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Received: 21 April 2022

Accepted: 24 May 2022

Published: 27 May 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

toxics

Article

Acute and Subacute Safety Evaluation of Black Tea Extract
(Herbt Tea Essences) in Mice
Xiaoyan Ding 1,† , Changshun Han 1,† , Weiping Hu 2,†, Chengqing Fu 1, Yixi Zhou 1, Zheng Wang 1,
Qingyan Xu 1, Rongfu Lv 3, Chengyong He 1, Zhenghong Zuo 1,* and Jiyi Huang 1,*

1 State Key Laboratory of Cellular Stress Biology, School of Life Sciences, The Fifth Hospital of Xiamen,
Xiang’an Branch of the First Affiliated Hospital, Xiamen University, Xiamen 361102, China;
dingxiaoyan199807@126.com (X.D.); changshunhan1999@126.com (C.H.); fcq0622@126.com (C.F.);
yixizhou92@163.com (Y.Z.); wangzheng10202@126.com (Z.W.); xuqingyan@xmu.edu.cn (Q.X.);
hecy@xmu.edu.cn (C.H.)

2 First Affiliated Hospital of Xiamen University, Xiamen 361003, China; hwp1227@126.com
3 Xiamen Herbt Biotechnology Company Limited, Xiamen 361005, China; rongfu@Kaisonxm.com
* Correspondence: zuozhenghong@xmu.edu.cn (Z.Z.); hjy0602@163.com (J.H.)
† These authors contributed equally to this work.

Abstract: Theabrownin (TB) is a heterogeneous biomacromolecule, extracted from tea, with many
functional groups. Importantly, TB possesses diverse health benefits, such as antitumor activity and
blood lipid-lowering effects. Presently, the content of TB in tea extract is relatively low. Here, we
obtained a deep-processed black tea extract with a high content of TB (close to 80%), which was
named Herbt Tea Essences (HTE). Currently, this study was designed to evaluate the biosafety of
high-content TB products on mice. We implemented acute and subacute toxic experiments to assess
its safety on organs, the serum biochemical and molecular levels. In the acute exposure study, we
found that the median lethal dose (LD50) value of HTE was 21.68 g/kg (21.06–24.70 g/kg, greater than
5 g/kg), suggesting that HTE had a low acute toxicity. In the 28-day subacute exposure study, our
results showed that no abnormal effects were observed in the 40 and 400 mg/kg/day HTE-treated
groups. However, we observed slight nephrotoxicity in the 4000 mg/kg/day HTE-treated group.
The HTE-induced nephrotoxic effect might involve the inflammatory response activation mediated
by the nuclear transcription factor kappa-B (NF-κB) signaling pathway. This study would provide
valuable data for the TB safety assessment and promote this natural biomacromolecule application in
daily drinking.

Keywords: safety assessment; tea extract; theabrownin

1. Introduction

Tea is one of the most widely consumed beverages around the world. Two-thirds
of the global population has the habit of regularly drinking tea [1]. Black tea is a fully
fermented tea and is rich in polyphenols [2,3]. Through fermentation, catechins, the main
active derivative of polyphenols, are oxidized into complex tea pigments. Tea pigments are
composed of theaflavin (TF), thearubigin (TR) and theabrownin (TB). Among them, TF and
TR are further oxidized, polymerized and condensed to form TB [4,5]. It is a heterogeneous
macromolecule with many benzene rings, hydroxyl functional groups, carboxyl groups,
methyl groups and amino groups [6], which has many health benefits, such as antitumor
activity and blood lipid-lowering effects [7,8]. Therefore, it is the major mediator of the
pharmacological effects of fermented tea [9]. Currently, the detailed content of TB in tea
extract is unclear [10]. Thus, people are encouraged to improve the ratio of TB in fermented
tea [11].

In this study, we deeply processed black tea and obtained a product with a high content
of TB and small portions of tea polyphenols (TPs) and caffeine, which was named Herbt
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Tea Essences (HTE). HTE was made by water extraction and fermentation and contained a
high concentration of TB. Due to the high proportion of beneficial ingredients, it is expected
to have benefits from both health and market perspectives.

Due to the differences of the fermentation processes, the main ingredients of tea are
different, so its biological impacts on human health are also different [12]. When mice
were exposed to a high dose of tea extract, mild hepatotoxicity and nephrotoxicity can be
observed [13]. A previous clinical research report showed that the excessive consumption
of black tea is harmful to human beings [14]. Thus, the safety of tea and processed tea
products should be given more attention.

To ensure safe consumption, it is necessary to carefully assess its safety and to estimate
the safe threshold of intake to ensure the health safety of the population and to promote
its use. Therefore, we first analyzed the composition of HTE. Then, we conducted acute
and subacute oral administration studies of HTE in mice and measured their mortality, the
median lethal dose (LD50) value, organ somatic index and serum biochemical parameters.

2. Materials and Methods
2.1. Chemicals

HTE was obtained from Xiamen Herbt Biotechnology (Xiamen, China). Food maltodex-
trin (CAS 9050-36-6) was purchased from Jinan Luhui Chemical Co., Ltd. (Jinan, China). All
other analytical grade chemicals in this study were obtained from commercial sources.

2.2. Preparation of HTE

Ceylon black tea (Sri Lanka) was soaked in pure water for several hours, filtered and
removed slag to obtain black tea extraction water. The leaching water was separated by
membrane separation technology to remove most of the unwanted components. Then, we
employed a C18 (100 mm × 4.6 mm, 5-µm particle size) column filtration to separate and
purify the liquid. Repeating the process of membrane separation and column filtration until
the contents of TB, TPs and caffeine reached the standard spray-dried (Lemar, Changzhou,
China), we obtained a pure dry powder and 1:1 blended dextrin as the auxiliary material.
Through the above steps, we obtained the HTE products.

2.3. Content Determination of Components in HTE
2.3.1. Determination of Caffeine Content

According to the method of China standard (QB/T 4067–2010), a proper amount of
HTE was dissolved in distilled water, and hydrochloric acid and basic lead acetate solution
was added. After filtration, a sulfuric acid solution was added and diluted with distilled
water. After filtration, the filtrate was taken to measure the absorbance (A) at 274 nm using
a spectrophotometer (Shanghai Spectrum Co., Ltd., Shanghai, China), and distilled water
was used as a blank control. The calculation was performed according to the following
formula [15]:

the content of caffeine (HTE g/100 g) = c × 2 ÷m

where c and m represent the concentration and mass, respectively.

