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Abstract: Diabetic nephropathy (DN) is one of the most common complications in diabetes mellitus
and the leading cause of end-stage renal disease. TGF-β is a pleiotropic cytokine and has been
recognized as a key mediator of DN. However, anti-TGF-β treatment for DN remains controversial
due to the diverse role of TGF-β1 in DN. Thus, understanding the regulatory role and mechanisms of
TGF-β in the pathogenesis of DN is the initial step towards the development of anti-TGF-β treatment
for DN. In this review, we first discuss the diverse roles and signaling mechanisms of TGF-β in
DN by focusing on the latent versus active TGF-β1, the TGF-β receptors, and the downstream
individual Smad signaling molecules including Smad2, Smad3, Smad4, and Smad7. Then, we dissect
the regulatory mechanisms of TGF-β/Smad signaling in the development of DN by emphasizing
Smad-dependent non-coding RNAs including microRNAs and long-non-coding RNAs. Finally,
the potential therapeutic strategies for DN by targeting TGF-β signaling with various therapeutic
approaches are discussed.

Keywords: TGF-β signaling; diabetic nephropathy; Smad; fibrosis; inflammation

1. Introduction

Diabetic nephropathy (DN) is a common complication in patients with diabetes
mellitus (diabetes hereafter) and a major cause of chronic kidney disease (CKD) and
end-stage renal disease (ESRD). DN is characterized by the development of proteinuria
(microalbuminuria), mesangial cell proliferation and matrix expansion, and glomerular and
tubulointerstitial fibrosis [1]. In the early stage of DN, the glomerular filtration rate (GFR)
can be increased [2], but finally declines as the consequence of progressive renal injury [1].

Both type 1 and type 2 diabetes can cause DN but not all patients with diabetes
eventually develop DN. The incidence of DN in the American population with diabetes
is 20–40%; of this group, a considerable portion of patients can preserve the normal
renal function for a long period postdiagnosis of diabetes [1]. This strongly suggests that
genetic predisposition may be an important risk factor in the onset of DN, which has
been validated by a large cohort-based GWAS study [3]. It has been shown that single
nucleotide polymorphism (SNP) at codon 10 (Pro10Leu) and codon 263 (Thr263Ile) of Tgfb1
is associated with the development of nephropathy in type 1 diabetes [4,5]. The association
of Pro10Leu with DN in type 2 diabetes is also reported in the Chinese population [6].
In vitro, the genetic polymorphism of Tgfb1 may influence its expression [7], although this
is not supported by other epidemiological studies [8,9]. In patients with type 1 and type
2 diabetes, plasma levels of TGF-β1 increase significantly and become further elevated
in those with DN [10–13]. Correlation analysis shows that the plasma levels of TGF-β1
are closely correlated with the severity of renal dysfunction in DN patients [13]. Further
studies reveal those patients with DN also develop high urinary levels of TGF-β [14],
suggesting the involvement of renal TGF-β in the pathogenesis of DN. This is also found

Int. J. Mol. Sci. 2021, 22, 7881. https://doi.org/10.3390/ijms22157881 https://www.mdpi.com/journal/ijms

https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0003-3881-3149
https://orcid.org/0000-0003-1169-176X
https://orcid.org/0000-0003-4283-9755
https://doi.org/10.3390/ijms22157881
https://doi.org/10.3390/ijms22157881
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/ijms22157881
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms22157881?type=check_update&version=2


Int. J. Mol. Sci. 2021, 22, 7881 2 of 18

in various animal models of DN [15]. Taken together, these clinical, pathological, and
epidemiological findings from both diabetic patients and animal models suggest TGF-β1
may have a pathogenic role in DN, which is to be discussed in this review.

2. TGF-β Signaling

TGF-β is a member of the TGF-β superfamily, which also includes bone morphogenic
proteins (BMPs), nodals, growth and differentiation factors (GDFs), and activins [16]. TGF-
β ligands contain 3 isoforms, TGF-β1, 2, and 3, which are widely expressed in various cell
and tissue types with TGF-β1 as the predominant one [17]. TGF-β ligands are synthesized
as a larger precursor protein whose N-terminal part is cleaved to release the mature
C-terminal ligand in the form of homodimers. The cleaved N-terminal peptide (latency-
associated peptide, LAP) physically binds with the C-terminal ligand [16]. The activity
of the mature TGF-β homodimers is sequestered by the latent TGF-β-binding proteins
(LTBPs), which is termed latent TGF-βs [16]. Active TGF-βs can be released by enzymatic
digestion or acid microenvironment [16].

After being released from LAP, active TGF-β binds to the type 2 transmembrane
receptor TGFBR2 which is a serine/threonine kinase to recruit and activate TGFBR1 (also
called activin receptor-like kinase 5, ALK5) by phosphorylation. Activated TGFBR1 then
phosphorylates the receptor-regulated Smads (R-Smad), herein Smad2 and Smad3, at their
C-terminal serine residues. Smad2 and Smad3 are the executive transcriptional factors and
share high similarities in terms of the amino acid sequence. The activated R-Smads can
form complexes with Smad4 (common Smad or Co-Smad) and translocate into the nucleus
to regulate the transcription of target genes. There is also an inhibitory Smad7 which is
induced by Smad3 and competitively binds to the TGFBR1 to inhibit the phosphorylation
of Smad2 and Smad3 [18]. Furthermore, Smad7 can also function to degrade TGFBR1 by
recruiting the E3 ubiquitin ligase Smurf2 [19]. Thus, Smad7 negatively modulates TGF-β
signaling via its negative feedback mechanism [20] (Figure 1).

The binding of active TGF-β ligand to the receptors is also facilitated by the membrane-
bound auxiliary coreceptors betaglycan (TGFBR3) and endoglin [16]. Betaglycan presents
TGF-β ligand to TGFBR2 to form a ternary complex, thereby enhancing the responsiveness
of TGF-β signaling [21]. Betaglycan can also shed from the membrane to form soluble
betaglycan. In contrast to the membrane-bound betaglycan, the soluble betaglycan se-
questers the TGF-β signal activity [22]. In addition to the signal transduction from TGF-β
ligand to the membrane-bound receptor, Smad2/3 can also be activated/phosphorylated
by crosstalk with ERK/p38 MAPK pathway [23].

Furthermore, TGF-β1 can also activate a wide variety of Smad-independent pathways
(known as non-Smad signaling) to exhibit its bioactivities. These non-Smad pathways
include TGF-β-activated kinase 1 (TAK1), phosphatidylinositol 3-kinase/AKT, and Rho-
like GTPase signaling pathways as previously described [24,25]. The activation of these
Smad-independent pathways can function alone or synergistically with Smad signaling to
regulate the downstream cellular response. One example is that TGF-β1-bound TGFBR1
directly phosphorylates the cell polarity protein Par6, which recruits E3 ubiquitin ligase
Smurf1 to degrade the Small GTPase RhoA to initiate epithelial-to-mesenchymal transition
(EMT) [26], indicating the complexity of TGF-β signaling.
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miR-21, miR-192, miR-377, Erbb4-IR, and lncRNA9884 are upregulated and pathogenic. However, miR-29a/b, miR-200a, 

let-7b, and lnc-TSI are downregulated and renoprotective. The TGF-β signal-targeted inhibitors or agonists, whose efficacy 

for DN treatment has been validated in animal studies, are also labeled in the illustration. The line with an arrow end 

means positive regulation, while that with the blunt end means negative regulation or inhibition. 
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Figure 1. The regulatory role of TGF-β signal in DN. TGF-β ligands (TGF-β1/2/3) transduce the transmembrane signal
through binding to TGFBR2 and TGFBR1, resulting in the phosphorylation of downstream Smad2/3. Phosphorylated
Smad2/3 form the complexes with Smad4 and translocate into the nucleus to regulate the transcription of target genes.
Smad2/3 can also be activated by signal crosstalk with ERK/p38 MAPK pathway. Smad7, an inhibitory Smad, acts to
inhibit Smad2/3 phosphorylation by targeting TGFBR1. In addition, Smad7 also induces IκBα, an NK-κB inhibitor, to
suppress NF-κB signaling. TGF-β also induces many Smad3-dependent miRNAs/lnRNAs to regulate DN, among which
miR-21, miR-192, miR-377, Erbb4-IR, and lncRNA9884 are upregulated and pathogenic. However, miR-29a/b, miR-200a,
let-7b, and lnc-TSI are downregulated and renoprotective. The TGF-β signal-targeted inhibitors or agonists, whose efficacy
for DN treatment has been validated in animal studies, are also labeled in the illustration. The line with an arrow end means
positive regulation, while that with the blunt end means negative regulation or inhibition.

3. Activation of TGF-β Signaling in DN

In both patients and animal models with DN, the TGF-β ligands, TGFBRs, and
downstream signaling molecules such as Smad2 and Smad3 are highly upregulated or
activated in glomeruli, tubules, and tubulointerstitium [15,23,27–31]. DN is associated
with multiple hazardous ambient factors such as high glucose, advanced glycation end
products (AGEs), hypertension, and dyslipidemia, which can activate TGF-β signaling
through TGF-β-dependent and independent mechanisms.

High glucose potentiates TGF-β signaling and enhances the transcriptional activity
of fibronectin promoter and luciferase construct containing Smad binding elements (SBEs)
in the mesangial cell [31]. Indeed, high glucose stimulates the transcription of Tgfb1 in
various kidney cell types including mesangial cell [32,33], fibroblast [34], and proximal
tubular cell [35]. The influence of glucose on Tgfb1 expression may be associated with a
putative glucose-responsive element found in the promoter of Tgfb1 gene [33]. In addition
to promoting Tgfb1 expression, high glucose also enhances the activity of TGF-β1 by
up-regulating thrombospondin 1 (TSP1), which can activate the latent TGF-βs [36,37].
Furthermore, high glucose is also found to increase Tgfbr2 transcription in the murine
mesangial cell independent of the induction of TGF-β [29]. Thus, high glucose can activate
the TGF-β signaling during the development of DN.

