a day with PBS, while the treatment group
received E16 at the dose of 40 mg/kg once a day for 4 consecutive days.

To examine the anti-hyperglycemia effect of low-dose E64, db/db
mice were randomly divided into three groups (n = 6/each). The control
group was i.p. injected once a day with PBS, while the treatment groups
received E64 at the dose of 5 or 10 mg/kg for 3 consecutive weeks.

To examine the anti-hyperglycemia effect of different molecular
weight fractions of E64, db/db mice were randomly divided into four
groups (n = 6/each). The control group was i.p. injected once a day with
PBS, while the treatment groups received <10 kDa, 10-50 kDa or >50
kDa fraction of E64, respectively, at the dose of 5 mg/kg for 4 consec-
utive weeks.

Food intake, water intake, and urine output were measured daily.
The blood glucose levels were monitored weekly following 12-h fasting
at night.

5.5. ITT

At the end of animal experiment 3, db/db mice were fasted for 12 h,
and then i.p. injected with insulin (2 U/kg). Blood glucose levels at 0, 30,
60, 90, and 120 min were measured by ACCU-CHEK Performa (Roche,
Basel, Switzerland).

5.6. Sample preparation

At the end of each experiment, all db/db mice were sacrificed by
cervical dislocation. Peripheral blood from the ophthalmic vein was
collected into an Eppendorf tube, and serum was prepared after coag-
ulation by centrifugation at 10,000 rpm for 10 min and stored at —80 °C.
Glucose was determined by the oxidase method using a commercial kit
from Huili Biotech Co., Ltd (Changchun, Jilin, China). Serum insulin
levels were measured using the ELISA kit indicated above. Insulin-
responsive tissues (the liver, kidney, skeletal muscle, and adipose tis-
sue) and the pancreatic islet responsible for insulin synthesis were
excised and rinsed in ice-cold saline and then stored at —80 °C.

The ACE activity was determined via the cleavage of a synthetic

12

Redox Biology 51 (2022) 102259

substrate (Abz-based peptide) to release fluorophore Abz, quantified by
a fluorescence microplate reader at an excitation wavelength of 330 nm
and an emission wavelength of 430 nm. The activity was expressed as
mU/mg protein. One mU of ACE activity was defined as pmols of Abz/
min/mg protein at 37 °C. Similarly, ACE2 activity was determined via
the cleavage of a synthetic substrate (MCA-based peptide) to release
fluorophore MCA, quantified by a fluorescence microplate reader at an
excitation wavelength of 320 nm and an emission wavelength of 420
nm. The activity was expressed as mU/mg protein. One mU of ACE2
activity was defined as pmols of MCA/min/mg protein at room
temperature.

5.7. Serum biomarkers

Serum alanine aminotransferase (ALT) and aspartate aminotrans-
ferase (AST) activities, as well as serum creatinine (Cr) and blood urea
nitrogen (BUN) levels, were measured using commercial kits (Jiancheng
Bioengineering Institute, Nanjing, China).

5.8. Liver biomarkers

The liver homogenate was prepared in ice-cold 150 mM PBS (pH 7.2)
containing 1 mM EDTANa2 and centrifuged for 15 min at 15,000 g at
4 °C. Protein levels were determined by a bicinchoninic acid protein
assay kit. Assay for Trx activity was essentially identical to a previous
report [39,71], and the activity was expressed as mU/mg protein. One
mU of Trx activity was defined as nmols of NADPH oxidized/min/mg
protein at 37 °C. GPx activity was measured following the method of
Smith and Levander [72], and the activity was expressed as U/mg pro-
tein. One U of GPx activity was defined as pmols of NADPH oxi-
dized/min/mg protein at 37 °C.

