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Background: A significant proportion of lupus nephritis patients develop chronic kidney
disease (CKD) and progressive kidney fibrosis, for which there is no specific treatment. We
previously reported that mycophenolate or rapamycin monotherapy showed comparable
efficacy in suppressing kidney fibrosis in a murine model of lupus nephritis through their
direct action on mesangial cells. We extended our study to investigate the effect of
combined mycophenolate and rapamycin treatment (MR) on kidney fibrosis in NZBWF1/
J mice.

Methods: Female NZBWF1/J mice with active nephritis were randomized to receive
vehicle or treatment with mycophenolate (50 mg/kg/day) and rapamycin (1.5 mg/kg/day)
(MR) for up to 12 weeks, and the effect of treatment on clinical parameters, kidney
histology, and fibrotic processes was investigated.

Results: Progression of nephritis in untreated mice was accompanied by mesangial
proliferation, glomerulosclerosis, tubular atrophy, protein cast formation, increased mTOR
and ERK phosphorylation, and induction of TGF-β1, IL-6, α-smooth muscle actin,
fibronectin, and collagen expression. Combined MR treatment prolonged survival,
improved kidney function, decreased anti-dsDNA antibody level, and ameliorated
histopathological changes. The effect of combined MR treatment on kidney histology
and function was comparable to that of mycophenolate or rapamycin monotherapy. In
vitro studies in human mesangial cells showed that exogenous TGF-β1 and IL-6 both
induced mTOR and ERK phosphorylation and downstream fibrotic processes. Both
mycophenolic acid and rapamycin inhibited inflammatory and fibrotic processes
induced by TGF-β1 or IL-6 by downregulating mTOR and ERK phosphorylation.

Conclusions: Our findings indicate that combined mycophenolate and rapamycin, at
reduced dose, improves kidney fibrosis in murine lupus nephritis through their distinct
effect on mTOR and ERK signaling in mesangial cells.
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INTRODUCTION

Lupus nephritis is a severe and common manifestation of
systemic lupus erythematosus (SLE), a debilitating
autoimmune disease characterized by loss of self-tolerance,
autoantibody production, aberrant activation of both innate
and adaptive immune responses, and immune-mediated
kidney injury. Treatment of lupus nephritis is challenging
because clinical presentation and response to treatment and
prognosis vary considerably between patients and are
influenced by genetics, gender, ethnicity, time of presentation,
renal reserve, adherence to treatment, and pharmacogenomics.
The current standard-of-care treatment for lupus nephritis
necessitates high-dose glucocorticoids administered with
mycophenolate or cyclophosphamide to induce remission,
followed by long-term maintenance with low-dose
glucocorticoids and either mycophenolate or azathioprine to
prevent relapse (Chan et al., 2005; Mok et al., 2014; Chan,
2015; Yap et al., 2017). Chronic kidney disease (CKD) is
prevalent in patients with lupus nephritis due to nephron loss
associated with each episode of nephritis flare (Mageau et al.,
2019). End-stage renal disease (ESRD) from progressive CKD is
the main contributor to inferior patient survival (Yap et al.,
2012b; Rijnink et al., 2017; Parikh et al., 2020). The side
effects of immunosuppressive agents and inability of some
patients to tolerate the target dose of immunosuppressive
agents also contribute to failure to induce disease quiescence.
There is, therefore, a need to develop new treatment strategies to
prevent CKD and preserve long-term kidney and patient survival
(Yap et al., 2012b).

CKD is characterized by the accumulation of matrix proteins
in the kidney parenchyma, resulting in glomerulosclerosis and
interstitial fibrosis (Duffield, 2014). There is currently no
treatment for kidney fibrosis. Mycophenolate inhibits
lymphocyte proliferation through its effect on inosine
monophosphate dehydrogenase (Allison and Eugui, 2000).
Emerging evidence suggests that the antiproliferative
properties of mycophenolate extend beyond lymphocytes to
non-immune cells including mesangial cells, proximal tubular
epithelial cells, and fibroblasts, and mycophenolate can also
reduce fibrotic processes in these cells (Badid et al., 2000;
Dubus et al., 2002; Azzola et al., 2004; Copeland et al., 2007;
Yung et al., 2009; Yung et al., 2015a; Yung et al., 2017; Zhang
et al., 2019). Dysregulation of the mammalian or mechanistic
target of rapamycin (mTOR) signaling pathway is observed in
patients and mice with active lupus nephritis, and mTOR
activation contributes to inflammatory and fibrotic processes
(Warner et al., 1994; Lui et al., 2008a; Lui et al., 2008b; Zhang
et al., 2019).

We previously investigated the effect of mTOR inhibitor
rapamycin and also mycophenolate on kidney fibrosis in
lupus-prone mice and demonstrated comparable efficacy of
each in improving renal histopathology including fibrosis and
kidney function. Our findings provided original evidence of the
antifibrotic effects of monotherapy with mycophenolate or
rapamycin in murine lupus nephritis, mediated through their
direct actions on mesangial cells (Zhang et al., 2019). Additional

potential clinical benefits of mTOR inhibitors include their
antiviral effect and decreased incidence of malignancies
(Campistol et al., 2006; Tedesco-Silva et al., 2015; Yanik et al.,
2015). Studies have shown that SLE patients have an increased
incidence of malignancies, attributed to both immune
dysregulation and prior exposure to toxic immunosuppressive
agents such as cyclophosphamide (Bernatsky et al., 2013;
Ladouceur et al., 2018). Therefore, mTOR inhibitors may have
a role in the clinical management of lupus nephritis patients,
especially in those who cannot tolerate standard-of-care
treatments (Chan et al., 2021).

Combination therapy is frequently used in the management of
immune-mediated kidney diseases aiming to achieve efficacy,
while reducing toxicity associated with individual drugs (Woo
et al., 1995). Kidney transplant recipients treated with triple
immunosuppression comprising mycophenolate, rapamycin,
and corticosteroid showed markedly reduced gene expression
of inflammatory and fibrosis mediators and reduced progression
rate of chronic allograft nephropathy with better preservation of
kidney structure and function compared to patients treated with
calcineurin inhibitors and corticosteroids (Flechner et al., 2004).
In this study, we investigated the effect of combined
mycophenolate and rapamycin at reduced doses compared
with that used in monotherapy on kidney fibrosis in active
murine lupus nephritis.

MATERIALS AND METHODS

Chemicals, Assays, and Drugs
All chemicals were of the highest purity and were purchased from
Sigma Aldrich (Tin Hang Technology Ltd., Hong Kong), unless
otherwise stated. QuantiChrom™ Creatinine, Urea and Albumin
Assay Kits were purchased from BioAssay Systems, California,
United States. Mouse Anti-dsDNA Antibody Quantitative ELISA
Kits were purchased fromAlpha Diagnostic Inc. (Onwon Trading
Ltd., Hong Kong). Primary human mesangial cells (HMCs) were
purchased from Lonza Cologne GmbH (Gene Company Limited,
Hong Kong). Tissue culture flasks were purchased from Falcon
(Becton-Dickenson, Gene Company Limited, Hong Kong). RPMI
1640 culture medium, fetal bovine serum (FBS), L-glutamine, and
penicillin/streptomycin were purchased from Life Technologies
Ltd. (Thermo Fisher Scientific, Hong Kong). Mouse anti-human
fibronectin antibody (clone IST-4), rabbit anti-fibronectin
antibody (product no. SAB5700724), mouse anti-human β-
actin antibody (clone AC-74), HRP-conjugated rabbit anti-
goat IgG antibody (product no. A8919), and FITC-conjugated
anti-mouse IgG antibody (product no. AP127F) were purchased
from Sigma Aldrich (Tin Hang Technology Ltd., Hong Kong).
Rabbit anti-α-smooth muscle actin antibody (product no.
ab5694) and rabbit IgG isotype control (product no.
ab125938) were purchased from Abcam, Hong Kong). Goat
anti-type I collagen (product no. 1310-01) and anti-type III
collagen (product no. 1330-01) were purchased from
SouthernBiotech (Genetimes Technology International
Holding Limited, Hong Kong). Antibodies to TGF-β1 (clone
3C11) and IL-6 (clone M-19) were purchased from Santa Cruz
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Biotechnology Inc. (Genetimes Technology International
Holding Limited, Hong Kong). Antibodies to phosphorylated
(phospho) (Ser2448 and Ser2481; product nos. 2971 and 2974,
respectively) and total mTOR (product no. 2972), phospho and
total AKT (product nos. 9271 and 9272, respectively), phospho
and total ERK (product nos. 4370 and 9102, respectively), and
HRP-conjugated goat anti-rabbit IgG antibody (product no.
7074) were purchased from Cell Signaling Technology (Gene
Company Limited, Hong Kong). Alexa Fluor 488 goat anti-rabbit
IgG antibody (product no. A11070), Texas Red-X–conjugated
goat anti-rabbit IgG antibody (product no. T6391), HRP-
conjugated goat anti-human IgG antibody (product no.
31410), HRP-conjugated goat anti-mouse IgG antibody
(product no. A16066), and goat IgG isotype control (product
no. 31245) were purchased from ThermoFisher Scientific, Hong
Kong. Recombinant human IL-6 and TGF-β1 were purchased
from R&D Systems (Gene Company, Hong Kong). The BD
OptEIA human IL-6 ELISA kit was purchased from BD
Biosciences Pharmigen (Bio-Gene Technology Limited, Hong
Kong). Mycophenolate was provided by Roche Diagnostics
(Palo Alto, California, United States), and rapamycin
(Rapamune) was purchased from Wyeth Hong Kong Limited
(animal studies) and provided by Pfizer (New York,
United States) (in vitro studies).

