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Background: Taurine is an organic amino acid and a major constituent of bile. With its contribution to 
various cellular functions, it has demonstrated therapeutic effects in a wide range of diseases. Since there 
is a lack of literature investigating taurine as a treatment for lupus nephritis (LN), here we examined the 
potential of taurine as a treatment for LN.
Methods: Experiments were carried out using MRL/lpr mice as a model of LN, and C57BL/6 mice were 
used as negative controls. At 12 weeks old, MRL/lpr mice were divided into four groups and treated with 
0, 50 and 100 mg/kg body weight taurine for 5 days. Enalapril is used as a positive control drug. All animals 
were sacrificed after treatment. LN-induced damage was assessed by proteinuria, blood urea nitrogen 
(BUN) and serum creatinine (CRE) levels. The degree of inflammation was assessed by inducible nitric 
oxide synthase (iNOS), interleukin-4 (IL-4), IL-10, and tumor necrosis factor-α (TNF-α) levels. The degree 
of oxidative stress was assessed by malondialdehyde (MDA), reactive oxygen species (ROS), superoxide 
dismutase (SOD), and glutathione peroxidase (Gpx) levels. Hematoxylin and eosin (HE) staining and 
TUNEL staining assessed histopathological damage and apoptosis, respectively. The levels of Bcl-2, Bax, 
caspase-3, caspase-9, and NF-κB p65 were detected by western blot.
Results: The data indicated that taurine administration improved kidney functions, reversed cell death, 
suppressed oxidative stress, and importantly, adjusted the immune response of LN mice to a more balanced 
state.
Conclusions: These results provide a novel strategy for LN therapy, which may overcome the 
disadvantages of traditional immunosuppression and hormone treatments with greater efficacy and fewer 
side effects.
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Introduction 

Lupus nephritis (LN) is one of the most common and 
devastating manifestations of the chronic autoimmune 
disease systemic lupus erythematosus (SLE) (1). LN usually 
appears at least 3 years after the onset of SLE (2). SLE 
patients can pathologically form anti-double-stranded DNA 
immune complexes and deposit them onto regions of the 
kidney, and as a consequence, inflammatory responses and 
the subsequent chain reactions of abnormal and destructive 
immune activities can be generated, leading to irreversible 
kidney injury (1). Immunosuppressive therapies (3) that are 
commonly used for LN treatment have been confirmed to 
improve the condition of LN and patient outcomes (4,5), 
however, the existing irreversible damage to the kidneys 
cannot be reversed. For severe and end-stage LN patients, 
a novel therapy that involves the recovery of renal functions 
is urgently required. 

Taurine, a sulfur-containing β-amino acid, was first 
isolated from ox bile in 1827, and identified in human bile 
in 1846. It is a natural compound widely distributed in the 
human body and in foods. In some species, taurine is an 
essential nutrient, however, it is considered a semi-essential 
nutrient in humans (6-9). Several animal models and 
clinical studies have elucidated its therapeutic functions in 
many types of diseases (10,11), concerning motor function 
(12,13), the cardiovascular system (14,15), and the central 
nervous system (16,17), as well as mitochondrial related 
disorders (18). In addition, metabolic diseases, such as 
diabetes (19-21), and inflammatory diseases, such as 
arthritis (22), can also benefit from the therapeutic effects 
of taurine. Furthermore, in vitro studies have also revealed 
the diversity of its cytoprotective activities. Publications 
show no known side effects of taurine when taken in 
reasonable doses (6), which renders it superior to other 
types of therapeutic drugs.

At present, no research on taurine treatment for LN 
has been reported, however, the role that taurine plays 
in other nephrosis has been extensively described (23). 
Taurine has been proposed to promote renal function 
in a variety of renal disorders, including immune- and 
toxicity-induced forms of chronic renal failure, diabetic 
nephropathy, glomerulonephritis, as well as acute kidney 
injury (23). Investigations into the mechanisms underlying 
how taurine and its derivatives improve renal dysfunction 
have also been carried out. In animal models (3,24), 
evidence suggests the ischemia/reperfusion injury of the 
kidney can be attenuated (25), and renal blood flow can 

also be influenced by taurine (26). Moreover, taurine has 
been shown to act as a regulator in biological oxidation 
reactions (27), stress responses, the cell cycle, as well as 
apoptosis (22). Interestingly, recent reports have described 
a long non-coding RNA (lncRNA), taurine-upregulated 
gene 1 (TUG1), which had been originally identified in 
a genomic screen for genes upregulated in response to 
taurine treatment in mouse retinal cells (28), and may be 
a potential therapeutic target for LN treatment (29). It 
should be noted that most of the studies were performed 
at the molecular, cellular, and animal levels, but not yet in 
clinical trials. 