2.3.2. Determination of TB Content

The sample was weighed and dissolved in distilled water. N-butanol, oxalic acid
solution and 95% ethanol were added. Next, the absorbance value (A) was measured at a
wavelength of 279 nm using a spectrophotometer (Shanghai Spectrum Co., Ltd., Shanghai,
China), and 95% ethanol was used as the blank solution. Three parallel experiments were
conducted simultaneously, and the calculations used the following formula [16]:

the content of TB (HTE g/100 g) = (A + 0.0038) × 106/(9.4893 ×m × 103)

where m represents the mass, and A represents absorbance.
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2.3.3. Determination of the TP Contents

The contents of the TPs were determined according to the method of the China
standard (QB/T 4067-2010). An appropriate amount of sample was dissolved in distilled
water. After ferrous tartrate solution and phosphate buffer solution (PBS, pH = 7.5) were
added, the solution to be tested was obtained. The absorbance of the tested solution (A1)
and 25 mL of the tested solution supplemented with 4 mL of distilled water (A2) was
measured at a wavelength of 540 nm using a spectrophotometer (Shanghai Spectrum Co.,
Ltd., Shanghai, China). Phosphate buffer was used as a control. The contents of the TPs
(HTE g/100 g) = (A1− A2)× 1.975× 200/(30×m) [15], and m represents mass. A1 andA2
represents absorbance.

2.4. Mice

Kunming mice (male:female = 1:1, 20–25 g) were obtained from Beijing Vital River
Laboratory Animal Technology Co., Ltd. (Beijing, China). All mice were specific pathogen-
free grade (SPF) and were maintained in a temperature of 22 ± 1 ◦C with a 12-h light/dark
cycle and a relative humidity of 55 ± 5% and allowed to access a standard diet and water
(standard rodent chow diet, Keao Xieli Feed Company, Beijing, China). Mice underwent
acclimatization feeding for 3 days before experiments. All animal experiments were
conducted and approved by the Xiamen University Institutional Animal Ethics Committee
(Acceptance No. XMULAC20170361).

2.5. Experiment of Acute Administration

Based on the GB15193.3-2014 national standard method, an acute oral administration
test was carried out. Five dose groups (12, 14, 17.7, 20.2 and 24 g/kg) were set up for
HTE (n = 10). Two intragastric gavages with an interval of 4 h were performed. After
oral administration, the manifestations of the animals within 14 days were continuously
observed, including their signs of poisoning (the degree and duration) and the number
and timing of animal deaths, and then, the median lethal dose (LD50) was calculated with
Karber’s method. We obtained 17 and 20 g/kg mouse serum and tissues (n = 6). The kidney
and liver somatic indexes were calculated and serum biochemical indices were tested. We
used the equation: lgLD50 = ∑ [(Xi + Xi + 1) × (Pi + 1 − Pi)/2] to calculate LD50. Xi and
Xi + 1 are the logarithms of dose in two adjacent groups. Pi + 1 and Pi are the mortalities in
two adjacent groups.

2.6. Experiment of Subacute Administration

According to the GB15193.3-2014 national standard method of China, we conducted
a 28-day gavage administration test. The specification of the HTE products was 2 g per
pack (1 g dextrin and 1 g black tea extract). The adults were given one pack per day,
33.3 mg/kg/day. The dose conversion factor from humans to mice was 12.33 [17,18].
Therefore, we concluded that the gavage dose for mice was 400 mg/kg/day. Two doses of
40 and 4000 mg/kg/day were set in accordance with a gradient of 10 times. Sterile water
was used as a comparison. Each group consisted of 20 mice, half male and half female.
After treatment for 28 days, all mice were sacrificed and sampled. Blood was collected to
detect their blood biochemical indicators, and their organs were collected to detect any
toxic effects and to conduct subsequent experiments.

2.7. Serological Assays

Serum was separated from the whole blood using a centrifuge for 15 min at 3000× g.
Then, the serum biochemical indices were measured with a Cobas 8000 c702 module
analyzer (Roche, Rotkreuz, Switzerland), including the levels of aspartate aminotransferase
(AST), alanine aminotransferase (ALT), uric acid, blood glucose (GLU), blood urea nitrogen
(BUN), creatinine (CREA), alkaline phosphatase (ALP), triglycerides (TG), albumin (ALB),
globulin (GLO), total protein (TP) and very low-density lipoprotein (VLDL).
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2.8. Kidney Staining

Kidney samples were fixed in 4% paraformaldehyde dissolved in PBS and encased in
paraffin. The paraffin blocks were sliced into 5-µm-thick sections. We used hematoxylin
and eosin (HE) to stain the sections and imaged them with a microscope (Leica, DM4B;
Wentzler, Germany). According to our previous method [19], we calculated the number of
glomeruli and the relative area of the glomeruli and renal tubules by using Image-Pro Plus
6.0 (Olympus, Tokyo, Japan).

2.9. Western Blot

The mice were sacrificed, and their kidneys were collected. We mixed the renal tissue
with radioimmune precipitation assay (RIPA) buffer (Solarbio, Beijing, China), including
a protease inhibitor cocktail (1:100) (MedChemExpress, Monmouth Junction, NJ, USA).
Next, the above solution was centrifuged at 12,000× g for 15 min, and the supernatant was
collected. The supernatant was mixed with sodium dodecyl sulfate (SDS) loading buffer
with β-mercaptoethanol. Standard SDS-polyacrylamide gel electrophoresis (PAGE) was
performed, and the proteins were transferred onto polyvinylidene difluoride (PVDF) mem-
branes. The membrane was sealed in 5% milk dissolved in Tris-buffered saline solution
with 0.05% Tween 20 (TBST). We analyzed the samples with the following primary anti-
bodies: rabbit polyclonal anti-IKB-α, rabbit monoclonal anti-p-IKB-α, rabbit monoclonal
anti-IKKα/β, rabbit polyclonal anti-p-IKKα/β (Beyotime, Shanghai, China), rabbit poly-
clonal anti-NF-κB p65 and rabbit polyclonal anti-p-NF-κB p65 (ZEN BIO, Chengdu China).
The membranes were washed with TBST and then incubated with horseradish peroxidase
(HRP)-conjugated secondary antibodies (BOSTER, Wuhan, China) (1:10000). The mem-
branes were covered with a WesternBright electrochemiluminescence (ECL) substrate and
imaged with a ChemiScope 5300 instrument (Clinx Science Instruments, Shanghai, China).