Animal studies
All animal studies were approved by the Institutional Committee
on the Use of Live Animals in Teaching and Research. Female
NZBWF1/J mice were purchased from the Jackson Laboratory
(Bar Harbor, Maine, United States) and were housed in a specific
pathogen-free animal facility at the University of Hong Kong. The
mice were placed under normal housing conditions in a 12-h
night and day cycle. Water and standard chow were available ad
libitum. Treatment commenced when mice were 23–25 weeks of
age when they developed proteinuria, defined as >300 mg/dl
detected on two separate occasions at least 2 days apart. The
mice were randomized into four groups to receive vehicle (control
group), monotherapy with mycophenolate (100 mg/kg/day) (M
group) or rapamycin (3 mg/kg/day) (R group), or combined
mycophenolate (50 mg/kg/day) and rapamycin (1.5 mg/kg/day)
(MR group) for periods up to 12 weeks. In the MR group, the
doses represent the lowest dose of each drug that could be used in
combination to reduce proteinuria and collagen expression
determined by Masson’s trichrome staining after 6–12 weeks
of treatment. Treatment was administered by daily oral gavage
for 6 and 12 weeks, following which the mice were killed, blood
collected and kidneys harvested. Twenty-four hour urine sample
was collected prior to sacrifice by placing mice in metabolic cages.
After 12 weeks of treatment, some mice had follow-up six or
12 weeks post therapy to determine treatment sustainability (n =
6 mice per treatment per time-point). Six mice with established
proteinuria as defined above were killed at the start of the study to
obtain baseline clinical, serologic, and histological data (T = 0).

Assays
All samples were measured in duplicate for all assays. Serum
creatinine and urea levels were measured using

QuantiChrom™ Creatinine and Urea Assay Kits,
respectively. Spot urine was collected weekly, and the
albumin-to-creatinine ratio (ACR) was determined using
QuantiChrom™ Albumin and Creatinine Assay Kits to
assess disease progression. Twenty-four hour urine sample
was collected prior to sacrifice and albuminuria assessed. The
anti-dsDNA antibody level was determined in serum samples
using anti-dsDNA IgG quantitative ELISA kits according to
the manufacturer’s instructions. Lower and upper limits of
detection were 50 IU/ml and 1,000 IU/ml, respectively, and
values greater than mean +2 SD of the anti-dsDNA antibody
level detected in 36-week-old C57BL/6N mice, that is,
15.84 IU/ml [12.04 + (2 × 1.90)] were considered seropositive.

White Blood Cell Count
The number of circulating white blood cells in vehicle and treated
mice at the time of sacrifice was assessed by two independent
observers without knowledge of the treatment and expressed as
number of cells/ml (Yung et al., 2015b).

Renal Histopathology
Paraffin-embedded kidney sections (5 μm) from untreated and
treated mice were stained with H&E and Masson’s trichome as
previously described (Zhang et al., 2019). Renal histology and
collagen deposition were scored by two independent observers
in a blinded manner. Briefly, kidney lesions relating to
inflammation and fibrosis in the glomerular and tubulo-
interstitial compartments were graded 0 to 3 (0 = normal,
1 = mild, 2 = moderate, and 3 = severe) and expressed as mean
glomerular and tubulo-interstitial lesion scores for each group
(Zhang et al., 2019). For each mouse, approximately 20
glomeruli, tubular, interstitial, and vascular areas were
evaluated for glomerular hypercellularity, mesangial matrix
expansion, crescent formation, influx of mononuclear cells,
fibrinoid necrosis, hyaline deposits, tubular atrophy, protein
cast deposition, and vasculopathy (Moreth et al., 2010; Yung
et al., 2015b). Glomerular tuft area was assessed using
Axiovision software. For semi-quantitative assessment of
Masson’s trichrome staining, the images of approximately
15 glomeruli and tubules per mouse kidney were captured
and graded as follows: 0 = 0–5% staining; 1 = 6–25% staining;
2 = 26–50% staining; 3 = 51–75% staining; 4 = >75% staining
(Janssen et al., 2003).

Cytochemical and Immunohistochemical
Staining
Paraffin-embedded kidney sections (8 μm) from untreated and
treated mice were stained for IL-6, TGF-β1, α-smooth muscle
actin, fibronectin, and collagen I and collagen III, as previously
described (Yung et al., 2009; Yung et al., 2015b; Zhang et al.,
2019). Signal detection and visualization was performed by the
peroxidase-anti-peroxidase method, and specimens were
counterstained with hematoxylin (Yung et al., 2009).
Staining of fibrotic mediators in the capillary loops,
mesangium, and tubulo-interstitium was assessed semi-
quantitatively in a blinded manner in approximately 15
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glomeruli and tubules per mouse kidney and graded as
previously described (Janssen et al., 2003). IgG deposition
and phosphorylated mTOR and ERK were assessed in
frozen renal sections (8 μm) from control and MR-treated
mice using indirect immunofluorescence staining (Zhang
et al., 2019). Briefly, to assess mTOR and ERK
phosphorylation, sections were incubated with phospho-
mTOR or anti–phospho-ERK antibodies followed by Texas
Red or Alexa Fluor 488 conjugated goat anti-rabbit secondary
antibodies, respectively. To determine IgG deposition, the
kidney sections were incubated with FITC-conjugated anti-
mouse IgG. The sections were mounted in a fluorescent
mountant and epifluorescence viewed using a Nikon 80i
upright fluorescent microscope and Spot RT3 slider digital
camera system (Chintek Scientific (China) Ltd., Hong Kong).
Fifteen glomeruli per kidney section were analyzed, and
fluorescent staining in the glomerular capillary walls and
mesangium was scored blindly on a scale of 0–3 (0 = no
staining; 1 = weak staining; 2 = moderate staining, 3 =
strong staining) (Herber et al., 2007; Yung et al., 2010).

Human Mesangial Cells
Primary HMCs were maintained in RPMI 1640 medium
supplemented with L-glutamine (2 μM), penicillin (100 U/ml),
streptomycin (100 μg/ml), insulin (5 μg/ml), transferrin (5 μg/
ml), and 10% FBS. All experiments were performed on the cells of
the fifth to seventh passage that has been growth-arrested for
48 h. To identify signaling pathways and matrix proteins induced
by IL-6 and TGF-β1, HMCs were pre-incubated with inhibitors
to mTOR (rapamycin, 3 ng/ml), ERK (PD98059, 10 μM) and
PI3K (LY294002, 25 μM), or rapamycin in combination with
either PD98059 or LY294002 for 1 h at 37°C prior to incubation
with serum-free medium (SFM), IL-6, or TGF-β1 (10 ng/ml final
concentration, for both) for 24 h, after which time the
supernatants were collected and the cells washed with PBS and
lysed with 20 mM sodium acetate, pH 6.0, containing 4 M urea,
1% Triton X-100, and a cocktail of proteinase inhibitors (200 μl)
(Yung et al., 2010; Yung et al., 2015a). We have chosen to
stimulate HMCs with IL-6 and TGF-β1 since renal expression
of both is increased in patients, and mice with active lupus
nephritis and both drive tissue fibrosis (Yamamoto et al.,
1996; Fielding et al., 2014). To determine the effect of
mycophenolic acid (MPA) or rapamycin on inflammatory and
fibrotic processes, HMCs were incubated with MPA (1 and 5 μg/
ml) or rapamycin (1 and 3 ng/ml) for 1 h at 37°C followed by
incubation with SFM, IL-6, or TGF-β1 (10 ng/ml, for both) for
periods up to 72 h and samples processed as described above. The
concentrations of MPA and rapamycin used in these studies
represent blood trough levels in lupus nephritis patients and renal
transplant recipients when given a daily dose of 2–3 g
mycophenolate and 2–5 mg rapamycin, respectively (Hauser
et al., 1999; Kahan et al., 2000; Borrows et al., 2006; Yap et al.,
2018; Yap et al., 2020). The supernatants were used to determine
the effect of MPA and rapamycin on IL-6 secretion, and cell
lysates were used to assess phosphorylation of signaling pathways,
α-smooth muscle actin, and matrix protein expression.

Measurement of IL-6 in the Culture
Supernatant
HMCs were incubated with SFM or TGF-β1 in the presence or
absence of MPA or rapamycin for up to 72 h, after which time the
supernatant was collected and centrifuged at 3,000 rpm for
10 min to remove any cell debris. Secreted IL-6 was
determined using the IL-6 OptEIA™ ELISA kit according to
the manufacturer’s instructions. Lower and upper limits of
detection were 5 pg/ml and 300 pg/ml, respectively. All
samples were measured in duplicate in serial dilution and
normalized to their cellular protein content.

Western Blot Analysis
Aliquots of cell lysates (20 μg total protein content) were
separated under denaturing conditions on 8% polyacrylamide
gels to determine fibronectin and collagen III expression and on
10% polyacrylamide gels to determine the expression of phospho-
and total mTOR, phospho- and total ERK, phospho- and total
AKT, α-smooth muscle actin, and β-actin. The samples were
transferred onto nitrocellulose membranes and incubated with
the relevant primary antibodies followed by the addition of
secondary antibodies as previously described (Yung et al.,
2009; Yung et al., 2010; Zhang et al., 2019). The bands were
visualized with ECL, semi-quantitated by densitometry using
ImageJ (NIH, United States), and expressed as arbitrary
densitometric units (DU). Phospho-mTOR, phospho-ERK, and
phospho-AKT were normalized to total mTOR, ERK, and AKT,
respectively, and α-smooth muscle actin, fibronectin, and
collagen III expression were normalized to β-actin.

Statistical Analyses
The results from our animal studies were expressed as mean ±
SEM (n = six to eight for each time-point per group). All in vitro
studies were repeated at least three times and data expressed as
mean ± SD. Statistical analysis was performed using Prism 6.0 for
Windows (GraphPad Software, Inc., California, United States).
Mouse survival was determined using Fisher’s exact test. The
D’Agostino–Pearson normality test was used to assess normal
distribution. Repeated measures ANOVA followed by
Bonferroni’s multiple comparison post-test was used to assess
intragroup and intergroup comparisons with three groups or
more. Ordinary ANOVA followed by Bonferroni’s multiple
comparison post-test was used to assess intergroup
comparison for in vitro studies. Two-tailed p < 0.05 was
considered statistically significant.