Given the above evidence, we carried out an exploratory 
study of taurine treatment on LN using the spontaneous 
development autoimmune disease MRL/lpr mouse model, 
and C57BL/6 mice were used as controls. Our results 
indicated that taurine can indeed rescue kidney injury, 
improve impaired tissues in LN, relieve peroxidation stress 
in nephrocytes, and even reverse the apoptosis-promoting 
conditions in LN mice. Furthermore, we explored the 
signaling pathways related to the renal protection conferred 
by taurine, and the results suggest that taurine regulates 
the NF-κB pathway. We present the following article in 
accordance with the ARRIVE reporting checklist (available 
at http://dx.doi.org/10.21037/apm-20-2087).

Methods

Ethical compliance

All animal procedures and experiments in this study were 
approved by the Animal Ethics Committee of the First 
Affiliated Hospital of Hebei North University, and were 
conducted strictly in accordance with the guidelines of 
International Guiding Principles for Animal Research. 

Animal experiments 

In this study, we used 5 female C57BL/6 mice and 45 
female MRL/lpr mice to conduct animal experiments. All 
mice were purchased from the Shanghai SLAC Laboratory 
Animal Company Limited (Shanghai, China). The animal 
facility was temperature controlled at 25±1 ℃ with a light 
cycle of 12  h light/12  h dark in flow sterile conditions. 
The mice had free access to food and water. At the age of  
12 weeks, MRL/lpr mice were separated into five groups 
and administered 0, 50 and 100 mg/kg body weight of 
taurine for 5 days, while 5 C57BL/6 mice were given PBS as 
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the negative control group (30). Asatone, a specific activator 
of NF-κB p65, was used to further verify the results of this 
study. After taurine treatment, urine and blood samples 
were taken for kidney function analysis, then all the animals 
were then sacrificed under chloral hydrate anesthesia. 
Mice kidneys were dissected for protein, RNA extraction, 
hematoxylin and eosin (HE) staining and TUNEL staining. 
The positive drug in this experiment was Enalapril, with a 
concentration of 25 mg/mL (31).

Histology

Tissue specimens were harvested from the kidneys of 
sacrificed mice, then fixed for 48 hours with 10% formalin. 
Samples were dehydrated in graded ethanol and embedded 
in paraffin wax. The tissue was cut into 4 to 7 µm sections 
and stained with HE for histopathological analysis.

ELISA 

Serum inflammatory factors were analyzed using iNOS 
(LifeSpan BioSciences), TNF-α, IL-4, and IL-10 (R&D 
system) ELISA kits. Sample preparation and assays were 
performed according to the manufacturer’s instructions. 

Levels of glutathione peroxidase (GPx), superoxide 
dismutase (SOD), and malondialdehyde (MDA) were all 
detected using commercial kits from Abcam (Cambridge, 
UK), and sample preparation and the assays were performed 
according to the manufacturer’s instructions. 

Kidney function measurements

Blood urea nitrogen (BUN) and serum creatinine (CRE) 
were measured using specific reagents through the use of 
the automatic analyzer (Fujifilm Ltd., Japan). Total urinary 
protein concentrations were measured using the pyrogallol 
red-molybdate (PRM) protein dye-binding assay as 
previously described (32). 

Dichlorofluorescein (DCF) staining

In our study, DCF staining was used to detect reactive 
oxygen species (ROS) generation. The DCF staining 
process was adapted from previous reports (33). Kidney 
tissues were firstly incubated in Hank’s balanced salt 
solution for 1 hour with 5 mM H2DCFDA. Then, the non-
fluorescent H2DCFDA oxidized to the highly fluorescent 
2',7'-dichlorofluorescein (DCF). DCF fluorescence was 

observed at 488 nm excitation wavelength and 515–540 nm  
emission wavelength under an Olympus confocal 
microscope (Shinjuku, Tokyo, Japan). The images 
were obtained using digital interference contrast (DIC) 
microscopy. The data were analyzed by Image J software 
(HyClone, Los Angeles Utah, USA).

TUNEL staining

Firstly, the paraffin sections were dewaxed with xylene, then 
were hydrated in graded ethanol. Next, 20 μM proteinase K 
and 3% methanol peroxide were used to clean the sections. 
Sections were then washed in PBS, then incubated with a 
mixture of fluorescein reagent for 60 minutes at 37 ℃. The 
nuclei of the sections were stained with DAPI. Apoptosis 
was observed and imaged under an Olympus fluorescence 
microscope. 