2.10. Real-Time Quantitative PCR (RT-qPCR)

Total RNA was extracted from mouse kidneys by using TRIzol (Accurate, Shanghai,
China), and then, the RNA was reverse-transcribed into cDNA by the TransScript First
Strand cDNA Synthesis SuperMix Kit (Accurate, Shanghai, China). We designed primers
for the RT-PCR, as listed in Table S1. Then, we performed qPCR under the following
conditions: 95 ◦C for 3 min, 40 cycles of 95 ◦C for 15 s, 60 ◦C for 15 s and 72 ◦C for 18 s
by using TransStart Tip Green qPCR SuperMix (Transgen, Beijing, China). The melting
curve was measured at 76–95 ◦C to evaluate the specificity of the primer. The levels of Tnf a,
Il1b and Il6 were quantified with the 2−44Ct method. All experiments were performed in
triplicate, and mouse gapdh was utilized as a reference gene.

2.11. Statistical Analysis

All data were obtained from at least three independent experiments and statistically
analyzed with the mean ± standard error of the mean (SEM). Unpaired t-tests were
performed using GraphPad Prism 7.0 (GraphPad software, San Diego, CA, USA). A value of
p < 0.05 was regarded as statistically significant. Organ somatic index = Organ weight/body
weight × 100%.

3. Results
3.1. Identification of HTE Ingredients

Here, we want to obtain high-concentration TB tea products. According to the method
in the national standard of China (QB/T 4067–2010), we detected the content of TB. We
found that HTE contained 79% TB. What is more, TPs and caffeine were the most important
active substances in water-extracted tea products [20]. Our results showed that HTE
contained 8.46% TPs and 2.76% caffeine.
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3.2. Acute Oral Administration Study

The experimental design and results are provided in Table 1. We carefully observed
the toxic signs or symptoms in the mice after 4 and 12 h and then once a day for 14 days.
Clinical observations of the mice prior to death noted hypoactivity and a lower body
temperature. There were no adverse effects among the survivors during the 14 days after
treatment with HTE. The LD50 value and its 95% confidence limit for HTE were 21.68 g/kg
(21.06–24.70 g/kg) (Table 1). Its LD50 was much higher than 5 g/kg. According to GB
15193.3-2014, HTE was considered a nontoxic substance. Since the highest dose (24 g/kg)
was lethal, we used 17.7 and 20.2 g/kg HTE as the exposure groups (minimum lethal doses)
to further analyze the safety of HTE. Compared with the control group, the liver and kidney
somatic index and serum biochemistry were not affected (Tables S2 and S3). These results
indicated that 17.7 and 20.2 g/kg HTE exposure did not cause adverse effects on mice.

Table 1. Acute toxicity dose design and mortality on mice. n represents the number of mice.

HTE Dose (g/kg) Logarithm (Dose) Sex N Mortality Ratio

12 1.0792
♂ 5 0

0%♀ 5 0

14 1.1544
♂ 5 0

0%♀ 5 0

17.7 1.2297
♂ 5 0

0%♀ 5 0

20.2 1.3049
♂ 5 1

10%♀ 5 0

24 1.3802
♂ 5 5

100%♀ 5 5

3.3. Subacute Oral Administration Study
3.3.1. Effect of HTE on Body Weight Changes and Organ Somatic Index

We found that, in the subacute oral administration experiment, the body weight
change of female mice in the HTE40 (0.77-fold, p = 0.0086), HTE400 (0.79-fold, p = 0.0246)
and HTE4000 (0.72-fold, p = 0.0028) groups were significantly lower than those of the
control group (Figure 1a). However, there were no significant changes in the body weight
of male mice (Figure 1b). Compared with the control group, the brain somatic index
of female mice remarkably increased at the 40 mg/kg/day HTE-treated group (1.1-fold,
p = 0.0473) (Table 2). Apart from this, after treatment with 40 and 400 mg/kg/day HTE,
there were no statistically significant differences in the other organ somatic index of female
and male mice compared with the control group (Table 2). The kidney somatic index of
female mice decreased significantly at the 4000 mg/kg/day HTE-treated group (0.90-fold,
p = 0.0294) (Figure 1c). The results showed that 4000 mg/kg/day of HTE exposure may
have an adverse effect on the kidneys but did not adversely affect the other organs, such as
the liver, heart, lungs and spleen.
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Figure 1. Effect of HTE (40, 400 and 4000 mg/kg) on the body weight and kidney somatic index
in the subacute administration study. All data are presented as the mean ± SEM (n = 10). (a) The
body weight change of females on the 28th day. (b) The body weight change of males after 28 days.
(c) Kidney somatic index for females. (d) Kidney somatic index for males. Statistical significance was
analyzed by using the Student’s t-test. Compared with the control, * and ** represent 0.01 < p < 0.05
and 0.001 < p < 0.01, respectively.

Table 2. Organ somatic index of HTE (40, 400 and 4000 mg/kg) at the end of the subacute toxicity test.

Organ Somatic
Index (%) Sex Control 40 mg/kg 400 mg/kg 4000 mg/kg

Liver
♂ 4.04 ± 0.07 3.84 ± 0.1 3.83 ± 0.07 3.86 ± 0.09
♀ 3.90 ± 0.18 3.97 ± 0.15 4.11 ± 0.19 4.01 ± 0.12

Brain
♂ 1.15 ± 0.03 1.14 ± 0.03 1.13 ± 0.04 1.12 ± 0.01
♀ 1.32 ± 0.04 1.46 ± 0.02 * 1.40 ± 0.03 1.33 ± 0.03

Spleen ♂ 0.21 ± 0.01 0.22 ± 0.01 0.21 ± 0.01 0.20 ± 0.008
♀ 0.30 ± 0.02 0.32 ± 0.03 0.31 ± 0.02 0.28 ± 0.02

