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Administration of green tea polyphenols
mitigates iron-overioad-induced bone
loss in a B-thalassemia mouse model
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Osteoporosis is a frequent complication in 3-thalassemia patients with iron overload, primarily driven
by iron-induced oxidative damage and subsequent bone loss. Strategies that promote iron elimination
and mitigate oxidative stress may help slow the progression of osteoporosis. Green tea extract (GTE,
Camellia sinensis), enriched in epigallocatechin-3-gallate (EGCG), has both antioxidant and iron-

chelating activities. This study assessed the effects of GTE on bone health in 3-thalassemia knockout
mice subjected to 4 weeks of iron dextran injections, followed by 2 months of daily oral treatment with
deionized water, deferiprone (50 mg/kg), GTE (50 mg EGCG/kg), the combination of deferiprone and

GTE, EGCG (50 mg/kg), or vitamin D3 (0.5 pg/kg ). GTE treatment reduced systemic iron burden,
malondialdehyde, alkaline phosphatase, and parathyroid hormone, while improving femoral
microarchitecture, bone mineral density, plasma calcium, and bone morphogenetic protein
expression. These findings suggest GTE protects against iron-induced bone loss through combined
chelation and antioxidation, supporting its potential as a therapeutic strategy.

Secondary iron overload is caused by excessive iron accumulation due to
repeated blood transfusions, which are often necessary for maintaining
hemoglobin levels in some clinical conditions, including 3-thalassemia or
sickle cell anemia. Initially, the excess iron is stored in various vital organs
such as the liver, heart, bone, and pancreas, leading to mild symptoms.
Meanwhile, prolonged iron overload can lead to serious complications,
including liver damage, diabetes, heart problems, bone loss, osteopenia,
osteoporosis, and hormonal imbalances.

Osteoporosis constitutes a major complication in patients with
p-thalassemia’. The clinical manifestations are bone loss, bone micro-
structure degeneration, bone fragility, and fracture’. The factors affecting
osteoporosis in thalassemia include bone marrow expansion due to inef-
fective erythropoiesis, which can result in reduced trabecular bone tissue
and cortical thinning. Additionally, secondary iron overload and endocrine
dysfunction lead to increased bone turnover’. A recent study showed that
the accumulation of free radicals and reactive oxygen species in the bone

marrow of severe thalassemia patients with chronic iron overload, conse-
quently leads to bone loss”. Tsay and colleagues’ also confirmed that iron
overload-induced bone loss is associated with increasing bone resorption
and oxidative stress. Therefore, strategies for mitigating bone loss have
focused on preventing iron-induced oxidative stress and reducing iron
overload. Iron chelators are applied to reduce iron overload, consequently
relieving further bone complications. Moreover, vitamin D3, as we all know,
can enhance intestinal absorption of calcium, which is an essential element
for bone mineralization®. The vitamin D supplementation is associated with
improving bone loss in the B-thalassemia population’. However, both
commercial iron chelators and vitamin D5 have still shown side effects after
prolonged treatment and overdosing, iron chelators have been associated
with adverse events such as gastrointestinal disturbances, auditory and
visual neurotoxicity, hematologic complications, as well as renal and
metabolic disorders®. Likewise, excessive intake of vitamin D3 may
lead to hypercalcemia and hypercalciuria, with clinical manifestations
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such as weakness, constipation, bone pain, and even cardiac
arrhythmias’.

Green tea (Camellia sinensis) is a member of the Theaceae family'’, and
has been shown to have various pharmacological properties''. Green tea is
rich in polyphenols, including catechins epicatechin gallate (ECG), epi-
gallocatechin (EGC), epigallocatechin gallate (EGCG)", and epicatechin
(EC). Especially, EGCG is a major compound in green tea which exhibits a
variety of activities, including antioxidant, anti-inflammatory, anti-diabetes,
anti-obesity, and anti-tumor". Our previous study demonstrated that green
tea extract (GTE) could ameliorate iron overload and the oxidative damage
in the pancreas and liver of B-thalassemia mice'’. In addition, green tea
catechin was reported to affect the improvement of bone metabolic disorder
in chronic cadmium-poisoned rats'". Moreover, EGCG can protect against
bone loss induced by the inflammatory’® and enhance osteogenic differ-
entiation while suppressing osteoclast formation'"". Although iron over-
load was an important factor for aggravating osteoporosis in
B-thalassemia®, there is limited research on whether GTE can mitigate bone
loss in B-thalassemia with iron overload. We hypothesized that GTE could
potentially improve bone loss in thalassemia due to its bioactive properties.
Therefore, we aim to examine the effect of GTE on iron-chelating activity,
reactive oxygen species (ROS)-scavenging capacity, and improvement of
bone formation and bone microarchitecture in iron-overloaded
B-thalassemia mice. GTE might be a novel supplement for osteoporosis
therapy and prevention in -thalassemia.

Results

EGCG contentin GTE

Camellia sinensis contains a high concentration of catechins, with EGCG
being particularly abundant among these compounds®". Figure 1b displays
the HPLC-DAD (High-Performance Liquid Chromatography with Diode
Array Detection) profile showing EGCG content in our GTE at a retention
time of 7.873 min. The additional peaks were observed at 1.983, 5.003, 8.695,
and 15.663 min, which likely correspond to other polyphenolic catechins
(EGC, C, EC, and ECG), as reported previously by our group™. The con-
centration of EGCG in the GTE sample was determined by comparing it
with various concentrations of standard EGCG (0-1 mg/mL). Based on
calculations, the 1 mg of GTE sample contained 0.1126 mg of EGCG.
Subsequently, GTE was orally administered to iron-overloaded BKO mice
throughout the study period at a dosage equivalent to 50 mg EGCG/kg body
weight (BW), either through monotherapy or combination therapy
with DFP.