AGEs are produced by the irreversible glycosylation of proteins and ubiquitously dis-
tributed in local tissues including kidney in diabetic condition [38,39]. AGEs play a critical
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role in the pathogenesis of DN, as inhibition of their production significantly attenuates
the severity of DN [40]. AGEs can activate multiple intracellular signals including the
TGF-β/Smad pathway. In vitro evidence shows that AGEs activate TGF-β/Smad signaling
in binary phases in renal tubular cells and vascular cells. In the early phase, AGEs rapidly
phosphorylate Smad2/3 within 30 min. This rapid activation of Smad2/3 induced by AGEs
is independent of the expression of TGF-β and TGFBRs, but is mediated via the receptor
of AGE (RAGE)-ERK/p38 MAKPs-Smad crosstalk mechanism, as the antibody blockade
of RAGE or inhibition of ERK/p38 MAPKs abolishes AGEs-induced phosphorylation of
Smad2/3. In the later phase, AGEs induce the second peak of Smad2/3 phosphorylation
after 24 h which is dependent on the TGF-β and TGFBRs. Importantly, the pharmaceutic
inhibition of ERK/p38 MAPKs or over-expression of Smad7 prevents AGEs-induced col-
lagen production, suggesting the critical role of RAGE-ERK/p38 MAKPs-Smad crosstalk
pathway in AGEs-induced fibrogenesis in DN [39,41] (Figure 1).

Similar to AGEs, angiotensin II (Ang II) also induces a rapid phosphorylation of
Smad2/3 through the Ang II receptor AT1-ERK/p38 MAPKs-Smad crosstalk pathway,
which is also independent of TGF-β in vascular smooth muscle cells (VSMCs) and in renal
tubular cells [42–44]. However, the long-term (24 h) of Smad2/3 activation induced by Ang
II requires the de novo synthesis of TGF-β [43,44], which is TGF-β-dependent. Furthermore,
it is also reported that the activation of protein kinase C is essential for Ang II-stimulated
TGF-β1 transcription [45,46].

Hyperlipidemia is an independent risk factor for the development of DN [47]. A
recent study indicates that treatment with free saturated fatty acid palmitate in human
glomerular mesangial cells causes the activation of Smad2/3 and expression of ECM genes
through a CD36-TRPC6-NFAT2 signal axis [48].

In addition to the above mechanisms, reactive oxidative species (ROS) is another factor
involving the activation of TGF-β signaling in DN. Indeed, hyperglycemia, Ang II, AGEs,
and hyperlipidemia (palmitate) can provoke intracellular ROS overproduction [38,49].
ROS can activate the Activated Protein-1 (AP-1), a transcriptional factor to promote Tgfb1
expression. Mutation of the AP-1 binding site in Tgfb1 promoter or pharmaceutically
attenuating ROS level reduces the production of TGF-β1 in mesangial cells [50]. Therefore,
ROS promotes TGF-β1 expression in an AP-1-dependent mechanism.

4. Diverse Role of TGF-β/Smad Signaling in DN
4.1. Active Versus Latent TGF-β1 in DN

It is well known that TGF-β is secreted as a latent form but becomes active after it is
released from the LAP. The causal relationship between active TGF-β1 and DN is proven in
genetically modified mouse models. Transgenic expression of active TGF-β1 specifically in
mouse hepatocyte (driven by Albumin promoter) causes an elevated level of the circulating
active TGF-β1. These mice develop progressive renal failure characterized by mesangial
expansion, tubulointerstitial fibrosis, and glomerulosclerosis [51]. Similarly, another study
reported that transgenic overproduction of the active TGF-β1 in juxtaglomerular apparatus
locally in the kidney also causes renal injury with albuminuria, polyuria, increased ECM
deposition in glomeruli, and reduced GFR [52,53]. Thus, these animal studies prove that
high levels of active TGF-β1 are pathogenic and can cause renal injury no matter the source
if is extrarenal or intrarenal.

By genetically modifying the 3′UTR of Tgfb1, the mouse model with transgenic Tgfb1
expression from 10% (hypomorph) to 300% (hypermorph) over the normal level has been
successfully established [54]. After crossing with Akita diabetic mice, mice with Tgfb1
hypomorph are prevented from the development of DN while mice with Tgfb1 hyper-
morph develop severe DN. Furthermore, Tgfb1 expression was also conditionally modified
in podocyte and proximal tubule in Akita mouse. Interestingly, the switching of Tgfb1
expression from hypomorph to hypermorph in podocyte causes glomerular injury by
a 4-fold increase in albuminuria. However, the switching of Tgfb1 from hypomorph to
hypermorph in proximal tubule results in tubulointerstitial fibrosis, polyuria, glucosuria,
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and macroalbuminuria (increase by 20 folds) [15]. These findings suggest that TGF-β1 may
play a distinct role in different segments of the nephron in DN. The association of overex-
pressing tubular TGF-β1 with the development of albuminuria, polyuria, and glucosuria
in DN may be due to the impairment of renal reabsorption as Tgfb1-hypermorphic Akita
mice show decreased expression of megalin [15]. This is also supported by the in vitro
findings that TGF-β1 is able to suppress the glucose uptake by decreasing the expression of
glucose transporters sodium-glucose co-transporter 1/2 (SGLT1/2) and to inhibit albumin
reabsorption by reducing megalin expression in cultured proximal tubular cells [55,56].

In contrast to active TGF-β, latent TGF-β1 is protective in DN. Mice with transgenic
overexpression of latent TGF-β1 specifically in skin epidermis show normal renal pheno-
type despite a 10-fold increase in circulating latent TGF-β1. However, these transgenic mice
are protected from the development of renal inflammation and renal fibrosis in models
of obstructive nephropathy and crescentic glomerulonephritis [57]. Our recent observa-
tion also found that overexpression of latent TGF-β1 in the skin is capable of inhibiting
STZ-induced DN (unpublished data). The distinct roles of latent versus active TGF-β1
are also reflected in the regulation of immune and inflammatory responses. TGF-β1 is an
anti-inflammatory cytokine as Tgfb1-null mice develop multiple organ inflammation and
die prematurely [58]. By contrast, overexpression of latent TGF-β1 in the epidermis results
in a marked activation of TGF-β/Smad signaling and the development of inflammatory
skin lesions locally with massive infiltration of immune cells [59]. These observations
suggest that the function of latent TGF-β1 is disease and environment-dependent although
it is generally protective in kidney disease. Thus, clinical treatment using the antibody-
based strategies should be cautious since most circulating TGF-β1 is in latent form, and
administration of anti-TGF-β antibody may block the beneficial effect of latent TGF-β1 and
result in an adverse effect on patients with DN.

TGF-β signaling also plays a regulatory role in renal inflammation. TGF-β can activate
NLRP3 inflammasomes, which is important for the maturation and release of inflammatory
cytokines such as IL-1β and IL-18, in a Smad3-dependent manner [60,61]. In turn, NLRP3
also enhances TGF-β signaling by promoting TGF-β1-induced Smad3 phosphorylation
during the process of EMT [61]. Thus, NLRP3 deficiency attenuates TGF-β1-triggered EMT
and renal fibrosis in vitro and in diabetic mouse model [60–63].

4.2. TGF-β Receptors

As the binding receptor of TGF-β ligands, TGFBR2 is important for the transmission
of downstream Smad signaling. Dominant-negative TGFBR2 abolishes the activation
of canonical TGF-β/Smad signal and fibrosis in VSMCs in response to Ang II [43]. In
CKD, conditional deletion of Tgfbr2 in tubules attenuates renal fibrosis in UUO mice [64].
Similarly, heterozygous deletion of Tgfbr2 (Tgfbr2+/−) reduces the severity of glomerular
hypertrophy and mesangial expansion in STZ-induced DN [65]. However, TGFBR2 plays
complex roles in the regulation of inflammation. Deletion of Tgfbr2 in the tubule aggravates
renal inflammation in UUO mice while alleviating inflammation in cisplatin-induced
AKI [64,66]. Therefore, the regulatory role of TGFBR2 in inflammation may be disease type-
dependent. Although there is no available genetic data for the role of TGFBR1 in kidney
disease including DN, inhibition of TGFBR1 by the specific pharmaceutical inhibitors
IN-1130 and SB-525334 can inhibit fibrosis in the rat models of UUO and puromycin
aminonucleoside (PAN)-induced nephritis, respectively [67,68].

In addition to TGFBRI/II, the TGF-β co-receptors betaglycan and endoglin also play
critical roles in DN. The soluble betaglycan can sequester TGF-β from its receptor and
negatively modulate the signal activity [21]. It is reported that treatment with recombi-
nant soluble betaglycan improves renal injury in db/db mice [69]. Endoglin is highly
expressed in the kidney biopsy of patients with DN and positively correlates with renal
dysfunction [69]. Knockdown of endoglin mitigates TGF-β1-stimulated fibrosis in human
fibroblast cells [70], suggesting a deleterious role for endoglin in DN.
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4.3. Smad3 vs. Smad2

Smad2 and 3 share the same DNA binding motif or Smad-binding elements (SBEs)
with a sequence of “AGAC” [27]. However, Smad2 and 3 usually target different subsets of
genes [27]. Furthermore, because of the short DNA recognition motif, Smad2 and Smad3
have low DNA binding affinity and specificity. Therefore, they should interact with other
partner proteins or transcriptional factors to establish efficient recognition (or binding)
to the cis-regulatory element of their target genes [28]. These binding partners largely
determine the targeting specificity and transcriptional regulation fashion (promotion or
repression) in a context- and cell type-dependent manner [28].