Pancreas
♂ 0.51 ± 0.07 0.47 ± 0.05 0.52 ± 0.09 0.57 ± 0.07
♀ 0.62 ± 0.05 0.66 ± 0.05 0.66 ± 0.03 0.64 ± 0.40

Lungs ♂ 0.54 ± 0.008 0.54 ± 0.01 0.52 ± 0.01 0.54 ± 0.02
♀ 0.54 ± 0.01 0.55 ± 0.01 0.54 ± 0.01 0.54 ± 0.03

Heart
♂ 0.62 ± 0.02 0.66 ± 0.02 0.62 ± 0.04 0.54 ± 0.02
♀ 0.50 ± 0.04 0.52 ± 0.05 0.57 ± 0.05 0.47 ± 0.03

Testes ♂ 0.60 ± 0.006 0.56 ± 0.005 0.55 ± 0.008 0.60 ± 0.006
Epididymides ♂ 0.18 ± 0.02 0.17 ± 0.02 0.18 ± 0.01 0.18 ± 0.03

Ovaries ♀ 0.10 ± 0.01 0.08 ± 0.01 0.06 ± 0.01 0.09 ± 0.01
Uterus ♀ 0.29 ± 0.02 0.33 ± 0.02 0.34 ± 0.03 0.27 ± 0.05

All data are presented as the mean ± SEM (n = 10). Statistical significance was analyzed by using the Student’s
t-test. Compared with the control, * represents 0.01 < p < 0.05.

3.3.2. Effect of HTE on Serum Biochemical Parameters

Compared with the control group, the BUN levels of female (0.84-fold, p = 0.0294)
and male mice (0.7-fold, p = 0.0006) markedly declined at a dose of 4000 mg/kg/day
(Figure 2a,e). The BUN/CREA levels of male mice decreased significantly (0.77-fold,
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p = 0.0222) (Figure 2g). With a dose of 4000 mg/kg/day HTE, the VLDL value among the
males decreased significantly (0.77-fold, p = 0.001). The TG levels showed a significant
decrease with HTE treatment doses of 400 (0.75-fold, p = 0.0499) and 4000 (1.37-fold,
p = 0.0006) mg/kg/day in males (Table 3). In addition to this, compared with the control
group, there was no statistically significant difference in the other serum biochemistry of
female and male mice in the 40 and 400 mg/kg/day groups (Table 3). The results indicated
that 4000 mg/kg/day of HTE exposure may have an adverse effect on renal function.
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Figure 2. Effect of HTE (40, 400 and 4000 mg/kg) on the renal serum biochemical parameters in the
subacute administration study. All data are presented as the mean ± SEM (n = 10). (a) The blood
urea nitrogen (BUN) levels of female mice. (b) The creatinine (CREA) levels of female mice. (c) The
BUN/CREA levels of female mice. (d) The uric acid levels of female mice. (e) The BUN levels of male
mice. (f) The CREA levels of male mice. (g) The BUN/CREA levels of male mice. (h) The uric acid
levels of male mice. Statistical significance was analyzed by using the Student’s t-test. Compared
with the control, * and *** represent 0.01 < p < 0.05 and p < 0.001, respectively.

Table 3. The serum biochemical parameters, blood glucose and triglyceride of HTE (40, 400 and
4000 mg/kg) at the end of subacute toxicity study.

Parameter Sex Control 40 mg/kg 400 mg/kg 4000 mg/kg

ALT(U/L)
♂ 39.1 ± 3.3 39.5 ± 1.8 38.8 ± 3.7 37.3 ± 3.6
♀ 35.0 ± 3.6 36.2 ± 2.1 33.3 ± 2.8 34.3 ± 1.6

AST(U/L)
♂ 128.9 ± 6.1 127.0 ± 9.3 134.3 ± 11.4 124.8 ± 10.6
♀ 130.4 ± 9.6 139.1 ± 12.5 130.6 ± 13.9 134.0 ± 11.4

AST/ALT
♂ 3.4 ± 0.2 2.8 ± 0.3 3.5 ± 0.2 4.0 ± 0.4
♀ 3.8 ± 0.3 3.3 ± 0.2 3.9 ± 0.1 3.5 ± 0.2

ALB (g/L) ♂ 49.1 ± 0.7 47.0 ± 0.7 47.0 ± 0.7 49.8 ± 1.3
♀ 49.4 ± 0.7 51.8 ± 1.7 48.5 ± 0.7 48.2 ± 1.0

GLO (g/L) ♂ 21.2 ± 0.3 20.6 ± 0.5 21.7 ± 0.4 19.8 ± 0.9
♀ 17.1 ± 1.0 16.3 ± 0.3 18.7 ± 1.1 16.2 ± 0.8

ALB/GLO
♂ 2.3 ± 0.04 2.2 ± 0.06 2.1 ± 0.06 2.5 ± 0.09
♀ 2.94 ± 0.1 3.1 ± 0.09 2.6 ± 0.1 3.0 ± 0.1

TP (g/L) ♂ 70.3 ± 0.89 67.7 ± 1.02 67.2 ± 0.86 69.7 ± 1.9
♀ 66.6 ± 1.5 68.2 ± 0.7 67.3 ± 1.4 64.5 ± 1.6
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Table 3. Cont.

Parameter Sex Control 40 mg/kg 400 mg/kg 4000 mg/kg

ALP (U/L)
♂ 186 ± 17.4 146.5 ± 13 141.7 ± 13.9 157.7 ± 10.4
♀ 211.3 ± 12.0 192.4 ± 7.2 183.6 ± 8.3 212.2 ± 11.6

GLU (mmol/L)
♂ 6.6 ± 0.3 5.4 ± 0.4 6.5 ± 0.6 7.7 ± 0.4
♀ 4.99 ± 0.3 4.88 ± 0.2 5.81 ± 0.4 7.59 ± 0.4 ***

VLDL
♂ 0.81 ± 0.05 0.84 ± 0.07 0.61 ± 0.08 0.49 ± 0.05 ***
♀ 0.68 ± 0.06 0.56 ± 0.03 0.54 ± 0.05 0.50 ± 0.05

TG (mmol/L)
♂ 1.79 ± 0.1 1.84 ± 0.1 1.35 ± 0.1 * 1.09 ± 0.1 ***
♀ 1.51 ± 0.1 1.24 ± 0.08 1.19 ± 0.1 1.19 ± 0.1

All data are presented as the mean ± SEM (n = 10). Statistical significance was analyzed by using the Student’s
t-test. Compared with the control, * and *** represent 0.01 < p < 0.05 and p < 0.001, respectively. Alanine
aminotransferase (ALT); aspartate aminotransferase (AST); albumin (ALB); globulin (GLO); total protein (TP);
alkaline phosphatase (ALP); blood glucose (GLU); very low-density lipoprotein (VLDL); triglycerides (TG).