Iron overload in B-thalassemic mice

To confirm the establishment of iron overload, serum iron (SI) and total
iron binding capacity (TIBC) were measured in tail vein blood from non-
iron-loading BKO and iron-loading BKO mice before treatment, as depicted
in Fig. 2a. The results indicated that Serum iron (35.3307 mg/dL) and TIBC
(35.9853 mg/dL) in iron-loading mice were significantly higher than those
in non-iron-loading BKO mice (1.0053 mg/dL for Serum iron and
4.9148 mg/dL for TIBC). The plasma transferrin saturation (T'S) of the iron-
overloaded mice was close to 100%, while TS of the non-iron-loading BKO
mice was around 20% (Fig. 2b). These results implied an iron overloaded
status in the iron-loading BKO mice compared to the non-iron-loading
BKO mice.

Body and tissue weight progression
As shown in Fig. 3a, the BW of the WT and BKO groups, which were not
subjected to iron-dextran loading, did not differ significantly throughout the
treatment period. In contrast, the iron overload groups showed a significant
decrease in BW during the iron-dextran loading period, followed by a slight
increase during the treatment phase. However, the BW values of the iron
overload mice remained lower than those of the WT and BKO groups.
The weight of the liver and spleen, obtained from iron dextran-induced
BKO mice, was measured and calculated as an organ weight index (WI),
presented as the ratio of tissue wet weight to body weight (BW). As shown in

Fig. 3b, ¢, the WI of the liver and spleen in iron overload mice was sig-
nificantly higher than in WT and BKO groups, particularly in the liver
(p <0.0001 vs. BKO). Among the iron overload groups, monotherapy with
DFP, EGCG, and GTE tended to decrease the WT of the liver and spleen,
whereas VD; did not have an influence compared to the iron-overloaded DI
group. Combination treatment (GTE + DFP) showed a decrease in WI but
was not significantly different compared to monotherapy.

Regarding the W1 of the right tibia and femur (Fig. 3d, e), the WI of the
iron overload mice was lower than that of the WT and BKO groups. Among
the iron-overloaded groups, all monotherapy and combination treatments
tended to increase the W1 values of the right tibia and femur compared to
iron-overloaded DI (DI) group. However, the observed results showed no
statistical significance.

Assessment of iron parameters

The SI and TIBC of the mice are shown in Fig. 4. The data indicated that SI
and TIBC were similar in the WT and BKO groups, while these values
increased in iron-overloaded DI mice (0.11 and 0.15 mg/dL for WT and
BKO, respectively, vs. 3.516 mg/dL for DI, Fig. 4a). The TIBC values of the
iron-overloaded DI group were significantly higher, about 10 times more
than the WT and BKO groups (Fig. 4b). All intervention treatment groups
showed a decrease in SI and TIBC, particularly in the DFP, GTE, and
GTE + DFP groups compared to the iron-overloaded DI group, despite the
transferrin saturation remaining unchanged according to the completed
iron overload condition (Fig. 4c). These findings suggested that the treat-
ments were effective in reducing both SI and TIBC, indicating a positive
outcome for the management of iron overload.

Lipid peroxidation level

As shown in Fig. 4d, e, the plasma MDA levels in the non-iron-loading
(BKO) group were slightly similar to those in the WT group. However, the
MDA levels in the iron-overloaded DI group were significantly higher than
those in both the WT and BKO, particularly in the liver. This indicates that
iron overload generated a large amount of ROS and increased lipid per-
oxidation. In the intervention treatments, both plasma and liver MDA levels
were reduced and close to the levels in the WT and BKO groups, especially in
the GTE group (p<0.05 vs. DI) and the combination treatment of
GTE + DEFP (p < 0.05 vs. DI). The significant reduction in MDA generation
indicates that GTE had an excellent impact on resisting ROS formation
in vivo.

Hematological parameters

Table 1 shows the changes in red blood cell parameters, including red blood
cell number (RBC), hemoglobin (Hb), hematocrit (Hct), and red blood cell
distribution width-coefficient of variation (RDW-CV) in all mouse groups.
The results indicated that RBC, Hb, and Hct levels in BKO mice were lower
than those in the WT group, while RDW-CYV, reflecting variability in RBC
volume and size, was increased compared to WT, suggesting ineffective
erythropoiesis in BKO mice. The iron-overloaded DI group exhibited higher
levels of RBC, Hb, Hct, and RDW-CV compared to BKO mice, suggesting
that short-term iron overload facilitated RBC production rate, while
increased variability in RBC size represented high RDW-CV. However,
intervention treatments likely maintained RBC, Hb, and Hct levels close to
WT while reducing RDW-CV values compared to the iron-overloaded DI
group. The most significant effects were observed in the GTE + DFP mice,
suggesting possible improvement in erythropoiesis.

Table 2 shows the number of white blood cells (WBC) and platelets
(PIt), WBC and PIlt values were considerably increased in the iron-
overloaded DI group compared to the WT and BKO groups, implying that
iron overload might enhance inflammation in vivo. The intervention
treatments with DFP, EGCG, GTE, GTE + DFP, and VD; showed a
decreasing trend of WBC and Plt levels compared to the iron-overloaded DI
group, which reflects the significant reduction of inflammation in the mice
after treatments. In Table 2 also presents the number and ratio (neutrophil-
to-lymphocyte ratio; NLR) of neutrophils (Neu) and lymphocytes (Lym),
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Fig. 1| The experimental design and HPLC/DAD profile. Experimental design (a)
and HPLC/DAD profile of EGCG in GTE (b). HPLC-DAD High-performance
liquid chromatography with diode array, EGCG; Epigallocatechin 3-gallate, GTE;
Green tea extract, WT; wild-type mice, BKO; -globin knockout mice, DI; Iron

loaded BKO treated by deionized water, DFP; Iron loaded BKO treated by defer-
iprone, EGCG; Iron loaded BKO treated by epigallocatechin 3-gallate, GTE; Iron
loaded BKO treated by green tea extract, VDs; Iron loaded BKO treated by vita-
min Dj.

which are white blood cells related to immune response and inflammation.
Both the BKO and iron-overloaded DI groups showed a significant decrease
in Neu levels but an increase in the number of Lym compared to the WT
group. The low level of NLR indicates chronic inflammation in these
B-thalassemic mice. After treatment, NLR was increased, especially
GTE + DFP group. Parallelly, Fig. 5 illustrates the population of Nue and
Lym, which correlated with the differential numbers of both white blood cell
types. However, intervention treatments tended to normalize WBC levels
(especially Neu and Lym) and Plt levels, bringing them back close to WT,
with the most significant effect observed in the GTE + DFP group.