Increasing evidence shows that Smad3, but not Smad2, is the primary profibrotic
transcriptional factor in response to the various fibrogenic mediators including TGF-β [31],
Ang II [43,44], and AGEs [41]. In the mouse model of UUO, deletion of Smad3 significantly
reduces renal fibrosis [71]. By contrast, Smad2 is protective as knockout of Smad2 in
tubular cells exacerbates fibrosis in UUO mice, which is associated with increased Smad3
activity [72]. Unlike fibrosis, both Smad2 and Smad3 show similar activity on inflammation,
as knockout of Smad2 or Smad3 attenuates inflammatory injury in acute kidney disease
(AKI) [66,73]. In view of DN, mice null for Smad3 are protected from renal fibrosis including
GBM thickening and ECM overproduction in STZ-induced DN [74], although inhibition
of albuminuria is always observed [75]. In type 2 diabetes-associated DN, our study
reveals that deletion of Smad3 from db/db mice prevents the development of DN as
Smad3KO-db/db mice are free from diabetes and DN with normal levels of blood glucose
and serum creatinine without insulin resistance, glucose intolerance, obesity, albuminuria,
and renal pathology [76,77]. All these findings demonstrate an essential role for Smad3 in
the pathogenesis of DN in both type 1 and type 2 diabetes. Interestingly, in contrast to the
anti-fibrogenic role of Smad2 in UUO mouse kidney [72], conditional deletion of Smad2
from fibroblasts driven by the Fibroblast-specific Protein 1 (Fsp1) promoter reduces renal
fibrosis in STZ-induced DN [78]. As Fsp1 promoter is also active in hematopoietic cells [79],
more studies are needed for a better understanding of the role of Smad2 in DN.

4.4. Smad4

Although Smad4 is a common Smad to facilitate the nuclear translocation of Smad2/3,
it seems to play diverse roles in CKD including DN. It has been shown that knockout of
Smad4 promotes inflammation but inhibits fibrosis in the kidney of UUO mice, which is as-
sociated with reduced Smad7 expression and decreased Smad3 activity, thereby enhancing
the inflammatory NF-κB signaling but inactivating the fibrotic Smad3 signaling [80].

Smad4 also plays a profibrotic role in DN. It is reported that knockdown of Smad4
by injecting the locked nucleic acid (LNA) can ameliorate glomerulosclerosis and albu-
minuria in eNOS−/− mice fed with high-fat diet (HFD) without influencing the di-
abetic phenotype [81]. This renoprotective effect is further recapitulated in HFD-fed
eNOS−/− mice with podocyte-specific deletion of Smad4. Mechanistically, deletion of
Smad4 from podocytes is able to enhance glycolysis and oxidative phosphorylation as
Smad4 can bind to PKM2 and ATPase inhibitory factor 1 (ATPIF1) to inhibit glycolysis and
oxidative phosphorylation [80].

4.5. Smad7

Smad7 plays a pivotal role in anti-fibrotic response to TGF-β by inhibiting Smad2/3
phosphorylation through competing for TGFBR1 binding and inducing its degradation [18,19].
In vitro, overexpression of Smad7 inhibits CTGF expression and ECM synthesis induced by
AGEs and Ang II in renal tubular cells and VSMCs [39,41,42,44]. In vivo, overexpression of
Smad7 attenuates fibrosis in different renal disease models including 5/6 nephrectomy [82],
crescentic glomerulonephritis [83], UUO [84], chronic aristolochic acid nephropathy [85], and
hypertensive nephropathy [86]. By contrast, disruption of Smad7 aggravates renal fibrosis
in the UUO kidney [87], aristolochic acid nephropathy [85], and hypertensive nephropa-
thy [88]. In addition to inhibiting fibrosis, Smad7 also suppresses inflammatory NF-κB
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signaling by inducing the expression of IκBα [89]. To support this notion, overexpression
of Smad7 can inhibit renal inflammation in animal models of crescentic glomerulonephri-
tis [83], 5/6 nephrectomy [90], chronic aristolochic acid nephropathy [85], and hypertensive
nephropathy [86]. Inversely, knockout of Smad7 promotes inflammation with more severe
impairment of renal function in chronic aristolochic acid nephropathy [85], hypertensive
nephropathy [88], and UUO kidney [87].

Smad7 also plays a protective role in DN. In STZ-induced DN and db/db mice-
associated DN, Smad7 knockout mice develop more severe albuminuria, renal fibrosis
(glomerulosclerosis, tubulointerstitial ECM production), and inflammation (macrophage in-
filtration, expression of inflammatory cytokines such as TNF-α, IL-1β, and MCP-1) [91,92].
However, ultrasound microbubble-mediated delivery of Smad7 into the kidney of db/db
mice ameliorates the renal fibrosis and inflammation accompanied by improved
renal function [92].

5. Role of TGF-β/Smad3-Dependent miRNAs and Long Non-Coding RNAs in DN

miRNA and long non-coding RNA (lncRNA) are two important subclasses of the non-
coding RNA family and have been shown to play critical roles in various physiological and
pathological processes through distinct mechanisms. miRNAs are short single-stranded
RNAs with a length of 20–22 nucleotides, and they function by binding to the 3′ untrans-
lated region (UTR) of target mRNA to induce translational repression or degradation [93].
In contrast to miRNAs, lncRNAs have a size of more than 200 nucleotides and are engaged
in the transcriptional regulation of neighboring or non-neighboring genes with distinct
mechanisms. lncRNAs may also function by directly interacting with particular proteins
to regulate protein-specific roles (for a detailed review, see reference [94]). Accumulating
evidence suggests that miRNAs and lncRNAs are functionally engaged in TGF-β/Smad
signal-driven kidney disease [89,95]. High-throughput microarray and transcriptome
analysis revealed that a number of miRNAs and lncRNAs are differentially expressed
in the diseased kidney under the regulation of TGF-β signaling [96–100]. Among them,
Smad3-dependent miR-21, miR-192, miR-377, Erbb4-IR, and lncRNA9884 are upregulated
and proven to be pathogenic, while miR-29a/b and miR-200a are downregulated and
renoprotective in DN (Figure 1 and Table 1).

Table 1. TGF-β/Smad3-dependent miRNAs and lncRNAs with validated roles in DN.

miRNA/lncRNA ND Model Target Gene and Reference

Pathogenic and upregulated
miR-21 db/db mice Smad7 [101]

miR-192 STZ-induced DN
db/db mice

Col1a2 via directly targeting
SIP1 [102,103]

miR-377 STZ-induced DN
diabetic NOD mice unclear [104,105]

miR-29a STZ-induced DN Col4a1 and Col4a2 [106,107]
miR-29b db/db mice Tgfbr1 [108,109]
Erbb4-IR db/db mice miR-9b, Smad7 [110,111]

lncRNA9884 db/db mice MCP-1 [112]

Renoprotective and downregulated
miR-200a STZ-induced DN Tgfb2 [113]

let-7b STZ-induced DN Tgfbr1, Col1a2, Col4a1
[114,115]

5.1. miRNAs

miR-21 is a Smad3-dependent miRNA and is upregulated in various kidney diseases
including DN [98,116]. Knockdown of miR-21 alleviates albuminuria and reduces renal
fibrosis and inflammation in db/db mice [101]. Mechanistically, miR-21 directly targets
the 3′UTR of Smad7 mRNA, therefore suppressing the anti-fibrotic and anti-inflammatory
functions of Smad7 [101].
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miR-192 is also a Smad3-dependent miRNA and is upregulated in STZ-induced DN
and db/db mice-associated DN [103]. The functional study demonstrates that miR-192
mediates renal fibrosis by targeting the Smad-interacting protein 1 (SIP1), which is an
E-box repressor to transcriptionally suppress Col1a2 [102]. Therefore, miR-192 indirectly
upregulates Col1a2 via attenuating SIP1 expression. Knockdown of miR-192 ameliorates
renal fibrosis in STZ-induced DN in mice [117]. In patients with type 2 diabetic nephropathy
(T2DN), serum levels of miR-192 are elevated [118]. However, other studies also reported
decreased miR-192 in renal biopsies and serum in patients with T2DN [105,119]. In human
proximal tubular HK2 cells, TGF-β1 downregulates miR-192, and overexpression of miR-
192 suppresses TGF-β1-induced E-cadherin loss, suggesting a protective role against
epithelial to mesenchymal transition (EMT) [119]. It is not clear whether this discrepancy
is caused by species variance in these studies.

miR-377 is upregulated in mesangial cells stimulated with high glucose or TGF-β1,
and in kidneys of STZ-induced diabetic mice and diabetic NOD mice. Furthermore,
increased serum miR-377 is detected in patients with T2DN [105]. Importantly, miR-377
promotes fibronectin expression in mesangial cells, although the direct target gene remains
to be elusive [104].