3.3.3. The Histopathological Examination of the Kidneys

There was no difference in renal histomorphology for males and females among the
control, 40, 400 and 4000 mg/kg/day groups (Figure 3A,B). Treatments with doses of 40
and 400 mg/kg/day HTE caused no significant changes in the number and area of the
glomerulus or the relative kidney tubule area (Figure 3C–E). The relative kidney tubule area
in females remarkably increased in the 4000 mg/kg/day HTE group (1.39-fold, p = 0.0265)
(Figure 3D). The results further suggested that 4000 mg/kg/day of HTE exposure could
cause mild damage to the kidneys.
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Figure 3. The histopathological examination of the kidneys in the HTE (40, 400 and 4000 mg/kg)
subacute administration study. All data are presented as the mean ± SEM (n = 3). (A) Image of
renal sections stained with HE for females. Scale bar = 200 µm. G and PT represents glomeruli
and proximal tubule, respectively. (B) Image of renal sections stained with HE for males. (C) The
number of glomeruli for females and males. (D) Relative area of kidney tubule for females and males.
(E) Relative area of glomeruli for females and males. Statistical significance was analyzed by using
the Student’s t-test. Compared with the control, * represents 0.01 < p < 0.05.
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3.3.4. High Doses of HTE Exposure Promoted Inflammatory Response by Activating Renal
NF-κB Signaling Pathway

As shown in Figure 4, at a dose of 4000 mg/kg/day HTE, the inflammatory cytokine
Il1b of female (9-fold, p = 0.0001) and male (3.42-fold, p = 0.0283) mice and Il6 of female
(12.33-fold, p = 0.0026) and male (3.42-fold, p = 0.0283) mice levels in the kidney significantly
increased. While the expression of Tnfa was not altered. Accordingly, we investigated
the possible nephrotoxic mechanism. The critical role of the nuclear transcription factor
kappa-B (NF-κB) family of proteins in inflammation is well-documented [21]. We detected
the expression levels of NF-κB signaling pathway-related proteins in the kidneys. As shown
in Figure 5, Compared with the control group, the relative protein expression of IKKα/β
in the 4000 mg/kg/day HTE group of males decreased significantly (0.50-fold, p = 0.0475).
Meanwhile, the phosphorylation of IKKα/β in males was significantly increased (1.31-fold,
p = 0.007). The relative protein levels of IκBα in males significantly declined (0.51-fold,
p = 0.007), and the relative protein levels of p-IκBα in females was significantly increased
(1.61-fold, p = 0.0468). The relative protein expression of p-P65 in females (1.24-fold,
p = 0.0507) and males (1.48-fold, p = 0.0336) was significantly increased (Figure 4a,b).
These results suggested that 4000 mg/kg/day HTE exposure could cause an inflammatory
response mediated by the NF-κB signaling pathway.
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Figure 4. The relative mRNA expression of Tnfa, Il1b and Il6 in the kidneys in the HTE (40, 400
and 4000 mg/kg) subacute administration study. All data are presented as the mean ± SEM (n = 6).
The mRNA expression levels of (a) Tnfa, (b) Il1b and (c) Il6 for females. The mRNA expression
levels of (d) Tnfa, (e) Il1b and (f) Il6 for males. Statistical significance was analyzed by using the
Student’s t-test. Compared with the control, *, ** and *** represent 0.01 < p < 0.05, 0.001 < p < 0.01 and
p < 0.001, respectively.
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4. Discussion

Tea is one of the most popular drinks consumed around the world [22]. The main
ingredient of fully fermented black tea is TB [23]. In this study, HTE is a fully fermented
black tea product. Our results showed that HTE contained 79% TB. Tea with high TB is
more beneficial to health [10]. Therefore, HTE is expected to have multiple potential health
benefits and marketing prospects. Moreover, HTE is extracted by water extraction, and
the remaining 9.78% may be water-soluble chemical components. After analyzing the
compounds of HTE, to evaluate the safety of HTE, we conducted acute and subacute oral
administration studies in mice.

The LD50 of tea polyphenols and caffeine in mice are 2640 and 127~248 mg/kg/day,
respectively [24]. A previous study showed that the LD50 values of three typical Yunnan
Pu’er teas are 9.7, 11.2 and 12.2 g/kg, respectively [25]. In our acute oral administration
study, the LD50 value of HTE was 21.68 g/kg. Based on these studies, HTE was believed to
be very safe for consumption.

In the subacute oral administration study, mice were intragastrically administered
40, 400 and 4000 mg/kg/day HTE for 28 days. In these three groups, we did not find
any toxicity characteristics in the 40 and 400 mg/kg/day-treated groups. Interestingly,
with the 400 mg/kg/day HTE exposure, the TG of male mice showed a reduction in the
levels. In a previous study, TB and fermented tea were proved to reduce the levels of the
total TG in mice [26]. In addition, another study also showed that black tea can ameliorate
fructose-induced hyperlipidemia and hyperleptinemia [27]. Therefore, we deduced that
HTE may also have an antihyperlipidemic effect that deserves to be studied more fully in
the future.

When 4000 mg/kg/day HTE was administered, the kidney somatic index and renal
function index exhibited slight damage to mice. This dose does not reflect any actual intake
by the human body, so it is normal to observe a certain toxicity. Nonetheless, we explored
its possible mechanism of causing mild nephrotoxicity. The inflammatory response plays



Toxics 2022, 10, 286 11 of 13

a key role in kidney disease [28]. The NF-κB signaling pathway is closely related to the
increase in inflammation levels [29]. NF-κB is inactive during normal states. When cells
are stimulated by inflammatory factors, including IL-6 and IL-1β, NF-κB is activated, and
P65 enters the nucleus [30,31]. P65 can bind to the nucleotide sequence in the promoter
region of the inflammatory factor, and it is involved in the transcription of Tnfa, Il6 and
Il1b, thereby enhancing their expression [32,33].