Biochemical marker analysis of bone turnover

The biochemical marker analysis of bone turnover in all groups of mice is
shown in Fig. 6. The data from WT and non-iron-loading thalassemic BKO
mice were similar. However, iron-overloaded DI mice showed significant
increases in plasma PTH, Ca*, Pi, and ALP levels compared to the WT and
BKO groups (Fig. 6a—e). All intervention treatments decreased the levels of
PTH, Pi, and ALP. In contrast, there was a slight increase in plasma Ca® in
the treatment groups compared to the iron-overloaded DI group, with the
GTE + DFP group being particularly effective in this regard. The level of
BMP2, a typical marker of bone synthesis™, is shown in Fig. 6f. BMP2 level
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Fig. 2 | The iron profiles of non-iron-loading BKO and iron-loading BKO mice.
Serum iron level, total iron binding capacity (TIBC) level (a), and percentage of
transferrin saturation (b). BKO; B-globin knockout mice, Accordingly,

EH¥p < 0.0001 when compared to Non-iron-loading BKO. Data analyzed using
one-way ANOVA followed by Tukey’s post-hoc test.

tended to decrease in the iron-overloaded DI groups compared to WT,
whereas DFP, EGCG, GTE, and GTE 4 DFP treatments, particularly
EGCQG treatment, showed an increase in BMP2 levels compared to the DI
group. Moreover, there were no significant differences in the level of 1,25-
(OH).D; between the BKO group and all iron-overloaded BKO groups with
treatments (Fig. 6b).

Bone microstructure

As shown in Fig. 7, BKO and iron-overloaded DI mice demonstrated sig-
nificant decreases in trabecular volumetric BMD, bone volume fraction
(BV/TV), and trabecular thickness (Tb.Th), while cortical BMD tended to
decrease. Nonetheless, there was an increase in bone surface/bone volume
(BS/BV) (p < 0.001) and trabecular separation (Tb.Sp) compared to the WT
group. Treatment with GTE and GTE + DFP significantly increased tra-
becular BMD compared to the DI group (Fig. 7c). Furthermore, GTE,
EGCG, and GTE + DFP were the most effective in improving bone
microstructure by increasing BS/BV, BV/TV, and Tb.Th, while decreasing
Tb.Sp (Fig. 7a). In another series of histological studies using Goldner’s
trichrome staining, the mineralized trabeculae in the tibia of the GTE group
were comparable to those in the positive control (EGCG) and the VD;-
treated groups (Supplementary Fig. S1), suggesting that GTE was as potent
as EGCG in helping to maintain the tibial trabecular structure.

Discussion

Blood transfusion is the routine treatment for individuals with
p-thalassemia major and -thalassemia intermedia™, leading to iron over-
load and its associated complications. An excess of iron can accumulate and
impair various vital organs, particularly in the liver, heart, bone, and
endocrine glands, which significantly increase the development of liver

cirrhosis, cardiovascular disease, osteoporosis, and diabetes mellitus,
respectively. These complications not only diminish the p-thalassemia
patients’ quality of life but also substantially impact their life expectancy™.

Osteoporosis is influenced by long-term iron overload; a high amount
of iron disrupts the balance of bone remodeling processes, which causes low
bone density™. The supplements for bone health are encouraged to relieve
bone complications. Iron chelation therapy is one strategy for mitigating the
development of bone disease due to iron overload in 3-thalassemia. Iron-
induced ROS generation has an impact on the bone remodeling system and
bone resorption according to high oxidative stress. DFP, a commercial iron
chelator, is frequently applied to treat thalassemia patients with iron
overload”, which helps to diminish the iron-induced complications in the
patients. However, it carries a variety of side effects, including nausea,
arthralgia, and gastrointestinal discomfort™. Therefore, the alternative
therapeutic agent is a critical option for improving severe complications of
B-thalassemia patients with iron overload.

Camellia sinensis is an evergreen shrub in the flowering plant family
Theaceae, which produces green tea, a popular beverage in Asia. It has
demonstrated several medicinal benefits, including antioxidant and anti-
inflammatory properties. EGCG, EGC, ECG, and EC are the main catechins
found in green tea leaves”. Xin W. and colleagues found that green tea
(Camellia sinensis) could increase bone mass and inhibit bone loss in
ovariectomized rats™. Our prior research indicated that green tea (Camellia
sinensis) extract exhibited the retardation of oxidative tissue damage and
iron overload in BKO mice'’. Nonetheless, the specific impact of Camellia
sinensis on bone loss in the iron-overloaded {-thalassemia had not been
thoroughly investigated. Regarding its antioxidant properties and iron-
chelating actions, this study demonstrated the effectiveness of GTE on the
amelioration of iron-induced bone loss in p-thalassemia mice.

Herein, we measured levels of SI, TIBC, and TS to evaluate the iron
overload in B-thalassemia mice, which had been ip injected with iron dex-
tran solution using the method established by Rusch and colleagues®. Our
findings confirmed that iron dextran administration markedly elevated SI
and TIBC in the BKO mice, leading to oversaturation of TS, and the pre-
sentation of non-transferrin-bound iron (NTBI) in plasma. Notably,
treatment with GTE—both as a monotherapy and combination therapy
with DFP—significantly reduced SI and TIBC levels, which demonstrate the
effect of GTE on iron chelation. The iron chelation property of GTE was
previously reported according to the iron binding ratio of active compounds
in the catechin family (EGC: iron(Ill); 3:2, EGCG: iron(Ill); 2:1, ECG:
iron(I11); 2:1, EC: iron(I11); 3:1). Moreover, our results were aligned with
previous studies indicating GTE’s effectiveness in alleviating ineffective
erythropoiesis and reducing iron overload in p-thalassemia mice". To
minimize variability due to sex-related hormonal influences, such as
estrogen’s protective effects on bone metabolism and potential modulation
of iron homeostasis™*, only male mice were used in this study. Future
studies including female mice are warranted to explore potential sex-specific
responses to GTE treatment.