The miR-29 family includes three family members (miR-29a,b,c) and is made up
of Smad3-dependent miRNAs [99]. Among them, miR-29b is well characterized by its
anti-fibrotic property in multiple organs [99,109,120,121]. miR-29b is downregulated in
the kidney of db/db mice and in AGE-treated mesangial cells. Overexpression of miR-
29b relieves albuminuria accompanied by attenuated renal fibrosis and inflammation in
db/db mice [108]. Mechanistically, miR-29b inhibits Tgfbr1 expression by targeting its
coding sequence (3rd exon) [109]. Another member of the miR-29 family, miR-29a, is also
downregulated by high glucose in the proximal tubular cells (HK2) [106]. Transgenic
overexpression of miR-29a ameliorates renal hypertrophy, fibrosis, and inflammation in
STZ-induced DN [107]. Further analysis demonstrates that miR-29a directly binds to the
3′UTR of both Col4a1 and Col4a2 to downregulate their expression [106].

miR-200 family is downregulated by TGF-β1/2. Among them, miR-200a is downregu-
lated in STZ-induced DN in ApoE-knockout mice. Overexpression of miR-200a suppresses
fibrosis and EMT phenotype in the tubular cell line NRK53E. It has been shown that miR-
200a directly binds to the 3′UTR of Tgfb2 to decrease its expression [113]. Thus, the miR-200
family may be protective in DN.

miRNA let-7b is also downregulated in STZ-induced DN and in tubular and mesangial
cells in response to TGF-β1. Overexpression of let-7b attenuates fibrosis by negatively
regulating Tgfbr1, Col1a2, and Col4a1 through direct binding to their 3′UTR [114,115].
miRNAs from the let-7 family are also upregulated by fibroblast growth factor receptor
(FGFR) signaling and are important to maintain the quiescence of endothelia. Activation of
TGF-β signaling causes endothelial-to-mesenchymal transition (EndoMT) with decreased
anti-fibrotic miR-29s and let-7s [122]. It is reported that miR-29s can upregulate let-7s by
directly targeting INF-γ to enhance FGFR signaling, therefore creating a crosstalk between
miR-29s and let-7s [123]. However, the in vivo role of let-7b in DN remains unexplored.

5.2. lncRNAs

By using RNA sequencing, many Smad3-dependent lncRNAs have been identified
and found to play critical roles in renal fibrosis and inflammation [100]. Among them,
lncRNA Erbb4-IR (np_5318) is upregulated in DN of db/db mice and in AGEs-stimulated
mesangial cells in a Smad3-dependent manner. Kidney-targeted silencing of Erbb4-IR
reduces albuminuria, serum creatinine, and renal fibrosis in db/db mice. The mechanistic
study reveals that Erbb4-IR binds to the 3′ region of miR-29b genomic locus to suppress its
transcription [111]. Furthermore, in the UUO kidney Erbb4-IR is found to promote fibrosis
through inhibiting Smad7 transcription by binding to its corresponding genomic sequence
of 3′UTR [110]. Therefore, Erbb4-IR functions as a trans-regulator to negatively regulate
miR-29b and Smad7 in renal fibrosis.
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lncRNA9884 is another Smad3-dependent lncRNA. lncRNA9884 is upregulated in
db/db mice and AGE-treated renal tubular cells. lncRNA9884 promotes inflammation by
binding to the promoter of MCP-1 gene to enhance its transcription [112]. Knockdown of
lncRNA9884 attenuates albuminuria and serum creatinine by inhibiting renal inflammation.

A recent study found a novel lncRNA lnc-TSI (TGF-β/Smad3-interacting long non-
coding RNA) whose expression is Smad3-dependent. lnc-TSI directly binds to the MH2
domain of Smad3 protein to block its interaction with TGFBR1 and the resulted phos-
phorylation. Delivery of lnc-TSI into the kidney attenuates renal fibrosis in UUO mice.
Furthermore, the expression level of lnc-TSI is negatively correlated with renal fibrosis in
patients with IgA nephropathy (IgAN). Thus, lnc-TSI functions to repress TGF-β/Smad
signaling via a negative feedback mechanism similar to, but independent of, Smad7 [124].
However, the role of lnc-TSI in DN remains unclear.

6. Treatment of DN by Targeting TGF-β Signaling

During the last decades, many treatment strategies have been developed and proven
to effectively ameliorate DN clinically. Many drugs targeting diabetes by lowering blood
glucose reasonably benefit renal function in DN, e.g., SGLT2 inhibitors empagliflozin [125]
and canagliflozin [126], and DPP-4 inhibitor linagliptin [127]. Furthermore, targeting DN-
associated risk factors such as hypertension with angiotensin-converting enzyme inhibitors
(ACEis) [128] and angiotensin II receptor blockers (ARBs) [129], and hyperlipidemia with
statins [130] also significantly delays the progression of DN. In addition, the pharmaceutical
intervention of particular pathways such as mineralocorticoid receptor signaling [131],
endothelin A receptor signaling [132], JAK-STAT signaling [133], and glycolysis [134] is
also proven to effectively improve renal function in DN. However, all these treatments
have been shown to delay, but cannot prevent, the progression of DN. Therefore, more
effective therapeutic drugs for diabetes are urgently needed.

Given its critical roles of TGF-β/Smad signaling in the development of DN, TGF-β
signal-targeted therapy seems to be promising for the treatment of DN. It is reported that
blockade of TGF-β signaling at levels of ligands and receptors by neutralizing antibody or
soluble TGF-β receptor (TGFBR2) is effective to relieve DN [56,135–137]. However, a phase
2 clinical trial shows that treatment with a TGF-β1-neutralizing antibody has no benefit
to patients with DN [138], suggesting that the antibody-based therapy may not be a good
strategy for the treatment of DN. Nevertheless, the failure of TGF-β antibody treatment
remains largely unexplained. It is possible that blockade of TGF-β1 by treatment with the
anti-TGF-β antibody may promote inflammation as TGF-β1 is a potent anti-inflammatory
cytokine [139]. It is also possible that the antibody-based treatment may also block the
latent TGF-β1 and thus blunt its protective effect on DN. In addition, the prolonged
treatment with the anti-TGF-β1 immunoglobin for 8 months may also cause autoantibody
production [140], which in turn may reduce the therapeutic effect of anti-TGF-β1 antibody
treatment on DN. Therefore, more well-designed clinical studies are needed to assess the
efficacy of neutralizing antibodies against TGF-β ligand in the treatment of DN.

Targeting TGF-β receptors may be an alternative strategy for the treatment of DN.
GW788388, an inhibitor of both TGFBR1 and TGFBR2, has been proven curative to attenu-
ate renal fibrosis in db/db mice [141]. It is possible that several other chemical inhibitors
to TGFBR1 (ALK5) may also have therapeutic effects on DN. However, no animal exper-
imental data so far are available. Another potential therapeutic agent functioning at the
receptor level is the soluble coreceptor betaglycan. The animal study demonstrated that
administration of soluble betaglycan suppresses renal fibrosis in db/db mice [69]. However,
the clinical significance of soluble betaglycan remains to be determined.

It is reported that the DPP-4 inhibitor linagliptin can suppress the conversion of latent
TGF-β into its active form and shows anti-fibrotic ability in the STZ-induced DN, indicating
a renoprotective role independent of its glucose-lowering effect [127,142]. Furthermore,
DPP-4 also interacts with integrin β1 to enhance the heterodimerization of TGF-β receptors
and the responsiveness of TGF-β signaling [122]. Therefore, DPP-4 inhibitors are renal
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protective in DN by suppressing the TGF-β signaling at both the ligand and receptor levels.
SIRT3 is also renal protective in DN as SIRT3 deficiency promotes abnormal glycolysis
and renal fibrosis by activating TGF-β/Smad signaling, which is reversed by restoring
SIRT3 [134], revealing SIRT3 as a potential therapeutic agent for DN.

As Smad3, but not Smad2, plays a critical role in the pathogenesis of diabetes and
DN [76,77], targeting Smad3 represents a novel and effective strategy for the treatment
of DN. In the UUO mouse model, inhibition of Smad3 with specific inhibitor of Smad3
(SIS3) attenuates renal fibrosis and inflammation [143,144]. It is also reported that treatment
with SIS3 can block EndoMT and improve renal dysfunction and fibrosis in STZ-induced
DN [145]. We also show that treatment with SIS3 protects against DN in db/db mice by pre-
venting lysosome from depletion and thus improves the autophagic flux in the renal tubular
epithelial cells [146]. However, more data are needed to evaluate the efficacy and safety of
SIS3 in other animal models of DN. Interestingly, the glucocorticoid receptor (GR) signaling
also plays a protective role in DN. A recent study showed that endothelial deletion of GR
accelerates fibrosis in DN by enhancing EndoMT [147]. Mechanistically, GR suppresses
TGF-β/Smad3 signaling by physically interacting with Smad3 protein and inhibiting its
activity [148]. Therefore, GR may serve as an inhibitor of Smad3. However, the GR agonist
dexamethasone shows unfavorable side effects to exacerbate hyperglycemia [147].

Smad7 is another ideal therapeutic agent for the treatment of DN as it can suppress
both TGF-β/Smad3-mediated fibrosis and NF-κB-mediated inflammation simultaneously
(Figure 1) [92]. Overexpression of Smad7 through the kidney-targeted gene delivery by
ultrasound microbubble technique improves renal function in different animal models
of DN [91,92]. However, exogenous DNA delivery-based therapy may cause a safety
concern for clinical application. Thus, developing Smad7 agonists may be an alternative for
treatment of DN. One promising option is N-acetyl-seryl-aspartyl-lysyl-proline (AcSDKP).
AcSDKP is an endogenous anti-fibrotic peptide and orally appliable. Treatment with
AcSDKP has been shown to have a significant renoprotective effect on DN in both type
1 and 2 diabetic mouse models [149,150]. The mechanistical study reveals that AcSDKP
may serve as a Smad7 agonist by promoting its cytoplasmic translocation, which happens
without TGF-β stimulation [151] (Figure 1). However, clinical trials to assess the efficacy of
AcSDKP in patients with DN remain to be investigated.

Furthermore, targeting Smad3-dependent miRNAs and lncRNAs by kidney-specifically
overexpressing protective or silencing pathogenic miRNAs/lncRNAs may be a specific
strategy for the treatment of DN. However, Smad3-dependent miRNAs/lncRNAs gene
therapy also faces the same situation as Smad7 gene therapy does. Thus, the development
of Smad3-miRNAs/lncRNAs specific antagonists or agonists should have therapeutic
potential clinically.