Western blot 

Isolated frozen kidneys were homogenized in RIPA buffer 
with protease inhibitors using liquid nitrogen grinding. 
After sonication, tissues were incubated on ice for  
20 minutes and occasionally resuspended. The samples 
were centrifuged thoroughly and supernatants were used 
for experiments. Protein concentrations were measured 
using the BCA Protein Assay Kit (Pierce), and 20 mg of 
total protein for each sample were loaded on gradient Bis/
Tris gels (Invitrogen, Karlsruhe, Germany). They were 
run in NuPage running buffer (MOPS; Invitrogen), then 
transferred onto PVDF membranes (Millipore). After 
blocking in 10% tris-buffered saline-tween (TBST) skim 
milk solution, membranes were probed with primary 
antibodies followed by 3 TBST washes, then incubated 
with secondary antibodies and washed. Protein bands were 
visualized using a chemiluminescent substrate kit (Pierce). 
Quantification was conducted on Image J. The primary 
antibodies used were β-actin (1:3,000; Sigma-Aldrich), 
p65 and phosphorylated p65 (1:1,000; Cell Signaling), 
Bax (1:1,000; Abcam), Bcl-2 (1:1,000; Abcam), caspase-9 
(1:2,000; Abcam), and caspase-3 (1:500; Abcam). The 
secondary antibodies were horseradish peroxidase (HRP) 
conjugated goat anti-rabbit and anti-mouse (1:5,000; 
Abcam), and donkey anti-goat (1:5,000; Abcam). 

Statistics

Results are represented as the mean ± standard deviation 
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(SD). All experiments were carried out in triplicates and 
repeated at least once. Student’s t-tests were performed 
to compare mean values within 1 experimental series. A 
significant difference was determined by P values of less 
than 0.05. 

Results

Taurine treatment improves renal function 

To investigate whether taurine could rescue LN, we 
measured 3 renal function indicators: CRE, BUN, and 
proteinuria. In the LN model group, CRE, BUN, and 
proteinuria were much higher than the control group. 
Surprisingly, upon taurine administration, all 3 of these 
renal function parameters were significantly reduced 
(Figure 1, P<0.05). The effect of 100 mg/kg taurine on 
the 3 renal function parameters are close to that of the 
positive drug group. It is suggested that taurine treatment 
can indeed improve impaired renal function in an MRL/
lpr mouse model (Figure 1A,B,C). 

Taurine treatment mitigates renal inflammation in LN 
mice

To explore why taurine can reverse kidney injury in 
MRL/lpr mice, we first examined if there was abnormal 
histological alterations in the kidneys of MRL/lpr mice. 
HE staining showed that compared with the control group, 
renal tissues of the LN mice showed mesangial matrix 
dilation and glomerular hypertrophy. However, taurine 
and positive drug treatment reduced this histopathological 
alteration (Figure 2A). Furthermore, to check whether 
the immunological aberrations in the MRL/lpr mouse 
model were also mitigated by taurine, serum biomarkers 
iNOS, TNF-α, IL-4, and IL-10 were measured using 
ELISA kits. TNF-α and iNOS concentrations in MRL/
lpr mice reduced after taurine treatment in a dose-
dependent manner, almost reaching positive drug treatment  
(Figure 2B,C). Contrastingly, IL-4 and IL-10 levels 
increased dose-dependently after taurine administration 
(Figure 2D,E). Unexpectedly, IL-10 concentration in the 
5 days 50 mg/kg treatment group equalled control group 
levels, and the concentration in the 100 mg/kg treatment 
group exceeded control levels (Figure 2E). These data 
suggest that taurine can relieve inflammation in LN mice.

Taurine treatment improves oxidative stress in LN mice

Oxidative stress-induced cytotoxicity was also tested 
by assaying SOD, MDA, and GPx concentrations  
(Figure 3A,B,C) using commercial kits. SOD and GPx 
were abundantly expressed, whereas the content of toxic 
MDA was low in the control group. In MRL/lpr mice, 
SOD and GPx were significantly reduced, along with a 
mass accumulation of MDA. This reduction in SOD and 
GPx were rescued by taurine administration in LN mice, 
and MDA storage was also released (Figure 3A,B,C). The 
generation of ROS was also detected to evaluate oxidative 
stress levels in each treatment group. In the LN group, 
ROS generation increased significantly compared to the 
control group (Figure 3D). Taurine addition reduced the 
oxidative stress seen in LN mice. The effect of taurine is 
close to the positive drug group. These data suggest that 
taurine can alleviate oxidative stress in LN mice.