According to animal experiments, body weight serves as a critical
indicator for the health status of mice. During the iron induction phase,
BKO mice exhibited progressive weight loss. However, after treatment
(excluding the DI group), the weight began to recover, suggesting that the
treatment positively reversed overall health status. Additionally, organo-
megaly can be a strong predictor of an underlying pathological condition™.
The hepatosplenomegaly is associated with a high prevalence in
B-thalassemia, especially transfusion-dependent [-thalassemia (TDT),
resulting from long-term iron deposition and extramedullary hematopoi-
esis. However, BKO mice are hemizygous C57BL/6, which aligns with mild
hepatosplenomegaly in non-transfusion dependent thalassemia (NTDT)
patients due to non-severe iron overload and mild extramedullary ery-
thropoiesis. In our research, the iron-loaded mice exhibited enlargement of
the liver and spleen, which is associated with iron accumulation and sys-
temic inflammation™. Interestingly, the weight of the enlarged liver and
spleen was reduced after our therapies, indicating an improvement of the
iron-induced pathological state in the iron overload condition. Moreover,
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Fig. 3 | Body and organ weights. Body weight (a) and organ weight index values of
the liver (b), spleen (c), right tibia (d), and right femur (e) of WT, BKO (non-iron-
loading), and iron loaded BKO mice treated with DI, DFP, EGCG, GTE, GTE +
DFP, and VDj;. Data are expressed as mean = SEM (n = 6). Accordingly, *p < 0.05,
*RH¥p < 0.0001 when compared to WT or BKO. WT; wild-type mice, BKO; $-globin

(o]
€

knockout mice, DI; Iron loaded BKO treated by deionized water, DFP; Iron loaded
BKO treated by deferiprone, EGCG; Iron loaded BKO treated by epigallocatechin 3-
gallate, GTE; Iron loaded BKO treated by green tea extract, VDs; Iron loaded BKO
treated by vitamin Dj;. Data analyzed using one-way ANOVA followed by Tukey’s
post-hoc test.

bone weight can directly reflect the bone health status in BKO mice.
Growing evidence suggests that the increased bone resorption and
decreased bone formation are involved in pathological bone weight loss in

iron overload conditions™. Accordingly, our data revealed that bone weights
(right femur and right tibia) of iron-overloaded mice were reduced com-
pared to normal and non-iron loading BKO mice. This result highlighted
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Fig. 4 | Level of iron parameters and lipid peroxidation markers. Levels of Serum
iron (a), total iron binding capacity (TIBC) levels (b), and percentage of transferrin
saturation (TS) (c), plasma MDA (d), and liver MDA (e) of WT, BKO (non-iron-
loading), and iron dextran-loaded BKO mice treated with DI, DFP, EGCG, GTE,
GTE + DFP, and VD;. Data are expressed as mean + SEM (n = 6). Accordingly,
**p < 0.01, ¥***p < 0.0001 when compared to WT or BKO; “p < 0.05 when
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compared with iron-overloaded DI. MDA; malondialdehyde, WT; wild-type mice,
BKO; non-iron-loading B-globin knockout mice, DI; Iron loaded BKO treated by
deionized water, DFP; Iron loaded BKO treated by deferiprone, EGCG; Iron loaded
BKO treated by epigallocatechin 3-gallate, GTE; Iron loaded BKO treated by green
tea extract, VDs; Iron loaded BKO treated by vitamin Dj. Data analyzed using one-
way ANOVA followed by Tukey’s post-hoc test.

the adverse effects of excess iron on bone integrity; conversely, the iron
loading of BKO mice with GTE monotherapy and combination therapy is
conducive to bone weight recovery.

According to iron accumulation, ROS can cause oxidative stress
throughout many organs. The lipid peroxidation occurs and finally yields
the lipid peroxidation products. Malondialdehyde (MDA) is one of the
products that represents the high ROS and oxidative damage”. MDA levels
can normally be used to respond to the amount of lipid oxidation in vitro
and in vivo, so we evaluated MDA levels in both tissue and plasma. MDA

concentrations significantly increased, particularly in the liver, which is the
primary site of iron storage, implying that iron overload increased lipid
peroxidation in the body during the iron overload condition. Subsequently,
all treatments reduced MDA levels, especially those treated by GTE and the
combination of GTE and DFP. These results were in the same trend as the
existing work, suggesting that GTE can mitigate lipid peroxidation levels
and ROS generation™ ™.

GTE is a natural product with low side effects at an appropriate dose*".
The clinical research found GTE could reduce blood pressure, inflammatory
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Table 1 | RBC indices of WT, non-iron-loading BKO, and iron dextran-loaded BKO mice treated with DI, DFP, EGCG, GTE,

GTE + DFP, and VD3
Treatment group RBC Hb Hct RDW-CV
x10%cells/mL g/dl % %

WT 7.20+0.30 12.36 +0.61 33.60+1.12 16.78 +0.83
BKO 4.83 + 0.50* 5.60 + 0.90**** 17.20 £ 1.30%** 27.70 + 0.48%***
DI 6.72+0.20 8.33 +0.46** 27.63+2.34 34.30 £ 0.35%48&
DFP 6.89 +0.80 8.60+0.98 28.27 +4.28 33.85+1.46
EGCG 6.17 £0.22 7.43+0.12 23.38+1.37 33.35+0.54
GTE 6.81+0.20 8.73+0.21 26.97 +2.06 33.40+0.30
GTE + DFP 6.88 +0.47 8.65 +0.50 27.68+2.74 33.07+0.78
VD, 6.39+0.51 8.65+0.92 18.80+1.30 33.98 +0.93

RBC; red blood cell, Hb; hemoglobin, Het; hematocrit, RDW-CV; red cell distribution width-coefficient of variation, WT; wild-type mice, BKO; non-iron-loading -globin gene knockout mice, DI; Iron loaded
BKO treated by deionized water, DFP; Iron loaded BKO treated by deferiprone, EGCG; Iron loaded BKO treated by epigallocatechin 3-gallate, GTE; Iron loaded BKO treated by green tea extract, VDs; Iron

loaded BKO treated by vitamin Dj.