Traditional Chinese medicine (TCM) or complementary and alternative medicine
could be an alternative approach for the treatment of DN. TCM has long been used for
the treatment of many diseases including diabetes in Asian countries. TCM is usually
sourced from herbs and contains multiple pharmaceutically active ingredients which can
target different disease-related signaling pathways simultaneously [152]. The long-term
benefits of TCM for patients with CKD including DN have been validated in a large cohort
retrospective study [153]. For example, the TCM prescriptions Tangshen formula [154,155]
and Chaihuang-Yishen granule [156] have been shown to effectively inhibit TGF-β/Smad3
signaling and reduce renal fibrosis in several experimental models of DN. Berberine, an
herbal extract derived from Cortex Phellodendri Chinensis, shows inhibitory activity on TGF-
β/Smad3 signaling and attenuates renal fibrosis and inflammation in db/db mice [157]. We
also found that unbalanced TGF-β/Smad3/Smad7 signaling is a key mechanism of DN and
rebalancing this pathway by treatment with purified products from TCM can effectively
inhibit DN. For example, we showed that asiatic acid (from Centella asiatica) is a Smad7
agonist, and naringenin (a flavonoid rich in fruits of citrus family) functions as a Smad3
inhibitor. The combination of asiatic acid and naringenin can synergistically inhibit Smad3
while increasing Smad7 to rebalance the TGF-β/Smad signaling and alleviate renal fibrosis
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in UUO mice [158]. Furthermore, our unpublished data also demonstrate a renoprotective
role of the compound of asiatic acid and naringenin against DN in db/db mice, suggesting
rebalancing TGF-β/Smad signaling by TCM may be an innovative approach for better
treatment of DN.

7. Conclusions and Perspectives

TGF-β/Smad signaling is a key pathway in the pathogenesis of DN. However, the
roles of TGF-β1 in DN are complicated and distinct. TGF-β diversely regulate DN via its
ligands, receptors, and downstream Smad molecules. In diabetes-induced renal fibrosis
and inflammation, latent TGF-β1 and Smad7 are protective but active TGF-β1 and Smad3
are pathogenic. TGF-β/Smad signaling also diversely regulates DN by upregulating or
downregulating a number of Smad3-dependent miRNAs/lncRNAs to either positively or
negatively regulate the development of DN. Among these non-coding RNAs, miR-29a/b,
miR-200a, and let-7b families are protective while miR-21, miR-192, miR-377, Erbb4-IR,
and lncRNA9884 are pathogenic. Thus, targeting TGF-β/Smad signaling by specifically
rebalancing Smad3/Smad7 signaling with either Smad3 inhibitors and/or Smad7 agonists
and Smad3-dependent miRNAs/lncRNAs related to renal fibrosis and inflammation could
be a better therapeutic strategy for combating DN.

Although the in vivo and in vitro studies have provided profound evidence to prove
the roles of TGF-β signaling in the pathogenesis of DN, there are still many concerns with
respect to the specificity, complexity, and diversity of TGF-β signaling in DN. Firstly, the
cell type-specific roles of TGF-β signaling have been perceived in the study of TGF-β1.
Many functional studies have been conducted in animals with conventional gene knock-
out or conditional gene knockout in limited renal cell types. Therefore, more intensive
investigations with different cell type-specific genetical modifications are needed for the
full understanding of TGF-β signaling in DN. Secondly, the transcriptional regulation of
Smad-dependent genes that are specifically related to fibrosis or inflammation needs to be
further investigated. This is important because the identification of precise mechanisms
related to renal fibrosis and/or inflammation is the first step towards the development
of more specific therapy for DN. Finally, although genetical and pharmaceutical studies
demonstrate that intervention of TGF-β signaling is promising for the treatment of DN,
currently no TGF-β signal-targeted drugs are available for clinical application. Therefore,
more studies are needed for the development of innovative drugs to treat DN by rebalanc-
ing TGF-β signaling. Considering its complexity and diversity, TCM could be a promising
resource for the screen and development of innovative drugs for the better treatment of DN.

Author Contributions: Conceptualization, H.-Y.L.; writing—original draft preparation, H.-L.W. and
L.W.; writing—review and editing, T.-T.L.; supervision, H.-Y.L.; funding acquisition, H.-Y.L. and
H.-L.W. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded the Research Grants Council of Hong Kong (Grants GRF 14163317,
14117418, 14104019, R4012-18, C7018-16G), the Health and Medical Research Fund of Hong Kong
(HMRF 05161326, 14152321, 07180516), the Guangdong-Hong Kong-Macao-Joint Labs Program from
Guangdong Science and Technology (2019B121205005), the Lui Che Woo Institute of Innovative
Medicine (CARE program) of the Chinese University of Hong Kong, the National Natural Science
Foundation of China (82074378), the Luzhou Municipal-Southwest Medical University Joint Special
Grant for the High-level Talents (HYL Team), the Luzhou Municipal-Southwest Medical University
Joint grant (2020LZXNYDJ15) and the research grant of Southwest Medical University (2019ZZD010).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

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



Int. J. Mol. Sci. 2021, 22, 7881 12 of 18

References
1. Chang, A.S.; Hathaway, C.K.; Smithies, O.; Kakoki, M. Transforming growth factor-beta1 and diabetic nephropathy. Am. J. Physiol.

Renal. Physiol. 2016, 310, F689–F696. [CrossRef]
2. Bank, N. Mechanisms of diabetic hyperfiltration. Kidney Int. 1991, 40, 792–807. [CrossRef] [PubMed]
3. van Zuydam, N.R.; Ahlqvist, E.; Sandholm, N.; Deshmukh, H.; Rayner, N.W.; Abdalla, M.; Ladenvall, C.; Ziemek, D.; Fauman, E.;

Robertson, N.R.; et al. A Genome-Wide Association Study of Diabetic Kidney Disease in Subjects with Type 2 Diabetes. Diabetes
2018, 67, 1414–1427. [CrossRef]

4. Patel, A.; Scott, W.R.; Lympany, P.A.; Rippin, J.D.; Gill, G.V.; Barnett, A.H.; Bain, S.C.; the Warren 3/UK GoKind Study Group.
The TGF-beta 1 gene codon 10 polymorphism contributes to the genetic predisposition to nephropathy in Type 1 diabetes. Diabet.
Med. 2005, 22, 69–73. [CrossRef] [PubMed]

5. Pociot, F.; Hansen, P.M.; Karlsen, A.E.; Langdahl, B.L.; Johannesen, J.; Nerup, J. TGF-beta1 gene mutations in insulin-dependent
diabetes mellitus and diabetic nephropathy. J. Am. Soc. Nephrol. 1998, 9, 2302–2307. [CrossRef] [PubMed]

6. Wong, T.Y.; Poon, P.; Chow, K.M.; Szeto, C.C.; Cheung, M.K.; Li, P.K. Association of transforming growth factor-beta (TGF-beta)
T869C (Leu 10Pro) gene polymorphisms with type 2 diabetic nephropathy in Chinese. Kidney Int. 2003, 63, 1831–1835. [CrossRef]
[PubMed]

7. Awad, M.R.; El-Gamel, A.; Hasleton, P.; Turner, D.M.; Sinnott, P.J.; Hutchinson, I.V. Genotypic variation in the transforming
growth factor-beta1 gene: Association with transforming growth factor-beta1 production, fibrotic lung disease, and graft fibrosis
after lung transplantation. Transplantation 1998, 66, 1014–1020. [CrossRef]

8. Ng, D.P.; Warram, J.H.; Krolewski, A.S. TGF-beta 1 as a genetic susceptibility locus for advanced diabetic nephropathy in type 1
diabetes mellitus: An investigation of multiple known DNA sequence variants. Am. J. Kidney Dis. 2003, 41, 22–28. [CrossRef]
[PubMed]

9. McKnight, A.J.; Savage, D.A.; Patterson, C.C.; Sadlier, D.; Maxwell, A.P. Resequencing of genes for transforming growth factor
beta1 (TGFB1) type 1 and 2 receptors (TGFBR1, TGFBR2), and association analysis of variants with diabetic nephropathy. BMC
Med. Genet. 2007, 8, 5. [CrossRef]

10. Jakus, V.; Sapak, M.; Kostolanska, J. Circulating TGF-beta1, glycation, and oxidation in children with diabetes mellitus type 1.
Exp Diabetes Res 2012, 2012, 510902. [CrossRef]

11. Huseynova, G.R.; Azizova, G.I.; Efendiyev, A.M. Quantitative changes in serum IL-8, TNF-α and TGF-β1 levels depending on
compensation stage in type 2 diabetic patients. Int. J. Diabetes Metab. 2009, 17, 59–62. [CrossRef]

12. Yadav, H.; Quijano, C.; Kamaraju, A.K.; Gavrilova, O.; Malek, R.; Chen, W.; Zerfas, P.; Zhigang, D.; Wright, E.C.; Stuelten, C.; et al.
Protection from obesity and diabetes by blockade of TGF-beta/Smad3 signaling. Cell Metab. 2011, 14, 67–79. [CrossRef]

13. Ibrahim, S.; Rashed, L. Estimation of transforming growth factor-beta 1 as a marker of renal injury in type II diabetes mellitus.
Saudi Med. J. 2007, 28, 519–523. [PubMed]

14. Shaker, Y.M.; Soliman, H.A.; Ezzat, E.; Hussein, N.S.; Ashour, E.; Donia, A.; Eweida, S.M. Serum and urinary transforming growth
factor beta 1 as biochemical markers in diabetic nephropathy patients. Beni-Suef Univ. J. Basic Appl. Sci. 2014, 3, 16–23. [CrossRef]