Taurine treatment suppresses kidney tissue apoptosis in LN 
mice

The results of TUNEL staining revealed that, compared 
with the control group, apoptotic percentages significantly 
increased in the LN group. Taurine treatment reversed 
this abnormal increase in apoptosis (Figure 4A). The 
results of western blotting showed that in the LN group, 
the expression of Bax increased significantly, accompanied 
by a downregulation in Bcl-2 (Figure 4B), though taurine 
administration mitigated this. Taurine treatment also 
significantly decreased the Bax/Bcl-2 ratio (Figure 4B). 
Furthermore, in the LN group, cleaved caspase-3 and 
cleaved caspase-9 expression were significantly upregulated 
(Figure 4B). These results indicate that taurine treatment 
suppresses kidney tissue apoptosis in LN mice.

Taurine-mediated therapeutic effects in LN mice via 
inactivation of the NF-κB p65 signaling pathway 

To search for the signaling pathways that might be affected 
in kidney tissues of MRL/lpr mice administered with 
taurine, we analyzed NF-κB activity and p65 phosphorylate. 
As shown in Figure 5A, taurine treatment can reduce 
the phosphorylation of p65 in kidney tissues. To further 
determine whether taurine modulated LN via the NF-
κB p65 pathway, we added asatone, an activator of NF-
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Figure 1 Taurine treatment improves renal function. Renal function analysis of C57BL/6 control mice and MRL/lpr mice after 5 day 
administration of 0, 50, 100 mg/kg body weight taurine and 100 mg/mL Enalapril. (A) Serum creatinine, (B) proteinuria, and (C) urea 
nitrogen concentrations of control and MRL/lpr mice treated with different concentrations of taurine and Enalapril. **, P<0.01 versus the 
control group; #, P<0.05, ##, P<0.01 versus the lupus nephritis (LN) model group. 
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Figure 2 Taurine treatment mitigates renal inflammation in lupus nephritis (LN) mice. (A) Hematoxylin and eosin (HE) staining of renal 
samples from each group (magnification ×400); The red arrows point to the position of histological alterations; (B) serum iNOS levels 
in renal tissues from each group measured by ELISA; (C) serum TNF-α levels in renal tissues from each group measured by ELISA; (D) 
serum IL-4 levels in renal tissues from each group measured by ELISA; (E) serum IL-10 levels in renal tissues from each group measured by 
ELISA. **, P<0.01 versus the control group; #, P<0.05, ##, P<0.01 versus the LN model group. ELISA, enzyme linked immunosorbent assay; 
iNOS, inducible nitric oxide synthase; TNF-α, tumor necrosis factor-α; IL-4, interleukin-4; IL-10, interleukin-10.
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Figure 3 Taurine treatment improves oxidative stress in lupus nephritis (LN) mice. The levels of (A) superoxide dismutase (SOD), (B) 
malondialdehyde (MDA), and (C) glutathione peroxidase (Gpx) in renal tissues were detected using ELISA kits. (D) The generation of 
reactive oxygen species (ROS) (magnification ×200). **, P<0.01 versus the control group; #, P<0.05, ##, P<0.01 versus the LN model group.

κB p65. As shown in Figure 5B, compared with the LN 
group, asatone addition enhanced the phosphorylation of 
p65. However, taurine treatment mitigated this increased 
phosphorylation of p65. Correspondingly, asatone addition 
elevated BUN and CRE production (Figure 5C), decreased 
the content of SOD, and increased the generation of ROS 
(Figure 5D). Additionally, asatone treatment increased the 
levels of TNF-α and decreased levels of IL-10 (Figure 5E). 
As seen in Figure 5F, asatone addition also upregulated 
the ratio of Bcl-2/Bax. In general, asatone significantly 
counteracted the effects of taurine on LN mice. These 
data suggest that the modulatory role of taurine in LN is 
associated with NF-κB p65 reactivation.