Data are expressed as mean + SD (n = 6). *p < 0.05,**p < 0.01, ***p <0.001, ****p < 0.0001 when compared to WT, #¢&%p < 0.0001 when compared to BKO.

Table 2 | Number and classification of WBC, differential numbers of Nue and Lym, NLR, and PIt from whole blood of WT, non-
iron-loading BKO, and iron dextran-loaded BKO mice treated with DI, DFP, EGCG, GTE, GTE + DFP, and VD3

Treatment WBC Differential numbers of WBC NLR Plt
Sl x10°cells/L x10°cells/L x10°cells/m

Neu Lym
WT 4.06 +2.47 2.49+2.44 1.53+0.90 1.95 156.00 + 6.36
BKO 2.52+2.30 0.28+0.26 2.12+0.42 0.13 170.00 ++ 128.69
DI 28.27 £4.10 7.27 +1.47 20.67 +3.31 0.36 920.67 + 38.08
DFP 23.56 +3.72 8.90+3.20 13.86 +5.41 0.73 592.50 + 131.69
EGCG 22.98 +3.55 8.54+0.88 14.08 +2.08 0.62 776.95 + 358.44
GTE 23.36 +2.33 8.97+0.88 14.09 +2.88 0.63 705.50 + 162.67
GTE + DFP 21.25+10.59 9.05+4.06 11.54 £ 8.07 1.44 718.20 +289.60
VD3 26.33 +23.36 7.75+5.95 27.82+19.35 0.25 645.25 +157.82

Data are expressed as mean + SD (n = 6).

WBC; white blood cell, Neu; neutrophils, Lym; lymphocytes, NLR; the neutrophil to lymphocyte ratio, PLT; Platelet, WT; wild-type mice, BKO; non-iron-loading -globin gene knockout mice, DI; Iron loaded
BKO treated by deionized water, DFP; Iron loaded BKO treated by deferiprone, EGCG; Iron loaded BKO treated by epigallocatechin 3-gallate, GTE; Iron loaded BKO treated by green tea extract, VDs; Iron

loaded BKO treated by vitamin D3.

biomarkers, and oxidative stress in hypertensive patients*. Meanwhile, GTE
supplementation attenuates the blood glucose and insulin response in
overweight men®. A complete blood count (CBC) analysis further eluci-
dated the hematological effects of GTE in our research. Because of inef-
fective erythropoiesis in thalassemic mice, the non-iron loading BKO group
has lower numbers of erythrocytes, Hb, and Hct than normal mice. In the
iron overload condition, the erythrocyte, Hb, and Hct values were increased,
probably caused by the 1-month iron injection affecting the hemoglobin
synthesis and erythropoiesis. However, long-term iron overload may cause a
decrease in red blood cell indices due to iron overload and ineffective ery-
thropoiesis. RDW-CV evaluates the RBC volume variation range. Ahmed S
Said and colleagues have reported that an increase in RDW-CV reflects a
greater variability in RBC size, ineffective erythropoiesis, and premature
release of reticulocytes“. Herein, we have revealed that RDW-CV values in
the BKO mice were significantly higher than those in the WT mice. The
iron-overloaded BKO mice showed high RDW-CV, indicating that the
excess iron increased abnormal erythrocyte production. After the inter-
vention, all these hematological parameters of GTE and the combination
treatment were improved. The amount of Hb, Hct, and erythrocytes rose,
respectively. The RDW-CV value was dropped, suggesting green tea can
effectively improve erythropoiesis.

Furthermore, WBC and Plt are essential in the immune system that
support the body against inflammation and other diseases®. Iron overload

in BKO mice increased the number of WBC and PIt, substantially
demonstrating that iron induced inflammation in the body. In addition,
either GTE or DFP monotherapy, along with combination therapy, can
against inflammation in the case of -thalassemia mice. Neutrophil (Neu)
combats inflammation as part of the innate immune response. It is the first
action of white blood cells at the inflammation scene®. For Lymphocyte
(Lym), it is closely related to the immunity and defense of the body. The
number of Lym is negatively related to the degree of inflammation. Likewise,
NLR has proven its prognostic value in cardiovascular diseases, inflam-
matory diseases, and several types of cancers. Referring to the normal NLR
values, the adult normal range is from 0.78 - 3.53. When NLR alterations fall
outside the normal range, the risk of inflammation is considered”’. Our
study found that BKO and iron-loaded BKO have NLR lower than the
range; however, the exact normal range of mice has not been reported. The
GTE, DFP, and the combination treatment exhibited an increase in NLR
values, which may reflect the improvement of inflammation, and revealed a
powerful anti-inflammatory effect of treatments.