15. Hathaway, C.K.; Gasim, A.M.; Grant, R.; Chang, A.S.; Kim, H.S.; Madden, V.J.; Bagnell, C.R., Jr.; Jennette, J.C.; Smithies, O.;
Kakoki, M. Low TGFbeta1 expression prevents and high expression exacerbates diabetic nephropathy in mice. Proc. Natl. Acad.
Sci. USA 2015, 112, 5815–5820. [CrossRef] [PubMed]

16. Weiss, A.; Attisano, L. The TGFbeta superfamily signaling pathway. Wiley Interdiscip. Rev. Dev. Biol. 2013, 2, 47–63. [CrossRef]
17. Meng, X.M.; Tang, P.M.; Li, J.; Lan, H.Y. TGF-beta/Smad signaling in renal fibrosis. Front Physiol. 2015, 6, 82. [CrossRef]
18. Hayashi, H.; Abdollah, S.; Qiu, Y.; Cai, J.; Xu, Y.Y.; Grinnell, B.W.; Richardson, M.A.; Topper, J.N.; Gimbrone, M.A., Jr.; Wrana, J.L.;

et al. The MAD-related protein Smad7 associates with the TGFbeta receptor and functions as an antagonist of TGFbeta signaling.
Cell 1997, 89, 1165–1173. [CrossRef]

19. Kavsak, P.; Rasmussen, R.K.; Causing, C.G.; Bonni, S.; Zhu, H.; Thomsen, G.H.; Wrana, J.L. Smad7 binds to Smurf2 to form an E3
ubiquitin ligase that targets the TGF beta receptor for degradation. Mol. Cell 2000, 6, 1365–1375. [CrossRef]

20. Wang, W.; Huang, X.R.; Li, A.G.; Liu, F.; Li, J.H.; Truong, L.D.; Wang, X.J.; Lan, H.Y. Signaling mechanism of TGF-beta1 in
prevention of renal inflammation: Role of Smad7. J. Am. Soc. Nephrol. 2005, 16, 1371–1383. [CrossRef]

21. Lopez-Casillas, F.; Wrana, J.L.; Massague, J. Betaglycan presents ligand to the TGF beta signaling receptor. Cell 1993, 73, 1435–1444.
[CrossRef]

22. Bernabeu, C.; Lopez-Novoa, J.M.; Quintanilla, M. The emerging role of TGF-beta superfamily coreceptors in cancer. Biochim.
Biophys. Acta 2009, 1792, 954–973. [CrossRef] [PubMed]

23. Lan, H.Y.; Chung, A.C.K. Transforming growth factor-beta and Smads. Contrib. Nephrol. 2011, 170, 75–82. [PubMed]
24. Zhang, Y.E. Non-Smad Signaling Pathways of the TGF-beta Family. Cold Spring Harb. Perspect. Biol. 2017, 9, a022129. [CrossRef]

[PubMed]
25. Kim, S.I.; Choi, M.E. TGF-beta-activated kinase-1: New insights into the mechanism of TGF-beta signaling and kidney disease.

Kidney Res. Clin. Pract. 2012, 31, 94–105. [CrossRef] [PubMed]
26. Ozdamar, B.; Bose, R.; Barrios-Rodiles, M.; Wang, H.R.; Zhang, Y.; Wrana, J.L. Regulation of the polarity protein Par6 by TGFbeta

receptors controls epithelial cell plasticity. Science 2005, 307, 1603–1609. [CrossRef] [PubMed]
27. Lan, H.Y. Transforming growth factor-beta/Smad signalling in diabetic nephropathy. Clin. Exp. Pharmacol. Physiol. 2012, 39,

731–738. [CrossRef] [PubMed]

http://doi.org/10.1152/ajprenal.00502.2015
http://doi.org/10.1038/ki.1991.277
http://www.ncbi.nlm.nih.gov/pubmed/1745032
http://doi.org/10.2337/db17-0914
http://doi.org/10.1111/j.1464-5491.2005.01376.x
http://www.ncbi.nlm.nih.gov/pubmed/15606694
http://doi.org/10.1681/ASN.V9122302
http://www.ncbi.nlm.nih.gov/pubmed/9848784
http://doi.org/10.1046/j.1523-1755.2003.00919.x
http://www.ncbi.nlm.nih.gov/pubmed/12675860
http://doi.org/10.1097/00007890-199810270-00009
http://doi.org/10.1053/ajkd.2003.50011
http://www.ncbi.nlm.nih.gov/pubmed/12500218
http://doi.org/10.1186/1471-2350-8-5
http://doi.org/10.1155/2012/510902
http://doi.org/10.1159/000497674
http://doi.org/10.1016/j.cmet.2011.04.013
http://www.ncbi.nlm.nih.gov/pubmed/17457470
http://doi.org/10.1016/j.bjbas.2014.02.002
http://doi.org/10.1073/pnas.1504777112
http://www.ncbi.nlm.nih.gov/pubmed/25902541
http://doi.org/10.1002/wdev.86
http://doi.org/10.3389/fphys.2015.00082
http://doi.org/10.1016/S0092-8674(00)80303-7
http://doi.org/10.1016/S1097-2765(00)00134-9
http://doi.org/10.1681/ASN.2004121070
http://doi.org/10.1016/0092-8674(93)90368-Z
http://doi.org/10.1016/j.bbadis.2009.07.003
http://www.ncbi.nlm.nih.gov/pubmed/19607914
http://www.ncbi.nlm.nih.gov/pubmed/21659760
http://doi.org/10.1101/cshperspect.a022129
http://www.ncbi.nlm.nih.gov/pubmed/27864313
http://doi.org/10.1016/j.krcp.2012.04.322
http://www.ncbi.nlm.nih.gov/pubmed/26889415
http://doi.org/10.1126/science.1105718
http://www.ncbi.nlm.nih.gov/pubmed/15761148
http://doi.org/10.1111/j.1440-1681.2011.05663.x
http://www.ncbi.nlm.nih.gov/pubmed/22211842


Int. J. Mol. Sci. 2021, 22, 7881 13 of 18

28. Pankewycz, O.G.; Guan, J.X.; Bolton, W.K.; Gomez, A.; Benedict, J.F. Renal TGF-beta regulation in spontaneously diabetic NOD
mice with correlations in mesangial cells. Kidney Int. 1994, 46, 748–758. [CrossRef]

29. Isono, M.; Mogyorosi, A.; Han, D.C.; Hoffman, B.B.; Ziyadeh, F.N. Stimulation of TGF-beta type II receptor by high glucose in
mouse mesangial cells and in diabetic kidney. Am. J. Physiol. Renal. Physiol. 2000, 278, F830–F838. [CrossRef]

30. Hong, S.W.; Isono, M.; Chen, S.; Iglesias-De La Cruz, M.C.; Han, D.C.; Ziyadeh, F.N. Increased glomerular and tubular expression
of transforming growth factor-beta1, its type II receptor, and activation of the Smad signaling pathway in the db/db mouse. Am.
J. Pathol. 2001, 158, 1653–1663. [CrossRef]

31. Isono, M.; Chen, S.; Hong, S.W.; Iglesias-de la Cruz, M.C.; Ziyadeh, F.N. Smad pathway is activated in the diabetic mouse kidney
and Smad3 mediates TGF-beta-induced fibronectin in mesangial cells. Biochem. Biophys. Res. Commun. 2002, 296, 1356–1365.
[CrossRef]

32. Wolf, G.; Sharma, K.; Chen, Y.; Ericksen, M.; Ziyadeh, F.N. High glucose-induced proliferation in mesangial cells is reversed by
autocrine TGF-beta. Kidney Int. 1992, 42, 647–656. [CrossRef]

33. Hoffman, B.B.; Sharma, K.; Zhu, Y.; Ziyadeh, F.N. Transcriptional activation of transforming growth factor-beta1 in mesangial cell
culture by high glucose concentration. Kidney Int. 1998, 54, 1107–1116. [CrossRef]

34. Han, D.C.; Isono, M.; Hoffman, B.B.; Ziyadeh, F.N. High glucose stimulates proliferation and collagen type I synthesis in renal
cortical fibroblasts: Mediation by autocrine activation of TGF-beta. J. Am. Soc. Nephrol. 1999, 10, 1891–1899. [CrossRef]

35. Rocco, M.V.; Chen, Y.; Goldfarb, S.; Ziyadeh, F.N. Elevated glucose stimulates TGF-beta gene expression and bioactivity in
proximal tubule. Kidney Int. 1992, 41, 107–114. [CrossRef] [PubMed]

36. Wang, S.; Skorczewski, J.; Feng, X.; Mei, L.; Murphy-Ullrich, J.E. Glucose up-regulates thrombospondin 1 gene transcription
and transforming growth factor-beta activity through antagonism of cGMP-dependent protein kinase repression via upstream
stimulatory factor 2. J. Biol. Chem. 2004, 279, 34311–34322. [CrossRef] [PubMed]

37. Murphy-Ullrich, J.E.; Suto, M.J. Thrombospondin-1 regulation of latent TGF-beta activation: A therapeutic target for fibrotic
disease. Matrix Biol. 2018, 68–69, 28–43. [CrossRef]

38. Tan, A.L.; Forbes, J.M.; Cooper, M.E. AGE, RAGE, and ROS in diabetic nephropathy. Semin. Nephrol. 2007, 27, 130–143. [CrossRef]
39. Li, J.H.; Huang, X.R.; Zhu, H.J.; Oldfield, M.; Cooper, M.; Truong, L.D.; Johnson, R.J.; Lan, H.Y. Advanced glycation end products

activate Smad signaling via TGF-beta-dependent and independent mechanisms: Implications for diabetic renal and vascular
disease. FASEB J. 2004, 18, 176–178. [CrossRef] [PubMed]