In this study, 4000 mg/kg/day HTE exposure could induce an inflammatory response
by activating the renal NF-κB signaling pathway. As a complex chemical mixture, which
of its components contributed to the toxicity of 4000 mg/kg/day HTE? First of all, HTE
is mixed with dextrin 1:1. According to the ratios of TPs and caffeine, 4000 mg/kg/day
HTE contains approximately 169.2 mg/kg/day TPs and 55.2 mg/kg/day caffeine, and
50 mg/kg/day epigallocatechin gallate (EGCG), a typical TP, and 50-75 mg/kg/day caffeine
can produce certain toxic side effects in mice [34,35]. It can be inferred that the renal toxicity
caused by high doses in mice is mainly due to excessively high doses of TPs and caffeine.

When humans are considered as the consumer of foods or medicines, the reference
dose (RfD) is an instructive parameter [36]. Based on safety considerations, the evaluation
of RfD is generally first conducted in animals (mainly mice or rats) [37,38]. The results
on animals are then extrapolated to humans [39]. We could conduct a 90-day oral toxicity
study according to the Organization for Economic Cooperation and Development (OECD)
Guideline 408 to provide better guidance for people who want to consume HTE daily [40].

5. Conclusions

In conclusion, our target was to identify a tea extract product with a high concentration
of TB and to evaluate its biological safety. In the acute oral toxicity study, we obtained
a LD50 value of 21.68 g/kg for HTE, indicating that HTE was practically nontoxic. In
the subacute toxicity study, up to 400 mg/kg/day HTE was nontoxic. The nephrotoxic
effect of HTE in the 4000 mg/kg/day group might activate the inflammatory response
mediated by the NF-κB signaling pathway. This study provides effective knowledge
for us to further promote the market-oriented upgrade of this tea product with natural
biomacromolecular TB.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/toxics10060286/s1, Table S1: List of primers used for qPCR. Table S2.
Kidneys and liver somatic indexes of HTE in the acute toxicity study. Table S3. The serum biochemical
parameters of HTE in the acute toxicity test.

Author Contributions: Conceptualization, X.D.; Methodology, X.D., C.H. (Changshun Han), W.H.,
C.F., Y.Z., Z.W. and Q.X.; Visualization, X.D. and C.H. (Changshun Han); Investigation, X.D., C.H.
(Changshun Han) and W.H.; Writing—original draft preparation, X.D., C.H. (Chengyong He) and
W.H.; Funding acquisition, R.L., C.H. (Chengyong He), Z.Z. and J.H.; Supervision, C.H. (Chengy-
ong He), Z.Z. and J.H.; Project administration, R.L., C.H. (Chengyong He), Z.Z. and J.H. and
Writing—reviewing and editing, Z.Z. and J.H. All authors have read and agreed to the published
version of the manuscript.

Funding: The Natural Science Foundation of Fujian Province, China (2021Y4006); the medicine
and health instructive project of Xiamen city (3502Z20199012) and School of Life Sciences, Xiamen
University-Xiamen HERBT Biotechnology Company Limited (No. XDHT2020016C).

Institutional Review Board Statement: All animal experiments were conducted and approved by
the Xiamen University Institutional Animal Ethics Committee (Acceptance No. XMULAC20170361),
approved in 2017.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: Thanks to all authors for their contributions to the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/toxics10060286/s1
https://www.mdpi.com/article/10.3390/toxics10060286/s1


Toxics 2022, 10, 286 12 of 13

References
1. Chen, D.; Dou, Q.P. Tea polyphenols and their roles in cancer prevention and chemotherapy. Int. J. Mol. Sci. 2008, 9, 1196–1206.

[CrossRef] [PubMed]
2. Lee, L.S.; Kim, Y.C.; Park, J.D.; Kim, Y.B.; Kim, S.H. Changes in major polyphenolic compounds of tea (Camellia sinensis) leaves

during the production of black tea. Food Sci. Biotechnol. 2016, 25, 1523–1527. [CrossRef] [PubMed]
3. Hayat, K.; Iqbal, H.; Malik, U.; Bilal, U.; Mushtaq, S. Tea and its consumption: Benefits and risks. Crit. Rev. Food Sci. Nutr. 2015,

55, 939–954. [CrossRef] [PubMed]
4. Li, Y.; Shibahara, A.; Matsuo, Y.; Tanaka, T.; Kouno, I. Reaction of the black tea pigment theaflavin during enzymatic oxidation of

tea catechins. J. Nat. Prod. 2010, 73, 33–39. [CrossRef] [PubMed]
5. Huang, F.; Zheng, X.; Ma, X.; Jiang, R.; Zhou, W.; Zhou, S.; Zhang, Y.; Lei, S.; Wang, S.; Kuang, J.; et al. Theabrownin from Pu-erh

tea attenuates hypercholesterolemia via modulation of gut microbiota and bile acid metabolism. Nat. Commun. 2019, 10, 4971.
[CrossRef] [PubMed]

6. Gong, J.S.; Tang, C.; Peng, C.X. Characterization of the chemical differences between solvent extracts from Pu-erh tea and Dian
Hong black tea by CP–Py–GC/MS. J. Anal. Appl. Pyrol. 2012, 95, 189–197. [CrossRef]

7. Wang, D.; Xu, K.; Zhong, Y.; Luo, X.; Xiao, R.; Hou, Y.; Bao, W.; Yang, W.; Yan, H.; Yao, P.; et al. Acute and subchronic oral
toxicities of Pu-erh black tea extract in Sprague-Dawley rats. J. Ethnopharmacol. 2011, 134, 156–164. [CrossRef]

8. Xu, J.; Yan, B.; Zhang, L.; Zhou, L.; Zhang, J.; Yu, W.; Dong, X.; Yao, L.; Shan, L. Theabrownin induces apoptosis and tumor
inhibition of hepatocellular carcinoma Huh7 cells through ASK1-JNK-c-Jun pathway. Onco. Targets Ther. 2020, 13, 8977–8987.
[CrossRef]

9. Gu, X.P.; Pan, B.; Wu, Z.; Zhao, Y.F.; Tu, P.F.; Zheng, J. Progress in research for pharmacological effects of Pu-erh tea. Zhongguo
Zhong Yao Za Zhi 2017, 42, 2038–2041.