Due to iron-induced osteoporosis in p-thalassemia patients, bone
markers present the bone metabolism and status. The changes in bone
turnover markers occur earlier than the changes in bone density during the
osteoporosis process*. Under normal circumstances, calcium and phos-
phorus concentrations in plasma are generally stable. They are controlled by
several hormones; parathyroid hormone (PTH) is the most crucial
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Fig. 5 | The whole blood population of Neu and Lym of WT, BKO (non-iron-
loading), and iron dextran-loaded BKO mice treated with DI, DFP, EGCG, GTE,
GTE + DFP, and VD;. WT; wild-type mice, BKO; B-globin knockout mice, DI;
Iron loaded BKO treated by deionized water, DFP; Iron loaded BKO treated by

deferiprone, EGCG; Iron loaded BKO treated by epigallocatechin 3-gallate, GTE;
Iron loaded BKO treated by green tea extract, VDs; Iron loaded BKO treated by
vitamin Ds.

hormone. At low calcium conditions, PTH stimulates bone resorption,
resulting in the release of calcium and phosphorus from bone to the
bloodstream. PTH also increases the calcium reabsorption and phosphate
excretion, while conversely decreasing the calcium excretion in the kidneys.
Additionally, PTH is involved in vitamin D metabolism and the bone
remodeling system due to the mineralization process®. In our study, the
iron-overloaded DI group exhibited significantly elevated plasma PTH
levels compared to wild-type (WT) and non-iron-loaded BKO groups.
Previous studies *’ have shown that elevated PTH levels enhance osteoclast-
mediated bone resorption, thereby contributing to bone loss, and the effect is
most likely mediated by synergistic alleviation of iron-induced oxidative
stress and parathyroid gland dysfunction. Treatment with GTE alone or in
combination with DFP and administered as EGCG, resulted in a substantial
reduction in PTH levels, approaching values observed in WT and DI con-
trols. Monotherapies with DFP also resulted in a reduction in PTH,
although to a lesser extent than GTE or the GTE + DFP combination. In

contrast, the VD; group produced only a modest effect. The superior effi-
cacy of GTE, particularly in combination with DFP, may be attributed to its
dual iron-chelating and antioxidant properties, which alleviate oxidative
injury to the parathyroid gland and thereby attenuate PTH-mediated bone
resorption. These findings effectively counteract iron-induced elevation of
parathormone, a key contributor to osteoporosis in B-thalassemia™.
Plasma calcium (Ca*) and phosphate (Pi) levels, tightly regulated by
PTH and vitamin D3 levels, are essential for bone mineralization, with bone
serving as a primary reservoir’". In the iron-overloaded DI group, elevated
Ca” and Pi levels compared to WT and BKO groups align with findings by
Yangqiu S and colleagues™, indicating that iron overload induces elevated
calcium and phosphate levels, disturbing mineral metabolism. Treatment
with GTE, DFP, and particularly their combination, resulted in a marked
reduction in circulating PTH levels. A significant decline in serum phos-
phate levels provides evidence of enhanced phosphate incorporation into
the bone matrix, which may contribute to the attenuation of osteoclast-
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Fig. 6 | The biochemical markers of bone metabolism from the plasma of WT,
BKO (non-iron-loading), and iron dextran-loaded BKO mice treated with DI,
DFP, EGCG, GTE, GTE + DFP, and VD3. The level of PTH (a), 1,25-(OH),D5 (b),
total Ca*'in plasma (c), Pi (d), ALP (e), and BMP2 (f). Data are expressed as
mean = SEM (n = 6). Accordingly, **p < 0.01, ***p < 0.001, **** p <0.0001 when
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DI. WT; wild-type mice, BKO; non-iron-loading p-globin gene knockout mice, DI;
Iron loaded BKO treated by deionized water, DFP; Iron loaded BKO treated by
deferiprone, EGCG; Iron loaded BKO treated by epigallocatechin 3-gallate, GTE;
Iron loaded BKO treated by green tea extract, VDs; Iron loaded BKO treated by
vitamin Dj;. Data analyzed using one-way ANOVA followed by Tukey’s post-

hoc test.

mediated bone resorption”’. Concurrently, all treatments maintained serum
calcium levels, supporting bone remodeling and mineralization through
their antioxidant and iron chelation properties™*.

Alkaline phosphatase (ALP) serves as a key biomarker for bone
turnover and inflammation, with elevated levels commonly observed in
conditions of systemic inflammation™. Additionally, the increase is also an
indicator of bone-related disorders, including rickets, osteomalacia, and
osteoporosis”. In the iron-overloaded DI group, significantly higher ALP
levels compared to WT and BKO groups indicate iron-induced

inflammation and accelerated bone turnover. Treatment with GTE, DFP,
and their combination therapy effectively reduced ALP levels, reflecting
their anti-inflammatory and bone-protective effects. Furthermore, EGCG
had the most pronounced efficacy, and VD3 treatment similarly showed a
decrease in ALP. The results indicate that the GTE attenuates iron-induced
inflammation and reduces ALP levels associated with bone turnover. This
result of ALP is consistent with the findings of Xin Wu et al.’, which
demonstrated that GTE alleviates postmenopausal osteoporosis in
ovariectomized rats.
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Fig. 7 | Bone microstructure of WT, BKO a
(non-iron-loading), and iron dextran-
loaded BKO mice treated with DI, DFP, Type of bone Treatment
EGCG, GTE, GTE + DFP, and VDj. Repre-
sentative micro-CT images. These yellow
arrows specifically pointed to the trabecular
bone regions in both the coronal and sagittal ek
views of the femur, with red-colored arrows
representing the growth plate (a), BMD of
cortical bone (b), BMD of trabecular bone (c),
bone volume/tissue volume (BV/TV) (d),
trabecular thickness (Tb.Th) (e), trabecular
separation (Tb.Sp) (f), and bone surface/bone Femur
volume (BS/BV) (g). Data are expressed as (Sagiatview)
mean + SEM (n = 6). Accordingly, *p < 0.05,
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Bone Morphogenetic Protein 2 (BMP2) is a critical regulator of bone
formation, promoting osteoblast differentiation and activity’®. The BKO
and DI groups displayed decreased BMP2 levels compared to the WT group,
suggesting compromised bone formation due to the inhibitory effects of
iron overload on osteoblasts. EGCG treatment significantly increased BMP2
levels, followed closely by GTE, DFP, and GTE 4 DFP, which restored

BMP?2 to normal WT levels. The pronounced upregulation of BMP2 by
EGCG aligns with previous findings, supporting that EGCG facilitates
osteoblastic differentiation via activation of the BMP-Smad signaling
pathway™. While VD3 had a comparatively weak effect, likely due to its
primary role in calcium metabolism and its limited antioxidant capacity®.
These intergroup differences highlight the capacity of GTE and its major
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constituent EGCG to promote osteoblast activity, potentially through
antioxidant mechanisms that preserve BMP2 synthesis. This is consistent
with previous studies demonstrating that catechins enhance osteogenic
differentiation under oxidative stress conditions”".