RESULTS

Effect of Combined Mycophenolate and
Rapamycin on Survival Rate, Kidney
Function, and anti-dsDNA Antibody Titer in
NZBWF1/J Mice
After 12 weeks of treatment, peripheral blood lymphocyte count
in M, R, and MR groups was significantly lower than that in
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untreated mice (12.60 ± 0.81, 6.73 ± 0.35, 6.00 ± 0.72 and 6.20 ±
1.01 × 106 lymphocyte count per ml blood for vehicle, M, R, and
MR groups, respectively, p < 0.01, Vehicle vs. M, R, or MR). The

immunosuppressive actions of M, R, and combined MR were
comparable between all treated groups. None of the mice in the
treatment groups developed infection, and body weight did not

FIGURE 1 | Effect of combinedmycophenolate and rapamycin on survival, clinical, and serological parameters and IgG deposition in NZBWF1/Jmice. The effect of
vehicle (V), monotherapy mycophenolate (M) or rapamycin (R), or combined mycophenolate and rapamycin (MR) on (A) survival curves, (B) albuminuria, (C) spot urine
albumin-to-creatinine ratio (ACR), (D) serum creatinine level, (E) serum urea level, and (F) circulating anti-dsDNA antibody titer in NZBWF1/J mice. (G) Representative
images showing IgG deposition in vehicle-, M-, R-, and combined MR-treated mice at baseline (T = 0), 6, 12, 18, and 24 weeks. Original magnification x 200; Scale
bar: 20 µm. Glomerular IgG deposition was graded as described in the Materials and Methods and data expressed as mean ± SEM (right panels). AU, arbitrary units.
Data expressed as mean ± SEM (n = 6 mice per time-point per group). Data analyzed using Fisher’s exact test for panel A and repeated measures ANOVA with
Bonferroni’s multiple comparison post-test for panels B–G. *p < 0.05, **p < 0.01, compared to baseline; #p < 0.05, compared to vehicle for the same time-point.

Frontiers in Pharmacology | www.frontiersin.org April 2022 | Volume 13 | Article 8660775

Zhang et al. MMF and Rapamycin in Lupus Nephritis

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


differ between the groups throughout the course of the study
(data not shown).

The survival rate for vehicle-, M-, R-, and MR-treated mice
was similar after 12 weeks treatment (P=NS). Twelve weeks after
cessation of treatment, the survival rate was 48.53, 78.93, 88.78,
and 75.92%, respectively (p < 0.05, vehicle vs. M, R, orMR). There
was no statistical difference in the survival rate for M-, R-, and
MR-treated mice (Figure 1A). Albuminuria and serum
creatinine, urea, and anti-dsDNA antibody levels increased
with progressive nephritis in untreated mice, whereas M, R,
and MR treatment significantly reduced these clinical and
serological parameters of disease after 6–12 weeks and was
sustained for 12 weeks after cessation of treatment
(Figure 1B–F).

Effect of Combined Mycophenolate and
Rapamycin on IgG Deposition and Kidney
Histology
Glomerular IgG deposition increased with progressive nephritis,
whereas treatment with M, R, or MR significantly reduced IgG
deposition after 6 weeks of treatment and was sustained for
12 weeks. IgG deposition increased in M, R, and combined

MR groups once treatment was stopped (Figure 1G).
Progression of nephritis in untreated mice was accompanied
by mesangial expansion, glomerular hypertrophy, and
infiltration of inflammatory cells in the periglomerular and
tubulo-interstitial compartments (Figure 2). As disease
progressed, tubular atrophy, cast formation, glomerulosclerosis,
and interstitial fibrosis were detected 18–24 weeks after
commencement of the study. M, R, and MR treatment
attenuated histopathological changes after 12 weeks, but these
abnormalities appeared 12 weeks after cessation of treatment
(Figure 2).

Effect of Combined Mycophenolate and
Rapamycin on Glomerular mTOR and ERK
Phosphorylation, and Expression of TGF-β1,
IL-6, α-smooth Muscle Actin, Fibronectin,
and Collagen
Since MR treatment showed comparable efficacy as that for
monotherapy M or R in improving kidney histopathology, we
next focused on the effect of combined MR on mediators of
fibrosis. Increased mTOR phosphorylation at Ser2448, but not
at Ser2481, and ERK phosphorylation were observed in the

FIGURE 2 | Effect of combined mycophenolate and rapamycin on kidney histology in NZBWF1/J mice (A) Representative images showing renal histopathology in
vehicle-, M-, R-, and MR-treated mice as determined by H&E staining at baseline, 6, 12, 18, and 24 weeks. Original magnification x 200; Scale bar: 20 µm. (B)
Glomerular tuft area, (C) glomerular lesion score, and (D) tubulo-interstitial lesion score for each group were graded as described in the Materials and Methods, and
mean scores ±SEM are shown (n = 6mice per time-point per group). AU, arbitrary units. Data analyzed using repeatedmeasures ANOVAwith Bonferroni’s multiple
comparison post-test. *p < 0.05, **p < 0.01, compared to baseline; #p < 0.05, vehicle vs. treated groups for the same time-point.
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glomeruli of NZBWF1/J mice with active nephritis. As disease
progressed, ERK phosphorylation was also detected in the
tubulo-interstitium. Treatment with combined MR for
12 weeks resulted in marked reduction in mTOR and ERK
phosphorylation, whereas activation of both signaling
pathways increased when treatment was stopped
(Figure 3A,B).

TGF-β1 is a well-established mediator of kidney fibrosis,
and long-term exposure to IL-6 has been reported to induce
tissue fibrosis in unresolved inflammation (Yamamoto et al.,
1993; Fielding et al., 2014). TGF-β1 expression was detected in

the glomerulus and tubulo-interstitium after 18 and 24 weeks,
respectively, and MR treatment reduced TGF-β1 expression
(Figure 3C). Renal IL-6 expression increased progressively in
control mice and was detected in the glomerulus and tubulo-
interstitium after 6 weeks and in crescents and areas of
interstitial fibrosis after 12 weeks. MR treatment
significantly decreased glomerular and tubulo-interstitial IL-
6 expression after 6 weeks of treatment, which was sustained
for 12 weeks after cessation of treatment (Figure 3D).
Increased collagen deposition, attributed at least in part to
increased collagen I and III expression, was detected in the

FIGURE 3 | Effect of mycophenolate and rapamycin on mTOR and ERK phosphorylation and TGF-β1 and IL-6 expression in NZBWF1/J mice. Representative
images showing (A)mTOR phosphorylation at Ser2448, (B) ERK phosphorylation, (C) TGF-β1, and (D) IL-6 expression in the kidneys of vehicle- and MR-treated mice at
baseline (T = 0), 6, 12, 18, and 24 weeks. Isotype cont: isotype control. Original magnification x 200; Scale bar: 20 µm for panels A and B and original magnification x 400;
Scale bar; 50 µm for panels C and D. mTOR and ERK phosphorylation and TGF-β1 and IL-6 expression were graded as described in theMaterials and Methods
and data expressed as mean ± SEM (right panels) (n = 6 mice per time-point per group). AU, arbitrary units. Data analyzed using repeated measures ANOVA with
Bonferroni’s multiple comparison post-test. **p < 0.01, compared to baseline; #p < 0.05, vehicle vs. MR for the same time-point.
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glomerulus and tubulo-interstitium of untreated mice at
6 weeks after commencement of the study, and this was
accompanied by increased α-smooth muscle actin
expression and fibronectin expression (Figure 4). Treatment

with combined MR reduced these fibrotic markers after
6–12 weeks. Decreased α-smooth muscle actin and
fibronectin expression was sustained for 6 weeks after
cessation of treatment, whereas suppression of collagen I

FIGURE 4 | Effect of combined mycophenolate and rapamycin on collagen deposition, α-smooth muscle actin, and fibronectin expression in NZBWF1/J mice.
Representative images showing (A) total collagen deposition as determined by Masson’s trichrome staining, (B) collagen I (Coll I), (C) collagen III (Coll III), (D) α-smooth
muscle actin (α-SMA), and (E) fibronectin (FN) expression in the kidneys of vehicle- and MR-treated mice at baseline, 6, 12, 18, and 24 weeks. Original magnification x
200; Scale bar: 20 µm for panel A, and original magnification x 400; Scale bars 50 µm for panels B–E. Collagen, α-SMA, and FN expression in the kidneys of control
and treated mice was graded as described in theMaterials and Methods, and mean scores ±SEM are shown (n = 6 mice per time-point per group). AU, arbitrary units.
Data analyzed using repeatedmeasures ANOVAwith Bonferroni’smultiple comparison post-test. **p < 0.01, compared to baseline; #p < 0.05; ##p < 0.01, vehicle vs. MR
for the same time-point.
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and III deposition was sustained to the cessation of the study
(Figure 4).

Effect of IL-6 and TGF-β1 on mTOR, PI3K,
and ERK Phosphorylation and IL-6
Secretion in Human Mesangial Cells
We next investigated the signaling pathways that induced
inflammatory and fibrotic mediators in HMCs. Under basal
conditions, HMCs showed weak expression of AKT, mTOR, and
ERK phosphorylation. Exogenous IL-6 increased mTOR and ERK
phosphorylation by 1.80-fold and 2.01-fold, respectively, whereas
TGF-β1 increased mTOR and ERK phosphorylation by 1.85-fold
and 2.38-fold, respectively, in HMCs after 24 h stimulation. Neither
IL-6 nor TGF-β1 had any effect on AKT phosphorylation after 24 h

(Figure 5). Rapamycin and LY294002 (PI3K inhibitor) significantly
decreased IL-6– and TGF-β1–induced mTOR phosphorylation,
whereas PD98059 (ERK inhibitor) had no effect (Figure 5).
PD98059, rapamycin, and LY294002 significantly decreased ERK
phosphorylation that was induced by IL-6 or TGF-β1. Inhibition of
ERK activation was more pronounced when combined rapamycin
and PD98059 was used in cells stimulated with TGF-β1 (64.84,
42.44, and 83.73% reduction in cells incubated with PD98059,
rapamycin, and combined rapamycin and PD98059, respectively)
(Figure 5).