40. Forbes, J.M.; Soulis, T.; Thallas, V.; Panagiotopoulos, S.; Long, D.M.; Vasan, S.; Wagle, D.; Jerums, G.; Cooper, M.E. Renoprotective
effects of a novel inhibitor of advanced glycation. Diabetologia 2001, 44, 108–114. [CrossRef]

41. Chung, A.C.; Zhang, H.; Kong, Y.Z.; Tan, J.J.; Huang, X.R.; Kopp, J.B.; Lan, H.Y. Advanced glycation end-products induce tubular
CTGF via TGF-beta-independent Smad3 signaling. J. Am. Soc. Nephrol. 2010, 21, 249–260. [CrossRef]

42. Rodriguez-Vita, J.; Sanchez-Lopez, E.; Esteban, V.; Ruperez, M.; Egido, J.; Ruiz-Ortega, M. Angiotensin II activates the Smad
pathway in vascular smooth muscle cells by a transforming growth factor-beta-independent mechanism. Circulation 2005, 111,
2509–2517. [CrossRef]

43. Wang, W.; Huang, X.R.; Canlas, E.; Oka, K.; Truong, L.D.; Deng, C.; Bhowmick, N.A.; Ju, W.; Bottinger, E.P.; Lan, H.Y. Essential
role of Smad3 in angiotensin II-induced vascular fibrosis. Circ. Res. 2006, 98, 1032–1039. [CrossRef] [PubMed]

44. Yang, F.; Chung, A.C.; Huang, X.R.; Lan, H.Y. Angiotensin II induces connective tissue growth factor and collagen I expression
via transforming growth factor-beta-dependent and -independent Smad pathways: The role of Smad3. Hypertension 2009, 54,
877–884. [CrossRef] [PubMed]

45. Weigert, C.; Brodbeck, K.; Klopfer, K.; Haring, H.U.; Schleicher, E.D. Angiotensin II induces human TGF-beta 1 promoter
activation: Similarity to hyperglycaemia. Diabetologia 2002, 45, 890–898. [CrossRef]

46. Gibbons, G.H.; Pratt, R.E.; Dzau, V.J. Vascular smooth muscle cell hypertrophy vs. hyperplasia. Autocrine transforming growth
factor-beta 1 expression determines growth response to angiotensin II. J. Clin. Investig. 1992, 90, 456–461. [CrossRef]

47. Rosario, R.F.; Prabhakar, S. Lipids and diabetic nephropathy. Curr. Diab. Rep. 2006, 6, 455–462. [CrossRef]
48. Su, Y.; Chen, Q.; Ju, Y.; Li, W.; Li, W. Palmitate induces human glomerular mesangial cells fibrosis through CD36-mediated

transient receptor potential canonical channel 6/nuclear factor of activated T cell 2 activation. Biochim. Biophys. Acta Mol. Cell Biol.
Lipids 2020, 1865, 158793. [CrossRef] [PubMed]

49. Lee, H.B.; Yu, M.R.; Yang, Y.; Jiang, Z.; Ha, H. Reactive oxygen species-regulated signaling pathways in diabetic nephropathy. J.
Am. Soc. Nephrol. 2003, 14, S241–S245. [CrossRef]

50. Gonzalez-Ramos, M.; Mora, I.; de Frutos, S.; Garesse, R.; Rodriguez-Puyol, M.; Olmos, G.; Rodriguez-Puyol, D. Intracellular
redox equilibrium is essential for the constitutive expression of AP-1 dependent genes in resting cells: Studies on TGF-beta1
regulation. Int. J. Biochem. Cell Biol. 2012, 44, 963–971. [CrossRef]

51. Kopp, J.B.; Factor, V.M.; Mozes, M.; Nagy, P.; Sanderson, N.; Bottinger, E.P.; Klotman, P.E.; Thorgeirsson, S.S. Transgenic mice with
increased plasma levels of TGF-beta 1 develop progressive renal disease. Lab. Investig. 1996, 74, 991–1003. [PubMed]

52. Krag, S.; Osterby, R.; Chai, Q.; Nielsen, C.B.; Hermans, C.; Wogensen, L. TGF-beta1-induced glomerular disorder is associated
with impaired concentrating ability mimicking primary glomerular disease with renal failure in man. Lab. Investig. 2000, 80,
1855–1868. [CrossRef] [PubMed]

http://doi.org/10.1038/ki.1994.330
http://doi.org/10.1152/ajprenal.2000.278.5.F830
http://doi.org/10.1016/S0002-9440(10)64121-1
http://doi.org/10.1016/S0006-291X(02)02084-3
http://doi.org/10.1038/ki.1992.330
http://doi.org/10.1046/j.1523-1755.1998.00119.x
http://doi.org/10.1681/ASN.V1091891
http://doi.org/10.1038/ki.1992.14
http://www.ncbi.nlm.nih.gov/pubmed/1593845
http://doi.org/10.1074/jbc.M401629200
http://www.ncbi.nlm.nih.gov/pubmed/15184388
http://doi.org/10.1016/j.matbio.2017.12.009
http://doi.org/10.1016/j.semnephrol.2007.01.006
http://doi.org/10.1096/fj.02-1117fje
http://www.ncbi.nlm.nih.gov/pubmed/12709399
http://doi.org/10.1007/s001250051587
http://doi.org/10.1681/ASN.2009010018
http://doi.org/10.1161/01.CIR.0000165133.84978.E2
http://doi.org/10.1161/01.RES.0000218782.52610.dc
http://www.ncbi.nlm.nih.gov/pubmed/16556868
http://doi.org/10.1161/HYPERTENSIONAHA.109.136531
http://www.ncbi.nlm.nih.gov/pubmed/19667256
http://doi.org/10.1007/s00125-002-0843-4
http://doi.org/10.1172/JCI115881
http://doi.org/10.1007/s11892-006-0079-7
http://doi.org/10.1016/j.bbalip.2020.158793
http://www.ncbi.nlm.nih.gov/pubmed/32800850
http://doi.org/10.1097/01.ASN.0000077410.66390.0F
http://doi.org/10.1016/j.biocel.2012.03.003
http://www.ncbi.nlm.nih.gov/pubmed/8667617
http://doi.org/10.1038/labinvest.3780196
http://www.ncbi.nlm.nih.gov/pubmed/11140698


Int. J. Mol. Sci. 2021, 22, 7881 14 of 18

53. Wogensen, L.; Nielsen, C.B.; Hjorth, P.; Rasmussen, L.M.; Nielsen, A.H.; Gross, K.; Sarvetnick, N.; Ledet, T. Under control of the
Ren-1c promoter, locally produced transforming growth factor-beta1 induces accumulation of glomerular extracellular matrix in
transgenic mice. Diabetes 1999, 48, 182–192. [CrossRef] [PubMed]

54. Kakoki, M.; Pochynyuk, O.M.; Hathaway, C.M.; Tomita, H.; Hagaman, J.R.; Kim, H.S.; Zaika, O.L.; Mamenko, M.; Kayashima, Y.;
Matsuki, K.; et al. Primary aldosteronism and impaired natriuresis in mice underexpressing TGFbeta1. Proc. Natl. Acad. Sci. USA
2013, 110, 5600–5605. [CrossRef]

55. Lee, Y.J.; Han, H.J. Troglitazone ameliorates high glucose-induced EMT and dysfunction of SGLTs through PI3K/Akt, GSK-3beta,
Snail1, and beta-catenin in renal proximal tubule cells. Am. J. Physiol. Renal. Physiol. 2010, 298, F1263–F1275. [CrossRef]

56. Russo, L.M.; del Re, E.; Brown, D.; Lin, H.Y. Evidence for a role of transforming growth factor (TGF)-beta1 in the induction
of postglomerular albuminuria in diabetic nephropathy: Amelioration by soluble TGF-beta type II receptor. Diabetes 2007, 56,
380–388. [CrossRef]

57. Huang, X.R.; Chung, A.C.; Wang, X.J.; Lai, K.N.; Lan, H.Y. Mice overexpressing latent TGF-beta1 are protected against renal
fibrosis in obstructive kidney disease. Am. J. Physiol. Renal. Physiol. 2008, 295, F118–F127. [CrossRef]

58. Yang, X.; Letterio, J.J.; Lechleider, R.J.; Chen, L.; Hayman, R.; Gu, H.; Roberts, A.B.; Deng, C. Targeted disruption of SMAD3 results
in impaired mucosal immunity and diminished T cell responsiveness to TGF-beta. EMBO J. 1999, 18, 1280–1291. [CrossRef]
[PubMed]

59. Li, A.G.; Wang, D.; Feng, X.H.; Wang, X.J. Latent TGFbeta1 overexpression in keratinocytes results in a severe psoriasis-like skin
disorder. EMBO J. 2004, 23, 1770–1781. [CrossRef] [PubMed]

60. Zhang, K.; Fan, C.; Cai, D.; Zhang, Y.; Zuo, R.; Zhu, L.; Cao, Y.; Zhang, J.; Liu, C.; Chen, Y.; et al. Contribution of TGF-Beta-
Mediated NLRP3-HMGB1 Activation to Tubulointerstitial Fibrosis in Rat with Angiotensin II-Induced Chronic Kidney Disease.
Front Cell Dev. Biol. 2020, 8, 1. [CrossRef]

61. Wang, W.; Wang, X.; Chun, J.; Vilaysane, A.; Clark, S.; French, G.; Bracey, N.A.; Trpkov, K.; Bonni, S.; Duff, H.J.; et al.
Inflammasome-independent NLRP3 augments TGF-beta signaling in kidney epithelium. J. Immunol. 2013, 190, 1239–1249.
[CrossRef] [PubMed]