Bone Microstructure Parameters and bone microstructure, assessed
via micro-CT, provides quantitative insights into bone quality and osteo-
porosis severity®. The DI group showed significant reductions in trabecular
bone mineral density (BMD), bone volume fraction (BV/TV), and trabe-
cular thickness (Tb.Th) and increased the value of trabecular separation
(Tb.Sp) and compared to WT and BKO, that result in an impaired bone
microstructure with thinning trabeculae, an increased cortical porosity,
bone fragility, and increased fracture risk”. GTE treatment alone or in
combination with DFP treatments significantly improved trabecular BMD,
Tb. Th, and notable increase cortical BMD, BV/TV along with a reduction in
Tb.Sp that observed the microstructures are closer to WT levels. Con-
currently, DFP and EGCG monotherapies showed moderate improvements
in BMD and BV/TV, BS/BV, but clear effects on Tb.Sp. VD3 had minimal
impact, likely due to bone destruction being predominantly caused by
oxidative stress rather than disruptions in calcium cycling®. These inter-
group comparisons underscore the efficacy of GTE in mitigating iron-
induced bone loss, as evidenced by the most substantial restoration of bone
microarchitecture. The observed improvements in BMD and BV/TV
indicate increased bone mass, while elevated Tb. Th and decreased Tb.Sp
suggests enhanced trabecular connectivity, which may contribute to a
reduced risk of fracture™.

Intergroup comparisons revealed that both GTE monotherapy and
its combination with DFP consistently performed better than other
treatments in improving biochemical markers and bone micro-
architecture. The GTE couple with DFP showed the greatest reductions
in serum iron, MDA, PTH, Pi, and ALP levels. These changes suggest a
cooperative effect between the antioxidant capacity of GTE and the
iron-binding function of DFP. GTE alone was more effective than either
DFP or EGCG in enhancing bone microstructure, likely due to its
complex polyphenol composition that enhances antioxidant effects®.
The strong induction of BMP2 by EGCG suggests a specific ability to
stimulate osteoblast differentiation™, while the moderate impact
observed with DFP is consistent with its primary function in regulating
systemic iron levels®. The limited efficacy of vitamin D3 may be related
to its primary involvement in calcium metabolism rather than direct
protection against oxidative damage caused by iron overload®. These
findings collectively emphasize the comprehensive role of GTE in both
reducing oxidative stress and promoting bone formation in conditions
of iron excess.

Although the present in vivo findings in p-thalassemia (BKO) mice
support the therapeutic potential of GTE in ameliorating iron
overload-induced bone loss, certain limitations should be acknowledged. In
vitro systems, while useful for mechanistic insights, lack physiological
complexity, including factors such as bioavailability, metabolic transfor-
mation, and systemic interactions. Furthermore, the BKO mouse model
does not fully reproduce the chronic and progressive nature of iron accu-
mulation observed in human (-thalassemia, nor does it account for the
potential long-term effects and safety profile of GTE administration in
clinical settings**”’. Therefore, well-designed clinical trials are necessary to
determine the optimal dosage, safety, and efficacy of GTE in p-thalassemia
patients with iron-induced bone complications.

Methods

Chemicals and reagents

Iron dextran (ID) (100 mg iron, 200 mg dextran/mL) was purchased from
TP DRUG Laboratories Co., Ltd. (Bangkok, Thailand). Deferiprone (DFP)
was purchased from GPO (Thailand). EGCG was obtained from Sigma-
Aldrich Limited Company (St. Louis, MO, USA). Cholecalciferol (vitamin
D3, VDs) was purchased from Blackmores Limited Company (Bangkok,
Thailand). Enzyme-linked immunosorbent assay (ELISA) kits for the
measurement of mouse parathyroid hormone (PTH), 1,25-(OH),D3, and

bone morphogenic protein 2 (BMP2) were purchased from Abbexa Limited
Company (Milton, Cambridge, UK).

Green tea extraction

Freshly picked tea leaves (Camellia sinensis) were harvested from Doi
Angkhang tea fields, Fang District, Chiang Mai, Thailand. The voucher
specimen number 0023404 was provided by the Herbarium, Faculty of
Pharmacy at Chiang Mai University, Thailand. The leaves were immediately
dried and inactivated polyphenol oxidase (PPO) activity using the micro-
wave oven (800 Watts, 3 min, 120 °C). The dried leaves were agitated and
extracted in 80 °C deionized water (DI) (2 g/20 mL) for 10 min, then filtered
through white gauze and centrifuged at 4 °C to remove the precipitate. After
centrifugation, the supernatant was collected and freeze-dried to produce
green tea extract (GTE) powder. The approach established by Koonyosying
and colleagues'*.

Analysis of EGCG content in GTE

Reverse-phase high-performance liquid chromatography/diode array
detection HPLC/DAD (Model 1290 Infinity IT) was used to quantify EGCG
in GTE under the following conditions: a mobile-phase solvent of 0.05%
H,SO,: acetonitrile: ethyl acetate (86:12:2 by volume), a flow rate of 1.0 ml/
min, and wavelength detection at 280 nm. The column was a ZORBAX
Eclipse Plus C18 type, 150 mm x 3.0 mm, 5-pum pore size, Agilent Tech-
nologies, Santa Clara, CA, USA. Eluents were distinguished by their unique
retention durations, and the concentrations were computed by comparing
them to EGCG standard curves™.