Stimulation of HMCs with TGF-β1 for 24 h increased IL-6
secretion by 4.36-fold compared with that of cells incubated
with SFM (p < 0.01, Figure 6). The results from experiments
using specific inhibitors to ERK, mTOR, and PI3K showed that
constitutive IL-6 secretion was mediated through PI3K since

FIGURE 5 | Effect of IL-6 or TGF-β1 on AKT, mTOR, and ERK phosphorylation in humanmesangial cells. Representative Western blots showing the effect of SFM,
IL-6, or TGF-β1 in the presence or absence of PD98059, LY294002, or rapamycin with or without PD98059 or LY294002 on (A) AKT phosphorylation, (B) mTOR
phosphorylation at Ser2448, and (C) ERK phosphorylation, after 24 h (left panels). The intensity of each bandwas semi-quantitated using ImageJ, normalized to total AKT,
total mTOR, and total ERK, and values expressed as mean ± SD for three separate experiments (right panels). DU, densitometric units. All data analyzed using
ordinary ANOVAwith Bonferroni’s multiple comparison post-test. *p < 0.05, SFM vs. IL-6 or TGF-β1; #p < 0.05, with vs. without inhibitor for the same stimulus; §p < 0.05,
compared to rapamycin alone for the same stimulus.
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LY294002 reduced IL-6 secretion by 57.50%, whereas
inhibition of ERK or mTOR had no effect (Figure 6). IL-6
secretion induced by TGF-β1 was mediated through ERK and
PI3K since incubation of cells with PD98059 and LY294002
reduced IL-6 secretion by 61.72 and 91.14%, respectively
(Figure 6). Rapamycin also decreased IL-6 secretion in
HMCs stimulated with TGF-β1 (35.48% reduction), but it
did not reach statistical significance.

Effect of IL-6 and TGF-β1 on α-smooth
Muscle Actin, Fibronectin, and Collagen III
Expression in Human Mesangial Cells
HMCs constitutively expressed α-smooth muscle actin and
soluble and cell-associated fibronectin and collagen III. IL-6
significantly increased α-smooth muscle actin, soluble
fibronectin, and soluble and cell-associated collagen III
expression after 24 h when compared to SFM. mTOR
phosphorylation, but not PI3K or ERK phosphorylation,
contributed to IL-6–induced α-smooth muscle actin since
incubation of HMCs with rapamycin reduced α-smooth
muscle actin expression by 35.51% (p < 0.05, Figure 7).
Accumulation of fibronectin in the extracellular matrix is
dependent on the activation and polymerization of soluble
fibronectin monomers to form activated dimers (Wierzbicka-
Patynowski and Schwarzbauer, 2003). Constitutive and IL-
6–induced soluble fibronectin expression was mediated
through PI3K, mTOR, and ERK phosphorylation since
incubation with LY294002, rapamycin, and PD98059
significantly reduced soluble fibronectin expression, whereas
PI3K, mTOR, and ERK phosphorylation had no apparent
effect on cell-association fibronectin. Constitutive and IL-
6–induced soluble and cell-associated collagen III were
mediated through PI3K and mTOR phosphorylation. IL-6
induction of soluble but not cell-associated collagen III was
also mediated through ERK phosphorylation (Figure 7).

TGF-β1 significantly increased α-smooth muscle actin, soluble
fibronectin, and soluble and cell-associated collagen III expression in
HMCs, and the increase of all three mediators of fibrosis was
comparable to that observed with IL-6. Induction of α-smooth
muscle actin by TGF-β1 was mediated, in part, through mTOR
activation since incubation with rapamycin decreased α-smooth
muscle actin by 38.65%. Induction of soluble fibronectin was
mediated through PI3K, mTOR, and ERK phosphorylation since
incubation with LY294002, rapamycin, and PD98059 decreased
soluble fibronectin expression by 68.93, 61.62, and 42.15%,
respectively. HMC co-incubated with rapamycin and PD98059 or
rapamycin and LY294002 further reduced soluble fibronectin
expression (82.19 and 88.53% reduction, respectively, Figure 7).
Soluble and cell-associated collagen III induced by TGF-β1 was
mediated through PI3K and mTOR phosphorylation since pre-
incubation with LY294002 and rapamycin decreased soluble
collagen III by 94.40 and 78.36%, respectively, and cell-associated
collagen III by 92.28 and 75.85%, respectively (Figure 7).

Effect of MPA and Rapamycin on
Inflammatory and Fibrotic Processes
Induced by IL-6 and TGF-β1 in Human
Mesangial Cells
We next compared the effect of MPA and rapamycin on
mediators of inflammation and fibrosis that were induced by
IL-6 and TGF-β1 in HMCs. MPA at 5 μg/ml decreased
constitutive IL-6 secretion after 24 h and was sustained for
72 h (p < 0.05). Rapamycin at 3 ng/ml also reduced
constitutive IL-6 secretion, but the inhibitory effect was not
apparent until after 48 h and was sustained up to 72 h. TGF-
β1 induced IL-6 secretion in a time-dependent manner. MPA
reduced TGF-β1–induced IL-6 secretion after 48 h, whereas
rapamycin decreased IL-6 secretion after 72 h (p < 0.05, for
both) (Figure 8).

IL-6 and TGF-β1 induced AKT, mTOR, and ERK
phosphorylation in a time-dependent manner. Rapamycin
decreased IL-6- and TGF-β-induced mTOR phosphorylation
after 24 h, which was sustained for 72 h. MPA decreased IL-6-
but not TGF-β1-induced mTOR phosphorylation after 72 h
(Figure 9B). MPA and rapamycin also reduced ERK
phosphorylation that was induced by IL-6, whereas
rapamycin but not MPA transiently decreased TGF-
β1–induced ERK phosphorylation (Figure 9C). Both drugs
had no effect on AKT phosphorylation (Figure 9A). IL-6 and
TGF-β1 induced α-smooth muscle actin and soluble
fibronectin in a time-dependent manner. Both MPA and
rapamycin reduced IL-6– and TGF-β1–induced α-smooth
muscle and soluble fibronectin actin after 24 h, and this
reduction was sustained for 72 h (Figure 10).

DISCUSSION

The main objective of immunosuppressive treatment in patients
with active lupus nephritis is to suppress acute inflammatory
processes and prevent nephron loss (Chan, 2015; Parodis and

FIGURE 6 | Effect of TGF-β1 on IL-6 secretion in human mesangial cells.
Effect of TGF-β1 in the presence or absence of PD98059, LY294002, or
rapamycin with or without PD98059 or LY29400 on IL-6 secretion in HMCs
after 24-h incubation. Results are expressed as mean ± SD from three
separate experiments. Data analyzed using ordinary ANOVAwith Bonferroni’s
multiple comparison post-test. *p < 0.05, SFM vs. TGF-β1; #p < 0.05, with vs.
without inhibitor for the same stimulation.
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FIGURE 7 | Effect of IL-6 or TGF-β1 on α-smooth muscle actin, fibronectin, and collagen III expression in human mesangial cells. Representative Western blots
showing the effect of SFM, IL-6, or TGF-β1 in the presence or absence of PD98059, LY294002, or rapamycin with or without PD98059 or LY294002 on (A) α-smooth
muscle actin (α-SMA), (B) soluble and cell-associated fibronectin (FN), and (C) soluble and cell-associated collagen III (Coll III) after 24 h (left panels). The intensity of each
band was semi-quantitated using ImageJ, normalized to β-actin, and values expressed as mean ± SD for three separate experiments (right panels). DU,
densitometric units. All data analyzed using ordinary ANOVA with Bonferroni’s multiple comparison post-test. *p < 0.05, SFM vs. IL-6 or TGF-β1; #p < 0.05, with vs.
without inhibitor for the same stimulus; §p < 0.05, compared to rapamycin alone for the same stimulus.
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Houssiau, 2022). Current treatment regimens for lupus nephritis
comprise an induction phase aimed at inducing remission and a
maintenance phase to prevent disease flares. Despite
improvement in the management of lupus nephritis patients
over the past 3 decades, a significant proportion of patients
develop CKD and progress to ESRD (Maroz and Segal, 2013;
Zhang et al., 2016; Parodis and Houssiau, 2022). There is,
therefore, a need to develop new treatment strategies to
prevent progressive kidney fibrosis and preserve long-term
kidney function (Yap et al., 2012b).

Combination therapy is often used in the treatment of lupus
nephritis with the aim of achieving efficacy, while reducing
toxicity associated with individual drugs. We previously
reported that mycophenolate at 100 mg/kg/day and rapamycin
at 3 mg/kg/day showed comparable immunosuppressive effects
and efficacy in preventing kidney function deterioration and
fibrosis in murine lupus nephritis (Zhang et al., 2019). We
extended our study to investigate the effect of combined
mycophenolate and rapamycin on kidney fibrosis in active
murine lupus nephritis. When used in combination, the dose
of each immunosuppressive agent could be halved to provide the
same level of immunosuppression as mycophenolate or
rapamycin monotherapy, and combined MR treatment
maintained the antifibrotic properties of the drugs. Peripheral

white blood cell count was comparable between monotherapy
and combination therapy, and none of the treatment groups
showed signs of infection. The advantages of using mTOR
inhibitors are that unlike calcineurin inhibitors, they do not
possess nephrotoxicity and they also exert anti-neoplastic
effect. While there had been concerns that mTOR inhibitors
may induce proteinuria and onset of glomerulonephritis in some
kidney transplant patients, this was not observed in our study.