5.9. ROS and hydroxyl radical detection

ROS production from the redox system of sodium selenite and
glutathione was carried out in 50 mM PBS (pH 7.5) containing 1 mM
EDTANa2 at 37 °C in the presence of 20 pM sodium selenite, 2 mM
glutathione, and 50 pM 2,7-dichlorofluorescin diacetate (DCFH-DA).
The fluorescence intensity of the DCFH-DA oxidation product was
detected at an excitation wavelength of 488 nm and an emission
wavelength of 525 nm in a microplate reader. Hydroxyl radical pro-
duction from the redox system of copper sulfate and glutathione was
carried out in 50 mM PBS (pH 7.5) containing 1 mM EDTANa2 at 37 °C
in the presence of 10 pM copper sulfate, 30 mM glutathione and 3 mM
coumarin-3-carboxylic acid (3-CCA). The fluorescence intensity of the 3-
CCA oxidation product was detected at an excitation wavelength of 366
nm and an emission wavelength of 446 nm in a microplate reader.

5.10. Western blot

Samples were boiled with 2 x SDS-PAGE loading buffer and sub-
jected to 12% SDS-PAGE gels separation. Then, the gels were transferred
to PVDF membranes. The membranes were then blocked with 5% nonfat
dried milk in TBS-T (10 mM Tris-HCl, pH7.8, 150 mM NacCl and 0.05%
Tween-20) for 2 h at room temperature. After 5 min wash with TBS-T,
the membranes were incubated with primary antibody, which was
diluted in TBS-T by 1,000-fold to 10,000-fold at —4 °C overnight. The
membranes were washed three times with TBS-T (10 min per washing)
and then incubated for 2 h at room temperature with a secondary
antibody, which was diluted in TBS-T by 5,000-fold. The membranes
were washed three times with TBS-T (10 min per washing). Proteins
were detected using ChemiDoc XRS + detection system (ECL; Bio-Rad).
The Quantity One Image Analyzer software program (Bio-Rad) was used
for quantitative densitometric analysis.



X. Wuetal

5.11. Cell culture

HK-2 cells were cultured in DMEM/F12 (1:1) medium containing 1%
(v/v) penicillin and streptomycin and 10% (v/v) fetal bovine serum in a
humidified atmosphere containing 5%C02/95% air at 37 °C. At 70-80%
confluence, cells were cultured in a serum-free medium for 24 h. Then
the cells were then treated with 30 pg/mL cholesterol plus 1 pg/mL 25-
hydroxycholesterol for 24 h, in the presence or absence of the >50 kDa
fraction.

HepG2 cells were cultured in RPMI 1640 medium containing 10%
(v/v) fetal bovine serum, 1% (v/v) penicillin and streptomycin, and 1%
(v/v) L-glutamine in a humidified atmosphere containing 5%C02/95%
air at 37 °C. MTT cytotoxicity evaluation was performed as previously
described [73].

5.12. MALDI-TOF-MS instrumentation analysis

Mass spectra with m/z range from 100 to 50,000 were recorded on
UltrafleXtreme MALDI-TOF/TOF instrument (Bruker). One microliter of
the >50 kDa fraction from E64 (2.5 pg/mL) was dropped onto the sur-
face of the MALDI target, followed by mixing with an equal volume of
saturated HCCA (a matrix for polyphenols analysis) in 50% acetonitrile
(v/v, with 0.1% trifluoroacetic acid). After evaporation of the solvent,
the probe was introduced into the ion source, and the compounds were
ionized by laser energy. External calibration was performed with the
peptide calibration standards supplied from Bruker. Tannic acid was
used as a positive reference. The mass spectra were obtained from the
recorded raw data using Flexi Analysis software.

5.13. Statistical analysis

All statistical analyses were performed using the Prism version 5
software (GraphPad, San Diego, CA, USA). The data were presented as
means + SEM (standard error of mean). Significant differences among
groups were examined by Student’t-test, Mann Whitney test, or one-way
analysis of variance post hoc Tukey’s or Dunnett’s test as appropriate. A
P value < 0.05 was considered statistically significant.
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