10. Wang, Y.; Zhang, M.; Zhang, Z.; Lu, H.; Gao, X.; Yue, P. High-theabrownins instant dark tea product by Aspergillus niger via
submerged fermentation: α-glucosidase and pancreatic lipase inhibition and antioxidant activity. J. Sci. Food Agric. 2017, 97,
5100–5106. [CrossRef]

11. Wang, Q.; Gong, J.; Chisti, Y.; Sirisansaneeyakul, S. Production of theabrownins using a crude fungal enzyme concentrate. J.
Biotechnol. 2016, 231, 250–259. [CrossRef] [PubMed]

12. Tang, G.Y.; Meng, X.; Gan, R.Y.; Zhao, C.N.; Liu, Q.; Feng, Y.B.; Li, S.; Wei, X.L.; Atanasov, A.G.; Corke, H.; et al. Health functions
and related molecular mechanisms of tea components: An update review. Int. J. Mol. Sci. 2019, 20, 6196. [CrossRef] [PubMed]

13. Wang, D.; Xiao, R.; Hu, X.; Xu, K.; Hou, Y.; Zhong, Y.; Meng, J.; Fan, B.; Liu, L. Comparative safety evaluation of Chinese Pu-erh
green tea extract and Pu-erh black tea extract in Wistar rats. J. Agric. Food Chem. 2010, 58, 1350–1358. [CrossRef] [PubMed]

14. Gardner, E.J.; Ruxton, C.H.; Leeds, A.R. Black tea-helpful or harmful? A review of the evidence. Eur. J. Clin. Nutr. 2007, 61, 3–18.
[CrossRef] [PubMed]

15. Wang, L.; Lin, X.; Wang, L.X.; Shao, J.L.; Chen, X.L.; Liu, H.C.; Mei, W.Q. Determination and analysis of multifunctional
components in tea. J. Food Saf. Qual. 2019, 10, 7779–7786.

16. Wang, Q.; Peng, C.; Gong, J. Effects of enzymatic action on the formation of theabrownin during solid state fermentation of
Pu-erh tea. J. Sci. Food Agric. 2011, 91, 2412–2418. [CrossRef] [PubMed]

17. Nair, A.B.; Jacob, S. A simple practice guide for dose conversion between animals and human. J. Basic Clin. Pharm. 2016, 7, 27–31.
[CrossRef]

18. Wojcikowski, K.; Gobe, G. Animal studies on medicinal herbs: Predictability, dose conversion and potential value. Phytother. Res.
2014, 28, 22–27. [CrossRef]

19. He, C.; Ruan, F.; Jiang, S.; Zeng, J.; Yin, H.; Liu, R.; Zhang, Y.; Huang, L.; Wang, C.; Ma, S.; et al. Black phosphorus quantum dots
cause nephrotoxicity in organoids, mice, and human cells. Small 2020, 16, e2001371. [CrossRef]

20. Sun, L.; Zhang, Y.; Zhang, W.; Lai, X.; Li, Q.; Zhang, L.; Sun, S. Green tea and black tea inhibit proliferation and migration of
HepG2 cells via the PI3K/Akt and MMPs signalling pathway. Biomed. Pharmacother. 2020, 125, 109893. [CrossRef]

21. Biswas, D.K.; Da, I.S.C.; Cruz, A.; Weiser, B.; Graner, E.; Pardee, A.B. The nuclear factor κB (NF-κB): A potential therapeutic target
for estrogen receptor negative breast cancers. Proc. Natl. Acad. Sci. USA 2001, 98, 10386–10391. [CrossRef] [PubMed]

22. Wang, J.; Wei, Q.; Wan, X. Does tea drinking promote health of older adults: Evidence from the China health and nutrition survey.
J. Prev. Alzheimers Dis. 2021, 8, 194–198. [CrossRef] [PubMed]

23. Xie, G.; Ye, M.; Wang, Y.; Ni, Y.; Su, M.; Huang, H.; Qiu, M.; Zhao, A.; Zheng, X.; Chen, T.; et al. Characterization of pu-erh tea
using chemical and metabolic profiling approaches. J. Agric. Food Chem. 2009, 57, 3046–3054. [CrossRef] [PubMed]

24. Wu, W.L.; Lin, Y.; Liu, Z.H. Research on acute and subacute toxicity evaluation of Liupao tea. J. Tea Sci. 2017, 37, 9.
25. Liu, Q.J.; Chen, W.P.; Bai, W.X. Acute toxicity evaluation of Pu’er tea. J. Tea Sci. 2003, 23, 5.
26. Deng, X.; Hou, Y.; Zhou, H.; Li, Y.; Xue, Z.; Xue, X.; Huang, G.; Huang, K.; He, X.; Xu, W. Hypolipidemic, anti-inflammatory, and

anti-atherosclerotic effects of tea before and after microbial fermentation. Food Sci. Nutr. 2021, 9, 1160–1170.
27. Huang, H.C.; Lin, J.K. Pu-erh tea, green tea, and black tea suppresses hyperlipidemia, hyperleptinemia and fatty acid synthase

through activating AMPK in rats fed a high-fructose diet. Food Funct. 2012, 3, 170–177. [CrossRef]
28. Komada, T.; Muruve, D.A. The role of inflammasomes in kidney disease. Nat. Rev. Nephrol. 2019, 15, 501–520. [CrossRef]
29. Lawrence, T. The nuclear factor NF-κB pathway in inflammation. Cold Spring Harb. Perspect. Biol. 2009, 1, a001651. [CrossRef]