Although treatment was initiated at the onset of albuminuria,
renal histopathological changes were relatively modest at
baseline. Progressive lupus nephritis was characterized by the
production of anti-dsDNA antibodies, immune complex
deposition in the glomerulus, mesangial expansion,
glomerulosclerosis, increased tubulo-interstitial inflammatory
cell infiltration, tubular atrophy, interstitial fibrosis, and
deterioration of kidney function. mTOR and ERK
phosphorylation increased with progressive disease and was
predominantly localized to the glomerulus, and this was
accompanied by induction of TGF-β1, IL-6, α-smooth muscle
actin, fibronectin, and collagen I and III. Combined MR
treatment improved kidney histology and fibrotic processes
and phenotypic disease manifestations after 12 weeks and was
sustained up to 6–12 weeks after cessation of treatment.
Combined MR treatment showed comparable efficacy as that
of monotherapy in improving kidney histology and fibrotic
processes, with comparable reduction in mTOR and ERK
phosphorylation and mediators of fibrosis. MR treatment
reduced TGF-β1, IL-6, collagen I, collagen III, α-smooth
muscle actin, and fibronectin expression. When treatment was
stopped, the inhibitory effect of MR on α-smooth muscle actin
and fibronectin expression was sustained for 6 weeks, whereas the
inhibitory effect on TGF-β1, IL-6, and collagen I and collagen III
expression persisted until the cessation of the study. It is possible
that the sustained reduction in TGF-β1 and IL-6 expression may
result in a concomitant downstream reduction in collagen
expression, although further studies are warranted to confirm
this, whereas the regulation of fibronectin and α-smooth muscle
actin may be through additional mediators such as TNF-α or
MCP-1 (Yung et al., 2015a), the levels of which may be increased
following cessation of treatment.

TGF-β1 is a key mediator of kidney fibrosis, and IL-6 has been
reported to drive tissue fibrosis in unresolved inflammation
(Fielding et al., 2014). Increased IL-6, α-smooth muscle actin,
fibronectin, and collagen I and III expression in the kidney was
detected before TGF-β1 expression, suggesting that TGF-β1 may
amplify fibrotic processes once fibrosis is established, but it does
not appear to play a role in the initiation of kidney fibrosis in
lupus nephritis. The role of TGF-β1 in fibrogenesis in lupus
nephritis is controversial. Independent researchers have reported
an increase in TGF-β1 expression, which was associated with
increased fibronectin expression in renal specimens from patients
and mice with active lupus nephritis (Yamamoto et al., 1994;
Yamamoto et al., 1996; Yamamoto and Loskutoff, 2000), whereas
other investigators suggested that kidney fibrosis in lupus
nephritis patients occurred through proinflammatory
mediators such as MCP-1 and not TGF-β1 since microarray
analysis of glomeruli that were isolated from lupus nephritis

FIGURE 8 | Effect of MPA or rapamycin on IL-6 secretion induced by
TGF-β1 in human mesangial cells. Effect of SFM (upper panel) or TGF-β1
(lower panel) in the presence or absence of rapamycin (1 or 3 ng/ml) or MPA (1
or 5 μg/ml) on IL-6 secretion in HMCs. Results are expressed as mean ±
SD from three separate experiments. Data analyzed using ordinary ANOVA
with Bonferroni’s multiple comparison post-test. **p < 0.01, SFM vs. TGF-β1
for the same time-point; #p < 0.05, with vs. without rapamycin or MPA for the
same stimulation and time-point.
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patients showed reduced TGF-β1 expression, whereas MCP-1
expression clustered with genes related to fibrogenesis (Peterson
et al., 2004).

Data from our in vitro studies demonstrated that induction of
mTOR and ERK phosphorylation, α-smooth muscle actin, and
mediators of fibrosis by IL-6 was comparable to that observed
with TGF-β1, and it is plausible to suggest that IL-6 may
contribute to kidney fibrosis in lupus nephritis. TGF-β1 was
shown to increase IL-6 secretion in HMCs, which was mediated
through increased PI3K, mTOR, and ERK phosphorylation and
suggests that TGF-β1 may amplify the fibrotic effects of IL-6. We
previously reported that IL-6 induced soluble fibronectin in
proximal tubular epithelial cells (Yung et al., 2015a). In this
study, we demonstrated that IL-6 induced α-smoothmuscle actin,
fibronectin, and collagen III in HMCs, and this underscores the
contribution of proinflammatory mediators in kidney fibrosis. In
line with our studies, Chen et al. reported on the role of IL-6
trans-signaling in murine models of kidney fibrosis (Chen et al.,
2019). The importance of IL-6 in lupus nephritis pathogenesis is
underscored in murine studies, whereby disruption of IL-6
signaling in lupus-prone mice was associated with reduced
anti-dsDNA antibody production and proteinuria and

improvement in kidney function (Kiberd, 1993; Finck et al.,
1994). Mycophenolate has been shown to decrease IL-6
secretion in cultured proximal and distal tubular epithelial
cells (Baer et al., 2004), whereas there are conflicting data on
the effect of rapamycin on renal IL-6 expression. In a murine
model of anti-GBM glomerulonephritis, mice treated with
rapamycin at the time of immunization were protected from
glomerulonephritis and renal IL-6 expression was reduced,
whereas rapamycin treatment given 14 days after
immunization resulted in a significant increase in both
albuminuria and renal IL-6 expression, suggesting that the
time when rapamycin treatment is initiated determines
whether the drug exerts a beneficial or otherwise effect
(Hochegger et al., 2008). In this study, we demonstrated that
both MPA and rapamycin reduced IL-6 secretion in HMCs
following TGF-β1 stimulation, although the anti-
inflammatory/antifibrotic effect of MPA appeared earlier than
that of rapamycin. In our animal studies, mycophenolate and
rapamycin, whether administered as monotherapy or
combination therapy to NZBWF1/J mice with active nephritis,
showed comparable efficacy in suppressing IL-6 expression in the
kidney (unpublished data). It is plausible that decreased IL-6

FIGURE 9 | Effect of MPA or rapamycin on AKT, mTOR, and ERK phosphorylation in human mesangial cells.Representative Western blots showing the effect of
SFM, IL-6, or TGF-β1 in the presence or absence of rapamycin (1 or 3 ng/ml) or MPA (1 or 5 μg/ml) on (A) AKT phosphorylation, (B)mTOR phosphorylation at Ser2448,
and (C) ERK phosphorylation. The intensity of each band was semi-quantitated using ImageJ and normalized to total AKT, total mTOR, or total ERK. Values are
expressed as mean ± SD for three separate experiments. DU, densitometric units. All data analyzed using ordinary ANOVA with Bonferroni’s multiple comparison
post-test. *p < 0.05, SFM vs. IL-6 or TGF-β1; #p < 0.05, with vs. without rapamycin or MPA for the same stimulation and time-point.
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expression in the glomeruli and tubulo-interstitium following
MR treatment was attributed to both immunosuppressive agents.

Activation of PKC, TGF-β/SMAD, mTOR, and MAPK
signaling pathways has been shown to contribute to kidney
fibrosis (Yung et al., 2009; Yung et al., 2015a; Yung et al.,
2017; Feng et al., 2018). IL-6 and TGF-β1 induced PI3K,
mTOR, and ERK phosphorylation in HMCs, which was
accompanied by downstream induction of IL-6 secretion and
α-smooth muscle actin, fibronectin, and collagen III expression.
IL-6 and TGF-β1 induced α-smooth muscle actin throughmTOR
phosphorylation. Induction of fibronectin was mediated through
ERK, PI3K, and mTOR activation, and induction of collagen III
was mediated through PI3K/mTOR signaling. Mycophenolate
can decrease fibrotic processes in the kidney through
downregulation of TGF-β1 expression and PKC, ERK,
p38 MAPK, JNK, and mTOR activation (Yung et al., 2009;
Yung et al., 2017; Zhang et al., 2019). In this study,
mycophenolate and rapamycin decreased ERK
phosphorylation that was induced by IL-6 and TGF-β1, and

the inhibitory effect was comparable between both drugs.
Mycophenolate and rapamycin also decreased mTOR
activation, although the suppressive effect of mycophenolate
on mTOR activation was less rapid and less effective than that
of rapamycin. In animal models of CKD and tubulo-interstitial
fibrosis, inhibition of ERK signaling using trametinib attenuated
mTORC1 activation, suggesting that the ERK signaling pathway
is upstream of mTORC1 (Andrikopoulos et al., 2019). In this
study, we demonstrated that ERK phosphorylation was
downstream of mTOR signaling in HMCs since inhibition of
mTOR signaling with rapamycin resulted in a decrease in ERK
phosphorylation, whereas PD98059 had no effect on mTOR
phosphorylation. This discrepancy may be due to the cell-type,
mediator that induced injury, disease model, and the time of
sample collection. It is possible that mycophenolate reduced
mTOR phosphorylation through downregulation of ERK
phosphorylation, although further studies are necessary to
confirm this. Neither mycophenolate nor rapamycin has any
effect on PI3K phosphorylation, suggesting that PI3K activation