Animal care

Male wild-type (WT) and hemizygous B-globin knockout C57BL/6 tha-
lassemia (BKO) mice (2-3 months old; body weight of 25-30 g) were gra-
ciously provided by Professor Dr. Suthat Fucharoen, M.D., and Associate
Professor Dr. M.L. Saovaros Svasti, Ph.D. from Thalassemia Research
Center, Institute of Molecular Biosciences, Mahidol University (Salaya
Campus), Nakhon Pathom, Thailand. The study protocol has been
approved by the Animal Ethical Committee of the Faculty of Medicine,
Chiang Mai University, Chiang Mai, Thailand (Protocol Number 22/2565).
The mice were housed in a conventional clean room with standard condi-
tions (23 + 1 °C, 40-70% humidity, 12-h day/12-h night cycle) and were
allowed free access ad libitum to a normal diet and clean water'*. To prevent
bias, investigators were blinded to group assignments during data collection
and analysis. This addition enhances the transparency of our experimental
design.

The estimated sample size is calculated using G*Power software ver-
sion 3.1.9.7. The comparison between 8 groups will be performed. There-
fore, “F test: ANOVA repeated measures, within-between interaction”
mode is used. The expected effect size of the extract is 0.40 (large). The power
is 95% with a =0.05. The number of measurements is 2 (1baseline, and
1final measurement). Thus, the total sample size obtained from G*Power is
48 (i.e., n =6 per group)

Iron loading and treatment

The mice were randomly separated into eight groups (n = 6 each): group 1
for WT mice, group 2 for non-iron-loading BKO mice, and groups 3-8 for
iron-loaded BKO mice with different treatments. Groups 1 and 2 were
intraperitoneally (LP.) injected with normal saline solution (NSS) for
4 weeks, while groups 3-8 were I.P. injected with iron dextran (10 mg/day,
5 days a week) for 4 weeks (Fig. 1a). After that, all mice were allowed to
equilibrate for a further 4 weeks. Groups 1 and 2 were then treated with DI
for 8 weeks. Whereas, iron-loaded BKO mice were divided into 6 groups and
administered by needle gavage with DI, DFP (50 mg/kg/day), EGCG
(50 mg/kg/day), GTE (50mg EGCG equivalent/kg/day), GTE + DFP
(50 mg EGCG equivalent/kg/day along with 50 mg DFP /kg/day), and VD3
(0.5 ug/kg/day), respectively, for 8 weeks. The doses of DFP, GTE, and
EGCG were chosen appropriately based on our previous study'’. DFP, a
well-known orally active iron chelator™, was utilized as a positive control.
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Importantly, the establishment of the iron overload mice needs to be con-
firmed in groups 3-8 compared to group 2 before starting of 8 weeks
treatment.

During the experiment, the body weight (BW) of the mice was
recorded weekly. At the end of the study, the mice were humanely eutha-
nized by intraperitoneal injection of a Thiopental sodium solution (0.2 ml
per 100 g of body weight). The laparotomy was performed, and blood was
collected from the left ventricle of the heart. The blood was transferred into
sodium-heparin anticoagulant-coated tubes for the measurement of
hematological parameters, iron markers, biochemical markers of bone
turnover, and plasma malondialdehyde (MDA). Liver, spleen, tibiae, and
femurs were collected, weighed, and dissected. The liver was only prepared
for liver MDA measurement. The bone mineral density (BMD) and bone
micro-architecture of the right femur were detected and visualized using
micro-computed tomography (micro-CT)®.

Hematological parameters

Blood cell indexes were determined by Auto Hematology Analyzer, for
animal blood testing, at the Veterinary Teaching Hospital, Faculty of
Veterinary Medicine, Chiang Mai University, Chiang Mai, Thailand.

Biochemical marker analysis

Levels of total calcium (Ca™), inorganic phosphate (Pi), and alkaline
phosphatase (ALP) in plasma were measured by corresponding commercial
kits under the guidance of the manufacturers” instructions. The levels of
PTH, 1,25-(OH),D;, and BMP2in plasma were measured by using ELISA
kits according to the manufacturers’ protocols.

Liver and plasma MDA measurement

Liver tissue was dehydrated, weighed, and homogenized in phosphate
buffer. The liver homogenate was mixed with 200 uL of deproteinized
reagent containing 10% (w/v) trichloroacetic acid (TCA) and 50 mg/L (w/v)
butylated hydroxytoluene (BHT). The mixture was then heated at 90 °C for
30 min and centrifuged at 3000 g for 10 min. The supernatant was collected
and subjected to the MDA assay as described below.

The plasma or the supernatant was mixed with 400 pL of chromogenic
solution containing 0.44 M H;PO, and 0.6% (w/v) thiobarbituric acid
(TBA). This mixture was incubated at 90 °C for 30 min, resulting in a pink
product that could be detected at 532 nm using a spectrophotometer. A
standard curve was created using different concentrations of 1,1,3,3-tetra-
methoxypropane (TMP)”.

Micro-computed tomography (micro-CT)

The right femur from each mouse was collected and stored in normal saline-
soaked gauze in a microtube at —20 °C. The midshaft and distal part of the
right femur were scanned by an ultra-high resolution micro-CT system
(VECTor®/CT, MILabs, The Netherlands) and reconstructed at a voxel size
of 10 um’. The region of interest (ROI) of the trabecular bone compartment
was 0.5 mm (160 slices), starting 0.8 mm proximal to the end of the growth
plate. The corresponding parameters of selective trabecular bone section
(160 slices/section)—i.e., volumetric bone mineral density (BMD), bone
surface (BS) to bone volume (BV) ratio (BS/BV), BV to tissue volume (TV)
ratio (BV/TV; bone volume fraction), trabecular thickness (Tb.Th), and
trabecular separation (Tb.Sp)—were analyzed using Imalytics Preclinical
3.0 software (Gremse-IT GmbH, Aachen, Germany)ﬁ(’.

Statistical analysis

The statistical significance was evaluated using GraphPad Prism 5.0
(GraphPad Software, Boston, MA, USA). The results were shown in the
mean * standard error of the mean (SEM). A one-way analysis of variance
(ANOVA) test was performed to contrast the statistical disparities among
the groups. A Tukey’s multiple comparisons test analysis of variance was
performed to contrast the statistical disparities among the groups. A p-
value < 0.05 was considered statistically significant.

Data availability

No datasets were generated or analyzed during the current study.
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