http://doi.org/10.3390/ijms9071196
http://www.ncbi.nlm.nih.gov/pubmed/19325799
http://doi.org/10.1007/s10068-016-0236-y
http://www.ncbi.nlm.nih.gov/pubmed/30263440
http://doi.org/10.1080/10408398.2012.678949
http://www.ncbi.nlm.nih.gov/pubmed/24915350
http://doi.org/10.1021/np900618v
http://www.ncbi.nlm.nih.gov/pubmed/20014758
http://doi.org/10.1038/s41467-019-12896-x
http://www.ncbi.nlm.nih.gov/pubmed/31672964
http://doi.org/10.1016/j.jaap.2012.02.006
http://doi.org/10.1016/j.jep.2010.11.068
http://doi.org/10.2147/OTT.S254693
http://doi.org/10.1002/jsfa.8387
http://doi.org/10.1016/j.jbiotec.2016.06.010
http://www.ncbi.nlm.nih.gov/pubmed/27318175
http://doi.org/10.3390/ijms20246196
http://www.ncbi.nlm.nih.gov/pubmed/31817990
http://doi.org/10.1021/jf902171h
http://www.ncbi.nlm.nih.gov/pubmed/20028013
http://doi.org/10.1038/sj.ejcn.1602489
http://www.ncbi.nlm.nih.gov/pubmed/16855537
http://doi.org/10.1002/jsfa.4480
http://www.ncbi.nlm.nih.gov/pubmed/21656777
http://doi.org/10.4103/0976-0105.177703
http://doi.org/10.1002/ptr.4966
http://doi.org/10.1002/smll.202001371
http://doi.org/10.1016/j.biopha.2020.109893
http://doi.org/10.1073/pnas.151257998
http://www.ncbi.nlm.nih.gov/pubmed/11517301
http://doi.org/10.14283/jpad.2020.67
http://www.ncbi.nlm.nih.gov/pubmed/33569567
http://doi.org/10.1021/jf804000y
http://www.ncbi.nlm.nih.gov/pubmed/19320437
http://doi.org/10.1039/C1FO10157A
http://doi.org/10.1038/s41581-019-0158-z
http://doi.org/10.1101/cshperspect.a001651


Toxics 2022, 10, 286 13 of 13

30. Liang, H.; Yang, X.; Liu, C.; Sun, Z.; Wang, X. Effect of NF-κB signaling pathway on the expression of MIF, TNF-α, IL-6 in the
regulation of intervertebral disc degeneration. J. Musculoskelet. Neuronal. Interact. 2018, 18, 551–556.

31. Ramos, C.; Cañedo-Mondragón, R.; Becerril, C.; González-Ávila, G.; Esquivel, A.L.; Torres-Machorro, A.L.; Montaño, M. Short-
term exposure to wood smoke increases the expression of pro-inflammatory cytokines, gelatinases, and TIMPs in guinea pigs.
Toxics 2021, 9, 227. [CrossRef] [PubMed]

32. Xu, M.; Liu, S.; Wan, R.; Chen, Y. Combined treatment with sinomenine and acupuncture on collagen-induced arthritis through
the NF-κB and MAPK signaling pathway. Oncol. Lett. 2018, 15, 8770–8776. [CrossRef] [PubMed]

33. Tsai, P.K.; Chen, S.P.; Huang-Liu, R.; Chen, C.J.; Chen, W.Y.; Ng, Y.Y.; Kuan, Y.H. Proinflammatory responses of 1-nitropyrene
against RAW264.7 macrophages through Akt phosphorylation and NF-κB pathways. Toxics 2021, 9, 276. [CrossRef] [PubMed]

34. Goodin, M.G.; Bray, B.J.; Rosengren, R.J. Sex- and strain-dependent effects of epigallocatechin gallate (EGCG) and epicatechin
gallate (ECG) in the mouse. Food Chem. Toxicol. 2006, 44, 1496–1504. [CrossRef]

35. Nehlig, A.; Debry, G. Potential teratogenic and neurodevelopmental consequences of coffee and caffeine exposure: A review on
human and animal data. Neurotox. Teratol. 1994, 16, 531–543. [CrossRef]

36. Finley, B.L.; Monnot, A.D.; Paustenbach, D.J.; Gaffney, S.H. Derivation of a chronic oral reference dose for cobalt. Regul. Toxicol.
Pharmacol. 2012, 64, 491–503. [CrossRef]

37. Bhat, V.S.; Ball, G.L.; McLellan, C.J. Derivation of a melamine oral reference dose (RfD) and drinking-water total allowable
concentration. J. Toxicol. Environ. Health B Crit. Rev. 2010, 13, 16–50. [CrossRef]

38. Thompson, C.M.; Fitch, S.E.; Ring, C.; Rish, W.; Cullen, J.M.; Haws, L.C. Development of an oral reference dose for the
perfluorinated compound GenX. J. Appl. Toxicol. 2019, 39, 1267–1282. [CrossRef]

39. Chiu, W.A.; Axelrad, D.A.; Dalaijamts, C.; Dockins, C.; Shao, K.; Shapiro, A.J.; Paoli, G. Beyond the RfD: Broad application of
a probabilistic approach to improve chemical dose-response assessments for noncancer effects. Environ. Health Perspect. 2018,
126, 067009. [CrossRef]

40. OECD. Test No. 408: Repeated Dose 90-Day Oral Toxicity Study in Rodents; OECD Publishing: Paris, France, 1998.

http://doi.org/10.3390/toxics9090227
http://www.ncbi.nlm.nih.gov/pubmed/34564378
http://doi.org/10.3892/ol.2018.8394
http://www.ncbi.nlm.nih.gov/pubmed/29805616
http://doi.org/10.3390/toxics9110276
http://www.ncbi.nlm.nih.gov/pubmed/34822668
http://doi.org/10.1016/j.fct.2006.04.012
http://doi.org/10.1016/0892-0362(94)90032-9
http://doi.org/10.1016/j.yrtph.2012.08.022
http://doi.org/10.1080/10937401003673784
http://doi.org/10.1002/jat.3812
http://doi.org/10.1289/EHP3368

	Introduction 
	Materials and Methods 
	Chemicals 
	Preparation of HTE 
	Content Determination of Components in HTE 
	Determination of Caffeine Content 
	Determination of TB Content 
	Determination of the TP Contents 

	Mice 
	Experiment of Acute Administration 
	Experiment of Subacute Administration 
	Serological Assays 
	Kidney Staining 
	Western Blot 
	Real-Time Quantitative PCR (RT-qPCR) 
	Statistical Analysis 

	Results 
	Identification of HTE Ingredients 
	Acute Oral Administration Study 
	Subacute Oral Administration Study 
	Effect of HTE on Body Weight Changes and Organ Somatic Index 
	Effect of HTE on Serum Biochemical Parameters 
	The Histopathological Examination of the Kidneys 
	High Doses of HTE Exposure Promoted Inflammatory Response by Activating Renal NF-B Signaling Pathway 


	Discussion 
	Conclusions 
	References