FIGURE 10 | Effect of MPA or rapamycin on α-smooth muscle actin and fibronectin expression in human mesangial cells. Representative Western blots showing
the effect of SFM, IL-6, or TGF-β1 in the presence or absence of rapamycin (1 or 3 ng/ml) or MPA (1 or 5 μg/ml) on (A) α-smooth muscle actin (α-SMA) and (B) soluble
(sFN) and cell-associated FN (cFN). The intensity of each band for α-SMA and sFN was semi-quantitated using ImageJ and normalized to β-actin. Values are expressed
as mean ± SD for three separate experiments. DU, densitometric units. All data analyzed using ordinary ANOVA with Bonferroni’s multiple comparison post-test.
*p < 0.05, SFM vs. IL-6 or TGF-β1; #p < 0.05, with vs. without rapamycin or MPA for the same stimulation.
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is upstream of the actions of these immunosuppressive agents.
Mycophenolate and rapamycin reduced α-smooth muscle actin
expression in HMCs through inhibition of mTOR but not ERK
phosphorylation, whereas suppression of fibronectin expression
by both drugs was likely mediated through the inhibition of ERK
and mTOR phosphorylation. Although mesangial cells are key
mediators of kidney fibrosis, other resident renal cells and
immune cells such as proximal tubular epithelial cells,
fibroblasts/myofibroblasts, and macrophages also contribute to
kidney fibrosis. We and others have shown that mycophenolate
and rapamycin can exert anti-inflammatory and antifibrotic
effects on proximal tubular epithelial cells and fibroblasts,
which may also contribute to the improvement in kidney
structure and fibrotic processes (Badid et al., 2000; Copeland
et al., 2007; Yung et al., 2015a; Yung et al., 2017). Figure 11
summarizes the effect of MPA and rapamycin on signaling
pathways and inflammatory and fibrotic processes induced by
TGF-β1 and IL-6 in HMCs. Our findings demonstrated that both

MPA and rapamycin can exert direct anti-inflammatory and
antifibrotic effects in HMCs.

Our animal studies demonstrated that treatment of NZBWF1/
J mice with combined mycophenolate and rapamycin at half the
doses used in monotherapy improved the structural integrity of
the kidney and prevented deterioration of kidney function. Both
immunosuppressive agents exerted their antifibrotic effects
directly on mesangial cells. Our clinical evidence suggests
efficacy and safety of using mTOR inhibitors in the treatment
of lupus nephritis patients (Yap et al., 2012a; Yap et al., 2018).
Based on the findings from our translational and clinical studies,
further studies may be warranted to investigate the combined use
of mycophenolate and rapamycin in the clinical management of
lupus nephritis, which would be helpful when tailoring treatment
according to the specific characteristics of each patient with the
objective of maximizing the benefits of the medication, while
minimizing the side effects of each drug.

In conclusion, data from our animal studies demonstrated that
combined mycophenolate and rapamycin reduced kidney fibrosis
and improved kidney function. The suppressive effect on fibrotic
processes in HMCs suggests a direct effect on resident kidney cells
that was most likely independent of their immunosuppressive
actions. The antifibrotic effects of mycophenolate and rapamycin
were mediated, at least in part, through their ability to inhibit
mTOR and ERK phosphorylation. We also demonstrated the
importance of proinflammatory mediators in kidney fibrosis and
the contribution of IL-6 in inducing fibrogenesis in lupus
nephritis.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material; further inquiries can be
directed to the corresponding authors.

ETHICS STATEMENT

The animal study was reviewed and approved by the Institutional
Committee on the Use of Live Animals in Teaching and Research
at the University of Hong Kong.

AUTHOR CONTRIBUTIONS

Study conception and design: SY and TMC. Acquisition of data:
CZ, TWT, MKC, and CGC. Analysis and interpretation of the
data: SY, CZ, and TMC. Drafting the article: CZ, SY, and TMC.
Approval of the final version for submission: CZ, TWT, MKC,
CGC, SY, and TMC.

FUNDING

This study received funding from the Hong Kong Research
Grant Council General Research Fund (grant number HKU

FIGURE 11 | Schematic diagram summarizing the effect of MPA and
rapamycin on TGF-β1– and IL-6–induced inflammatory and fibrotic processes
in human mesangial cells. TGF-β1 induced AKT/PI3K, mTOR, and ERK
phosphorylation and downstream IL-6 secretion and α-smooth muscle
actin (α-SMA), collagen III (Coll III), and fibronectin (FN) expression in HMCs. IL-
6 also induced the aforementioned signaling pathways and mediators of
fibrosis in HMCs. Both mycophenolic acid (MPA) and rapamycin (Rapa)
significantly decreased mTOR and ERK phosphorylation and downstream
inflammatory and fibrotic processes but had no effect on AKT/PI3K
phosphorylation.

Frontiers in Pharmacology | www.frontiersin.org April 2022 | Volume 13 | Article 86607715

Zhang et al. MMF and Rapamycin in Lupus Nephritis

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


7550/06M), Health and Medical Research Fund (06172656),
UGC Matching Grant Scheme, the Department of Medicine
Academic Activities Fund and kind donations from C. S. Yung,
S. Ho, and Hui Hoy and Chow Sin Lan Charity Fund and the
Family of Hui Ming. SY is supported by the Endowment Fund
established for the “Yu Chiu Kwong Professorship in Medicine”

awarded to TMC, theWai Hung Charitable Foundation Limited
and TamWing Fan Edmund Renal Research Fund. The funders
were not involved in the study design, collection, analysis,
interpretation of data, the writing of this article or the
decision to submit it for publication. All authors declare no
other competing interests.

REFERENCES

Allison, A. C., and Eugui, E. M. (2000). Mycophenolate Mofetil and its Mechanisms
of Action. Immunopharmacology 47, 85–118. doi:10.1016/s0162-3109(00)
00188-0

Andrikopoulos, P., Kieswich, J., Pacheco, S., Nadarajah, L., Harwood, S. M.,
O’riordan, C. E., et al. (2019). The MEK Inhibitor Trametinib Ameliorates
Kidney Fibrosis by Suppressing ERK1/2 and mTORC1 Signaling. J. Am. Soc.
Nephrol. 30, 33–49. doi:10.1681/ASN.2018020209

Azzola, A., Havryk, A., Chhajed, P., Hostettler, K., Black, J., Johnson, P., et al.
(2004). Everolimus and Mycophenolate Mofetil Are Potent Inhibitors of
Fibroblast Proliferation after Lung Transplantation. Transplantation 77,
275–280. doi:10.1097/01.TP.0000101822.50960.AB

Badid, C., Vincent, M., Mcgregor, B., Melin, M., Hadj-Aissa, A., Veysseyre, C., et al.
(2000). Mycophenolate Mofetil Reduces Myofibroblast Infiltration and
Collagen III Deposition in Rat Remnant Kidney. Kidney Int. 58, 51–61.
doi:10.1046/j.1523-1755.2000.00140.x

Baer, P. C., Wegner, B., and Geiger, H. (2004). Effects of Mycophenolic Acid on IL-
6 Expression of Human Renal Proximal and Distal Tubular Cells In Vitro.
Nephrol. Dial. Transpl. 19, 47–52. doi:10.1093/ndt/gfg429

Bernatsky, S., Ramsey-Goldman, R., Labrecque, J., Joseph, L., Boivin, J. F., Petri, M.,
et al. (2013). Cancer Risk in Systemic Lupus: an Updated International Multi-
centre Cohort Study. J. Autoimmun. 42, 130–135. doi:10.1016/j.jaut.2012.
12.009

Borrows, R., Chusney, G., Loucaidou, M., James, A., Lee, J., Tromp, J. V., et al.
(2006). Mycophenolic Acid 12-h Trough Level Monitoring in Renal
Transplantation: Association with Acute Rejection and Toxicity. Am.
J. Transpl. 6, 121–128. doi:10.1111/j.1600-6143.2005.01151.x

Campistol, J. M., Eris, J., Oberbauer, R., Friend, P., Hutchison, B., Morales, J. M.,
et al. (2006). Sirolimus Therapy after Early Cyclosporine Withdrawal Reduces
the Risk for Cancer in Adult Renal Transplantation. J. Am. Soc. Nephrol. 17,
581–589. doi:10.1681/ASN.2005090993

Chan, T. M. (2015). Treatment of Severe Lupus Nephritis: the New Horizon. Nat.
Rev. Nephrol. 11, 46–61. doi:10.1038/nrneph.2014.215

Chan, T. M., Tse, K. C., Tang, C. S., Mok, M. Y., and Li, F. K.Hong Kong
Nephrology Study Group (2005). Long-term Study of Mycophenolate Mofetil
as Continuous Induction and Maintenance Treatment for Diffuse Proliferative
Lupus Nephritis. J. Am. Soc. Nephrol. 16, 1076–1084. doi:10.1681/ASN.
2004080686

Chan, T. M., Mejia-Vilet, J. M., and Liu, Z. H. (2021). Chapter 10. Lupus Nephritis,
in KDIGO 2021 Clinical Practice Guideline for the Management of Glomerular
Diseases. Kidney Int. 100, S207–S230. doi:10.1016/j.kint.2021.05.021

Chen, W., Yuan, H., Cao, W., Wang, T., Chen, W., Yu, H., et al. (2019). Blocking
Interleukin-6 Trans-signaling Protects against Renal Fibrosis by Suppressing
STAT3 Activation. Theranostics 9, 3980–3991. doi:10.7150/thno.32352

Copeland, J. W., Beaumont, B. W., Merrilees, M. J., and Pilmore, H. L. (2007).
Epithelial-to-mesenchymal Transition of Human Proximal Tubular Epithelial
Cells: Effects of Rapamycin, Mycophenolate, Cyclosporin, Azathioprine, and
Methylprednisolone. Transplantation 83, 809–814. doi:10.1097/01.tp.
0000255680.71816.aa

Dubus, I., Vendrely, B., Christophe, I., Labouyrie, J. P., Delmas, Y., Bonnet, J., et al.
(2002). Mycophenolic Acid Antagonizes the Activation of Cultured Human
Mesangial Cells. Kidney Int. 62, 857–867. doi:10.1046/j.1523-1755.2002.
00514.x