Discussion 

LN treatments are mainly determined by the severity 
of the disease. Classified from stage I to V, doses and 
types of immunosuppressants and hormones vary for the 

treatment of each stage of LN. The higher the stage of 
LN, the greater the difficulty patients have in responding 
to immunosuppressants and hormones (34,35). Several 
reasons contribute to the difficulties in LN treatment. 
Firstly, the molecular and cellular mechanisms underlying 
how SLE patients abnormally generate autoimmune 
antibodies to disrupt kidney function are not completely 
understood (34,36). Secondly, most of the current 
therapies for LN can only mitigate the immune response 
and stop the damage process, but are not effective for 
the existing impairments of the kidney, consistent with 
all other types of refractory nephropathies, especially 
impacting end-stage LN patients (37). Thirdly, not all 
patients have a sufficient response to treatments, and for 
those who react poorly to drugs, the disease will gradually 
progress to end-stage (35). Meanwhile, for patients who 
respond well to the drugs, there are still risks of relapse. 
Finally, though immunosuppressants and hormones have 
therapeutic efficacy, they also have side effects. 
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Figure 4 Taurine treatment relieves kidney tissue apoptosis in lupus nephritis (LN) mice. (A) TdT-mediated dUTP Nick-End Labeling 
(TUNEL) staining of renal samples from each group (magnification ×100); (B) Western blot assay for Bax, Bxl-2, caspase-3, and -9 relative 
protein expression. *, P<0.05; **, P<0.01 versus the control group; #, P<0.05, ##, P<0.01 versus the LN model group.

Up to 10–20% of LN patients progress to end-stage 
disease (34), making it vital to discover novel drugs against 
this autoimmune disease. To overcome the treatment 
barriers discussed above, we chose taurine as a potential 
therapeutic agent for LN, and our results are promising. 
In this study, we used the MRL/lpr mouse model, which 
is a widely used model with a spontaneous mutation on its 
genome to naturally generate systemic autoimmunity to 
mimic SLE in humans, and its corresponding C57BL/6 
control mouse strain. We found that taurine not only 
reduced CRE, proteinuria, and BUN concentration levels, 
but also reversed the cell death-stimulating conditions 
of the pathological kidney. During LN development, 
glomeruli, interstitium, and atrophic changes of tubules 
are generally observed (38). These pathological symptoms 
usually induce kidney weight gain, elevated BUN, and 

serum CRE levels (39). Proteinuria can predict preliminary 
LN renal damage. Generally, the urinary albumin excretion 
rate in 24 hours is used to evaluate renal damage in LN 
patients (40). Therefore, proteinuria can be improved by 
reducing glomerular hyperpermeability and kidney damage. 
In this study, taurine treatment increased apoptotic activity 
in MRL/lpr mice.

TNF-α, iNOS, IL-10, and IL-4 play important roles in 
inflammatory processes. Previous studies have shown that 
Huangqi injection exerted therapeutic effects on LN by 
regulating iNOS activity (41). Our research revealed that 
taurine treatment improved the abnormal increase in iNOS 
and TNF-α levels, whilst also elevating IL-10 and IL-4 
levels. Inflammation and oxidative stress are intrinsically 
linked processes. Redox signaling and redox homeostasis 
are essential for the maintenance of a normal physiological 
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steady-state (42). In our study, MDA and ROSproduction 
increased significantly, while SOD levels decreased in the 
LN group, indicative of oxidative stress. We found that 
taurine treatment significantly mitigated this oxidative 
stress in LN mice. Studies have shown that NF-κB mediates 
the occurrence and development of nephropathy (43). 
To suppress inflammatory responses in LN, taurine may 
interact with a variety of signaling pathways to produce 
its modulatory functions. Here we report that taurine 
treatment can deactivate the NF-κB signaling pathway by 
suppressing p65 phosphorylation. It has been previously 
reported that attenuation of NF-κB p65 alleviated renal 
failure in a Rho kinase inhibition mouse model (44). The 
deactivation of the NF-κB pathway through suppression 
of p65 phosphorylation observed in our study is consistent 
with this report. We found that p-p65/p65 significantly 
increased in the LN group after taurine administration, 
while asatone significantly weakened this therapeutic effect, 
suggesting that taurine inhibits the NF-κB p65 pathway. 
Therefore, our findings suggest that taurine can inhibit 
inflammation, oxidative stress, and tissue apoptosis via the 
NF-κB p65 pathway, thereby alleviating LN in a mouse 
model.

To summarize, our study provides a novel strategy 
to treat LN. Treatment with taurine may have less side 
effects compared to other traditional therapies using 
immunosuppressants and hormones. It may even reverse 
LN progression by preventing apoptosis of renal cells, 
mitigating oxidative stress in kidneys, and importantly, 
ameliorate kidney injury.

Although this study has highlighted taurine as an 
effective strategy to treat LN, clinical trials are still needed 
to verify effects in humans, and further studies exploring 
the cellular and molecular mechanisms of taurine in LN 
are needed to comprehensively understand its therapeutic 
effect. 
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