Duffield, J. S. (2014). Cellular and Molecular Mechanisms in Kidney Fibrosis.
J. Clin. Invest. 124, 2299–2306. doi:10.1172/JCI72267

Feng, M., Tang, P. M., Huang, X. R., Sun, S. F., You, Y. K., Xiao, J., et al. (2018).
TGF-βMediates Renal Fibrosis via the Smad3-Erbb4-IR Long Noncoding RNA
Axis. Mol. Ther. 26, 148–161. doi:10.1016/j.ymthe.2017.09.024

Fielding, C. A., Jones, G. W., Mcloughlin, R. M., Mcleod, L., Hammond, V. J.,
Uceda, J., et al. (2014). Interleukin-6 Signaling Drives Fibrosis in Unresolved
Inflammation. Immunity 40, 40–50. doi:10.1016/j.immuni.2013.10.022

Finck, B. K., Chan, B., andWofsy, D. (1994). Interleukin 6 Promotes Murine Lupus
in NZB/NZW F1 Mice. J. Clin. Invest. 94, 585–591. doi:10.1172/JCI117373

Flechner, S. M., Kurian, S. M., Solez, K., Cook, D. J., Burke, J. T., Rollin, H., et al.
(2004). De Novo kidney Transplantation without Use of Calcineurin Inhibitors
Preserves Renal Structure and Function at Two Years. Am. J. Transpl. 4,
1776–1785. doi:10.1111/j.1600-6143.2004.00627.x

Hauser, I. A., Renders, L., Radeke, H. H., Sterzel, R. B., and Goppelt-Struebe, M.
(1999). Mycophenolate Mofetil Inhibits Rat and Human Mesangial Cell
Proliferation by Guanosine Depletion. Nephrol. Dial. Transpl. 14, 58–63.
doi:10.1093/ndt/14.1.58

Herber, D., Brown, T. P., Liang, S., Young, D. A., Collins, M., and Dunussi-
Joannopoulos, K. (2007). IL-21 Has a Pathogenic Role in a Lupus-Prone Mouse
Model and its Blockade with IL-21R.Fc Reduces Disease Progression.
J. Immunol. 178, 3822–3830. doi:10.4049/jimmunol.178.6.3822

Hochegger, K., Jansky, G. L., Soleiman, A., Wolf, A. M., Tagwerker, A., Seger, C.,
et al. (2008). Differential Effects of Rapamycin in Anti-GBM
Glomerulonephritis. J. Am. Soc. Nephrol. 19, 1520–1529. doi:10.1681/ASN.
2007121375

Janssen, U., Riley, S. G., Vassiliadou, A., Floege, J., and Phillips, A. O. (2003).
Hypertension Superimposed on Type II Diabetes in Goto Kakizaki Rats Induces
Progressive Nephropathy. Kidney Int. 63, 2162–2170. doi:10.1046/j.1523-1755.
2003.00007.x

Kahan, B. D., Napoli, K. L., Kelly, P. A., Podbielski, J., Hussein, I., Urbauer, D. L.,
et al. (2000). Therapeutic Drug Monitoring of Sirolimus: Correlations with
Efficacy and Toxicity. Clin. Transpl. 14, 97–109. doi:10.1034/j.1399-0012.2000.
140201.x

Kiberd, B. A. (1993). Interleukin-6 Receptor Blockage Ameliorates Murine Lupus
Nephritis. J. Am. Soc. Nephrol. 4, 58–61. doi:10.1681/ASN.V4158

Ladouceur, A., Bernatsky, S., Ramsey-Goldman, R., and Clarke, A. E. (2018).
Managing Cancer Risk in Patients with Systemic Lupus Erythematous. Expert
Rev. Clin. Immunol. 14, 793–802. doi:10.1080/1744666X.2018.1519394

Lui, S. L., Tsang, R., Chan, K. W., Zhang, F., Tam, S., Yung, S., et al. (2008a).
Rapamycin Attenuates the Severity of Established Nephritis in Lupus-Prone
NZB/W F1 Mice. Nephrol. Dial. Transpl. 23, 2768–2776. doi:10.1093/ndt/
gfn216

Lui, S. L., Yung, S., Tsang, R., Zhang, F., Chan, K. W., Tam, S., et al. (2008b).
Rapamycin Prevents the Development of Nephritis in Lupus-Prone NZB/W F1
Mice. Lupus 17, 305–313. doi:10.1177/0961203307088289

Mageau, A., Timsit, J. F., Perrozziello, A., Ruckly, S., Dupuis, C., Bouadma, L., et al.
(2019). The burden of Chronic Kidney Disease in Systemic Lupus
Erythematosus: A Nationwide Epidemiologic Study. Autoimmun. Rev. 18,
733–737. doi:10.1016/j.autrev.2019.05.011

Maroz, N., and Segal, M. S. (2013). Lupus Nephritis and End-Stage Kidney Disease.
Am. J. Med. Sci. 346, 319–323. doi:10.1097/MAJ.0b013e31827f4ee3

Mok, C. C., Yap, D. Y., Navarra, S. V., Liu, Z. H., Zhao, M. H., Lu, L., et al. (2014).
Overview of Lupus Nephritis Management Guidelines and Perspective from
Asia. Nephrology (Carlton) 19, 11–20. doi:10.1111/nep.12136

Moreth, K., Brodbeck, R., Babelova, A., Gretz, N., Spieker, T., Zeng-Brouwers, J.,
et al. (2010). The Proteoglycan Biglycan Regulates Expression of the B Cell
Chemoattractant CXCL13 and Aggravates Murine Lupus Nephritis. J. Clin.
Invest. 120, 4251–4272. doi:10.1172/JCI42213

Frontiers in Pharmacology | www.frontiersin.org April 2022 | Volume 13 | Article 86607716

Zhang et al. MMF and Rapamycin in Lupus Nephritis

https://doi.org/10.1016/s0162-3109(00)00188-0
https://doi.org/10.1016/s0162-3109(00)00188-0
https://doi.org/10.1681/ASN.2018020209
https://doi.org/10.1097/01.TP.0000101822.50960.AB
https://doi.org/10.1046/j.1523-1755.2000.00140.x
https://doi.org/10.1093/ndt/gfg429
https://doi.org/10.1016/j.jaut.2012.12.009
https://doi.org/10.1016/j.jaut.2012.12.009
https://doi.org/10.1111/j.1600-6143.2005.01151.x
https://doi.org/10.1681/ASN.2005090993
https://doi.org/10.1038/nrneph.2014.215
https://doi.org/10.1681/ASN.2004080686
https://doi.org/10.1681/ASN.2004080686
https://doi.org/10.1016/j.kint.2021.05.021
https://doi.org/10.7150/thno.32352
https://doi.org/10.1097/01.tp.0000255680.71816.aa
https://doi.org/10.1097/01.tp.0000255680.71816.aa
https://doi.org/10.1046/j.1523-1755.2002.00514.x
https://doi.org/10.1046/j.1523-1755.2002.00514.x
https://doi.org/10.1172/JCI72267
https://doi.org/10.1016/j.ymthe.2017.09.024
https://doi.org/10.1016/j.immuni.2013.10.022
https://doi.org/10.1172/JCI117373
https://doi.org/10.1111/j.1600-6143.2004.00627.x
https://doi.org/10.1093/ndt/14.1.58
https://doi.org/10.4049/jimmunol.178.6.3822
https://doi.org/10.1681/ASN.2007121375
https://doi.org/10.1681/ASN.2007121375
https://doi.org/10.1046/j.1523-1755.2003.00007.x
https://doi.org/10.1046/j.1523-1755.2003.00007.x
https://doi.org/10.1034/j.1399-0012.2000.140201.x
https://doi.org/10.1034/j.1399-0012.2000.140201.x
https://doi.org/10.1681/ASN.V4158
https://doi.org/10.1080/1744666X.2018.1519394
https://doi.org/10.1093/ndt/gfn216
https://doi.org/10.1093/ndt/gfn216
https://doi.org/10.1177/0961203307088289
https://doi.org/10.1016/j.autrev.2019.05.011
https://doi.org/10.1097/MAJ.0b013e31827f4ee3
https://doi.org/10.1111/nep.12136
https://doi.org/10.1172/JCI42213
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Parikh, S. V., Almaani, S., Brodsky, S., and Rovin, B. H. (2020). Update on Lupus
Nephritis: Core Curriculum 2020.Am. J. Kidney Dis. 76, 265–281. doi:10.1053/j.
ajkd.2019.10.017

Parodis, I., and Houssiau, F. A. (2022). From Sequential to Combination and
Personalised Therapy in Lupus Nephritis: Moving towards a Paradigm Shift?
Ann. Rheum. Dis. 81, 15–19. doi:10.1136/annrheumdis-2021-221270

Peterson, K. S., Huang, J. F., Zhu, J., D’agati, V., Liu, X., Miller, N., et al. (2004).
Characterization of Heterogeneity in the Molecular Pathogenesis of Lupus
Nephritis from Transcriptional Profiles of Laser-Captured Glomeruli. J. Clin.
Invest. 113, 1722–1733. doi:10.1172/JCI19139

Rijnink, E. C., Teng, Y. K. O., Wilhelmus, S., Almekinders, M., Wolterbeek, R.,
Cransberg, K., et al. (2017). Clinical and Histopathologic Characteristics
Associated with Renal Outcomes in Lupus Nephritis. Clin. J. Am. Soc.
Nephrol. 12, 734–743. doi:10.2215/CJN.10601016

Tedesco-Silva, H., Felipe, C., Ferreira, A., Cristelli, M., Oliveira, N., Sandes-Freitas,
T., et al. (2015). Reduced Incidence of Cytomegalovirus Infection in Kidney
Transplant Recipients Receiving Everolimus and Reduced Tacrolimus Doses.
Am. J. Transpl. 15, 2655–2664. doi:10.1111/ajt.13327

Warner, L. M., Adams, L. M., and Sehgal, S. N. (1994). Rapamycin Prolongs
Survival and Arrests Pathophysiologic Changes in Murine Systemic Lupus
Erythematosus. Arthritis Rheum. 37, 289–297. doi:10.1002/art.1780370219

Wierzbicka-Patynowski, I., and Schwarzbauer, J. E. (2003). The Ins and Outs of
Fibronectin Matrix Assembly. J. Cel Sci 116, 3269–3276. doi:10.1242/jcs.00670

Woo, J., Wright, T. M., Lemster, B., Borochovitz, D., Nalesnik, M. A., and
Thomson, A. W. (1995). Combined Effects of FK506 (Tacrolimus) and
Cyclophosphamide on Atypical B220+ T Cells, Cytokine Gene Expression
and Disease Activity in MRL/MpJ-lpr/lpr Mice. Clin. Exp. Immunol. 100,
118–125. doi:10.1111/j.1365-2249.1995.tb03612.x

Yamamoto, K., and Loskutoff, D. J. (2000). Expression of Transforming Growth
Factor-Beta and Tumor Necrosis Factor-Alpha in the Plasma and Tissues of
Mice with Lupus Nephritis. Lab. Invest. 80, 1561–1570. doi:10.1038/labinvest.
3780166

Yamamoto, T., Nakamura, T., Noble, N. A., Ruoslahti, E., and Border, W. A.
(1993). Expression of Transforming Growth Factor Beta Is Elevated in Human
and Experimental Diabetic Nephropathy. Proc. Natl. Acad. Sci. U S A. 90,
1814–1818. doi:10.1073/pnas.90.5.1814

Yamamoto, T., Noble, N. A., Cohen, A. H., Nast, C. C., Hishida, A., Gold, L. I., et al.
(1996). Expression of Transforming Growth Factor-Beta Isoforms in Human
Glomerular Diseases. Kidney Int. 49, 461–469. doi:10.1038/ki.1996.65

Yamamoto, T., Noble, N. A., Miller, D. E., and Border, W. A. (1994). Sustained
Expression of TGF-Beta 1 Underlies Development of Progressive Kidney
Fibrosis. Kidney Int. 45, 916–927. doi:10.1038/ki.1994.122

Yanik, E. L., Siddiqui, K., and Engels, E. A. (2015). Sirolimus Effects on Cancer
Incidence after Kidney Transplantation: a Meta-Analysis. Cancer Med. 4,
1448–1459. doi:10.1002/cam4.487

Yap, D. Y., Ma, M. K., Tang, C. S., and Chan, T. M. (2012a). Proliferation Signal
Inhibitors in the Treatment of Lupus Nephritis: Preliminary Experience.
Nephrology (Carlton) 17, 676–680. doi:10.1111/j.1440-1797.2012.01646.x

Yap, D. Y., Tang, C. S., Ma, M. K., Lam, M. F., and Chan, T. M. (2012b). Survival
Analysis and Causes of Mortality in Patients with Lupus Nephritis. Nephrol.
Dial. Transpl. 27, 3248–3254. doi:10.1093/ndt/gfs073

Yap, D. Y. H., Tam, C. H., Yung, S., Wong, S., Tang, C. S. O., Mok, T. M. Y., et al.
(2020). Pharmacokinetics and Pharmacogenomics of Mycophenolic Acid and

its Clinical Correlations in Maintenance Immunosuppression for Lupus
Nephritis. Nephrol. Dial. Transpl. 35, 810–818. doi:10.1093/ndt/gfy284

Yap, D. Y. H., Tang, C., Chan, G. C. W., Kwan, L. P. Y., Ma, M. K. M., Mok, M. M.
Y., et al. (2018). Longterm Data on Sirolimus Treatment in Patients with Lupus
Nephritis. J. Rheumatol. 45, 1663–1670. doi:10.3899/jrheum.180507

Yap, D. Y. H., Tang, C., Ma, M. K. M., Mok, M. M. Y., Chan, G. C. W., Kwan, L. P.
Y., et al. (2017). Longterm Data on Disease Flares in Patients with Proliferative
Lupus Nephritis in Recent Years. J. Rheumatol. 44, 1375–1383. doi:10.3899/
jrheum.170226

Yung, S., Cheung, K. F., Zhang, Q., and Chan, T. M. (2010). Anti-dsDNA
Antibodies Bind to Mesangial Annexin II in Lupus Nephritis. J. Am. Soc.
Nephrol. 21, 1912–1927. doi:10.1681/ASN.2009080805

Yung, S., Ng, C. Y., Au, K. Y., Cheung, K. F., Zhang, Q., Zhang, C., et al. (2017).
Binding of Anti-dsDNA Antibodies to Proximal Tubular Epithelial Cells
Contributes to Renal Tubulointerstitial Inflammation. Clin. Sci. (Lond) 131,
49–67. doi:10.1042/CS20160421

Yung, S., Ng, C. Y., Ho, S. K., Cheung, K. F., Chan, K. W., Zhang, Q., et al.
(2015a). Anti-dsDNA Antibody Induces Soluble Fibronectin Secretion by
Proximal Renal Tubular Epithelial Cells and Downstream Increase of TGF-
B1 and Collagen Synthesis. J. Autoimmun. 58, 111–122. doi:10.1016/j.jaut.
2015.01.008

Yung, S., Zhang, Q., Chau, M. K., and Chan, T. M. (2015b). Distinct Effects of
Mycophenolate Mofetil and Cyclophosphamide on Renal Fibrosis in
NZBWF1/J Mice. Autoimmunity 48, 471–487. doi:10.3109/08916934.
2015.1054027

Yung, S., Zhang, Q., Zhang, C. Z., Chan, K. W., Lui, S. L., and Chan, T. M. (2009).
Anti-DNA Antibody Induction of Protein Kinase C Phosphorylation and
Fibronectin Synthesis in Human and Murine Lupus and the Effect of
Mycophenolic Acid. Arthritis Rheum. 60, 2071–2082. doi:10.1002/art.24573

Zhang, C., Chan, C. C. Y., Cheung, K. F., Chau, M. K. M., Yap, D. Y. H., Ma, M. K.
M., et al. (2019). Effect of Mycophenolate and Rapamycin on Renal Fibrosis in
Lupus Nephritis. Clin. Sci. (Lond) 133, 1721–1744. doi:10.1042/CS20190536

Zhang, L., Lee, G., Liu, X., Pascoe, E. M., Badve, S. V., Boudville, N. C., et al. (2016).
Long-term Outcomes of End-Stage Kidney Disease for Patients with Lupus
Nephritis. Kidney Int. 89, 1337–1345. doi:10.1016/j.kint.2016.02.014

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors, and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Zhang, Tam, Chau, García Córdoba, Yung and Chan. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Pharmacology | www.frontiersin.org April 2022 | Volume 13 | Article 86607717

Zhang et al. MMF and Rapamycin in Lupus Nephritis

https://doi.org/10.1053/j.ajkd.2019.10.017
https://doi.org/10.1053/j.ajkd.2019.10.017
https://doi.org/10.1136/annrheumdis-2021-221270
https://doi.org/10.1172/JCI19139
https://doi.org/10.2215/CJN.10601016
https://doi.org/10.1111/ajt.13327
https://doi.org/10.1002/art.1780370219
https://doi.org/10.1242/jcs.00670
https://doi.org/10.1111/j.1365-2249.1995.tb03612.x
https://doi.org/10.1038/labinvest.3780166
https://doi.org/10.1038/labinvest.3780166
https://doi.org/10.1073/pnas.90.5.1814
https://doi.org/10.1038/ki.1996.65
https://doi.org/10.1038/ki.1994.122
https://doi.org/10.1002/cam4.487
https://doi.org/10.1111/j.1440-1797.2012.01646.x
https://doi.org/10.1093/ndt/gfs073
https://doi.org/10.1093/ndt/gfy284
https://doi.org/10.3899/jrheum.180507
https://doi.org/10.3899/jrheum.170226
https://doi.org/10.3899/jrheum.170226
https://doi.org/10.1681/ASN.2009080805
https://doi.org/10.1042/CS20160421
https://doi.org/10.1016/j.jaut.2015.01.008
https://doi.org/10.1016/j.jaut.2015.01.008
https://doi.org/10.3109/08916934.2015.1054027
https://doi.org/10.3109/08916934.2015.1054027
https://doi.org/10.1002/art.24573
https://doi.org/10.1042/CS20190536
https://doi.org/10.1016/j.kint.2016.02.014
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Effect of Combined Mycophenolate and Rapamycin Treatment on Kidney Fibrosis in Murine Lupus Nephritis
	Introduction
	Materials and Methods
	Chemicals, Assays, and Drugs
	Animal studies
	Assays
	White Blood Cell Count
	Renal Histopathology
	Cytochemical and Immunohistochemical Staining
	Human Mesangial Cells
	Measurement of IL-6 in the Culture Supernatant
	Western Blot Analysis
	Statistical Analyses

	Results
	Effect of Combined Mycophenolate and Rapamycin on Survival Rate, Kidney Function, and anti-dsDNA Antibody Titer in NZBWF1/J ...
	Effect of Combined Mycophenolate and Rapamycin on IgG Deposition and Kidney Histology
	Effect of Combined Mycophenolate and Rapamycin on Glomerular mTOR and ERK Phosphorylation, and Expression of TGF-β1, IL-6,  ...
	Effect of IL-6 and TGF-β1 on mTOR, PI3K, and ERK Phosphorylation and IL-6 Secretion in Human Mesangial Cells
	Effect of IL-6 and TGF-β1 on α-smooth Muscle Actin, Fibronectin, and Collagen III Expression in Human Mesangial Cells
	Effect of MPA and Rapamycin on Inflammatory and Fibrotic Processes Induced by IL-6 and TGF-β1 in Human Mesangial Cells

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