62. Vilaysane, A.; Chun, J.; Seamone, M.E.; Wang, W.; Chin, R.; Hirota, S.; Li, Y.; Clark, S.A.; Tschopp, J.; Trpkov, K.; et al. The
NLRP3 inflammasome promotes renal inflammation and contributes to CKD. J. Am. Soc. Nephrol. 2010, 21, 1732–1744. [CrossRef]
[PubMed]

63. Wu, M.; Han, W.; Song, S.; Du, Y.; Liu, C.; Chen, N.; Wu, H.; Shi, Y.; Duan, H. NLRP3 deficiency ameliorates renal inflammation
and fibrosis in diabetic mice. Mol. Cell Endocrinol. 2018, 478, 115–125. [CrossRef] [PubMed]

64. Meng, X.M.; Huang, X.R.; Xiao, J.; Chen, H.Y.; Zhong, X.; Chung, A.C.; Lan, H.Y. Diverse roles of TGF-beta receptor II in renal
fibrosis and inflammation in vivo and in vitro. J. Pathol. 2012, 227, 175–188. [CrossRef]

65. Kim, H.W.; Kim, B.C.; Song, C.Y.; Kim, J.H.; Hong, H.K.; Lee, H.S. Heterozygous mice for TGF-betaIIR gene are resistant to the
progression of streptozotocin-induced diabetic nephropathy. Kidney Int. 2004, 66, 1859–1865. [CrossRef] [PubMed]

66. Yang, Q.; Ren, G.L.; Wei, B.; Jin, J.; Huang, X.R.; Shao, W.; Li, J.; Meng, X.M.; Lan, H.Y. Conditional knockout of TGF-betaRII
/Smad2 signals protects against acute renal injury by alleviating cell necroptosis, apoptosis and inflammation. Theranostics 2019,
9, 8277–8293. [CrossRef] [PubMed]

67. Moon, J.A.; Kim, H.T.; Cho, I.S.; Sheen, Y.Y.; Kim, D.K. IN-1130, a novel transforming growth factor-beta type I receptor kinase
(ALK5) inhibitor, suppresses renal fibrosis in obstructive nephropathy. Kidney Int. 2006, 70, 1234–1243. [CrossRef]

68. Grygielko, E.T.; Martin, W.M.; Tweed, C.; Thornton, P.; Harling, J.; Brooks, D.P.; Laping, N.J. Inhibition of gene markers of fibrosis
with a novel inhibitor of transforming growth factor-beta type I receptor kinase in puromycin-induced nephritis. J. Pharmacol.
Exp. Ther. 2005, 313, 943–951. [CrossRef] [PubMed]

69. Juarez, P.; Vilchis-Landeros, M.M.; Ponce-Coria, J.; Mendoza, V.; Hernandez-Pando, R.; Bobadilla, N.A.; Lopez-Casillas, F. Soluble
betaglycan reduces renal damage progression in db/db mice. Am. J. Physiol. Renal. Physiol. 2007, 292, F321–F329. [CrossRef]

70. Gerrits, T.; Zandbergen, M.; Wolterbeek, R.; Bruijn, J.A.; Baelde, H.J.; Scharpfenecker, M. Endoglin Promotes Myofibroblast
Differentiation and Extracellular Matrix Production in Diabetic Nephropathy. Int. J. Mol. Sci. 2020, 21, 7713. [CrossRef]

71. Sato, M.; Muragaki, Y.; Saika, S.; Roberts, A.B.; Ooshima, A. Targeted disruption of TGF-beta1/Smad3 signaling protects against
renal tubulointerstitial fibrosis induced by unilateral ureteral obstruction. J. Clin. Investig. 2003, 112, 1486–1494. [CrossRef]
[PubMed]

72. Meng, X.M.; Huang, X.R.; Chung, A.C.; Qin, W.; Shao, X.; Igarashi, P.; Ju, W.; Bottinger, E.P.; Lan, H.Y. Smad2 protects against
TGF-beta/Smad3-mediated renal fibrosis. J. Am. Soc. Nephrol. 2010, 21, 1477–1487. [CrossRef]

73. Nath, K.A.; Croatt, A.J.; Warner, G.M.; Grande, J.P. Genetic deficiency of Smad3 protects against murine ischemic acute kidney
injury. Am. J. Physiol. Renal. Physiol. 2011, 301, F436–F442. [CrossRef]

74. Fujimoto, M.; Maezawa, Y.; Yokote, K.; Joh, K.; Kobayashi, K.; Kawamura, H.; Nishimura, M.; Roberts, A.B.; Saito, Y.; Mori, S.
Mice lacking Smad3 are protected against streptozotocin-induced diabetic glomerulopathy. Biochem. Biophys. Res. Commun. 2003,
305, 1002–1007. [CrossRef]

75. Wang, A.; Ziyadeh, F.N.; Lee, E.Y.; Pyagay, P.E.; Sung, S.H.; Sheardown, S.A.; Laping, N.J.; Chen, S. Interference with TGF-beta
signaling by Smad3-knockout in mice limits diabetic glomerulosclerosis without affecting albuminuria. Am. J. Physiol. Renal.
Physiol. 2007, 293, F1657–F1665. [CrossRef]

http://doi.org/10.2337/diabetes.48.1.182
http://www.ncbi.nlm.nih.gov/pubmed/9892241
http://doi.org/10.1073/pnas.1302641110
http://doi.org/10.1152/ajprenal.00475.2009
http://doi.org/10.2337/db06-1018
http://doi.org/10.1152/ajprenal.00021.2008
http://doi.org/10.1093/emboj/18.5.1280
http://www.ncbi.nlm.nih.gov/pubmed/10064594
http://doi.org/10.1038/sj.emboj.7600183
http://www.ncbi.nlm.nih.gov/pubmed/15057277
http://doi.org/10.3389/fcell.2020.00001
http://doi.org/10.4049/jimmunol.1201959
http://www.ncbi.nlm.nih.gov/pubmed/23264657
http://doi.org/10.1681/ASN.2010020143
http://www.ncbi.nlm.nih.gov/pubmed/20688930
http://doi.org/10.1016/j.mce.2018.08.002
http://www.ncbi.nlm.nih.gov/pubmed/30098377
http://doi.org/10.1002/path.3976
http://doi.org/10.1111/j.1523-1755.2004.00959.x
http://www.ncbi.nlm.nih.gov/pubmed/15496156
http://doi.org/10.7150/thno.35686
http://www.ncbi.nlm.nih.gov/pubmed/31754396
http://doi.org/10.1038/sj.ki.5001775
http://doi.org/10.1124/jpet.104.082099
http://www.ncbi.nlm.nih.gov/pubmed/15769863
http://doi.org/10.1152/ajprenal.00264.2006
http://doi.org/10.3390/ijms21207713
http://doi.org/10.1172/JCI200319270
http://www.ncbi.nlm.nih.gov/pubmed/14617750
http://doi.org/10.1681/ASN.2009121244
http://doi.org/10.1152/ajprenal.00162.2011
http://doi.org/10.1016/S0006-291X(03)00885-4
http://doi.org/10.1152/ajprenal.00274.2007


Int. J. Mol. Sci. 2021, 22, 7881 15 of 18

76. Xu, B.; Sheng, J.; You, Y.K.; Huang, X.R.; Ma, R.C.W.; Wang, Q.; Lan, H.Y. Deletion of Smad3 prevents renal fibrosis and
inflammation in type 2 diabetic nephropathy. Metabolism 2020, 103, 154013. [CrossRef] [PubMed]

77. Sheng, J.; Wang, L.; Tang, P.M.; Wang, H.L.; Li, J.C.; Xu, B.H.; Xue, V.W.; Tan, R.Z.; Jin, N.; Chan, T.F.; et al. Smad3 deficiency
promotes beta cell proliferation and function in db/db mice via restoring Pax6 expression. Theranostics 2021, 11, 2845–2859.
[CrossRef]

78. Loeffler, I.; Liebisch, M.; Allert, S.; Kunisch, E.; Kinne, R.W.; Wolf, G. FSP1-specific SMAD2 knockout in renal tubular, endothelial,
and interstitial cells reduces fibrosis and epithelial-to-mesenchymal transition in murine STZ-induced diabetic nephropathy. Cell
Tissue Res. 2018, 372, 115–133. [CrossRef] [PubMed]

79. Kong, P.; Christia, P.; Saxena, A.; Su, Y.; Frangogiannis, N.G. Lack of specificity of fibroblast-specific protein 1 in cardiac
remodeling and fibrosis. Am. J. Physiol. Heart Circ. Physiol. 2013, 305, H1363–H1372. [CrossRef] [PubMed]

80. Meng, X.M.; Huang, X.R.; Xiao, J.; Chung, A.C.; Qin, W.; Chen, H.Y.; Lan, H.Y. Disruption of Smad4 impairs TGF-beta/Smad3
and Smad7 transcriptional regulation during renal inflammation and fibrosis in vivo and in vitro. Kidney Int. 2012, 81, 266–279.
[CrossRef] [PubMed]

81. Li, J.; Sun, Y.B.Y.; Chen, W.; Fan, J.; Li, S.; Qu, X.; Chen, Q.; Chen, R.; Zhu, D.; Zhang, J.; et al. Smad4 promotes diabetic
nephropathy by modulating glycolysis and OXPHOS. EMBO Rep. 2020, 21, e48781. [CrossRef]

82. Hou, C.C.; Wang, W.; Huang, X.R.; Fu, P.; Chen, T.H.; Sheikh-Hamad, D.; Lan, H.Y. Ultrasound-microbubble-mediated gene
transfer of inducible Smad7 blocks transforming growth factor-beta signaling and fibrosis in rat remnant kidney. Am. J. Pathol.
2005, 166, 761–771. [CrossRef]

83. Ka, S.M.; Huang, X.R.; Lan, H.Y.; Tsai, P.Y.; Yang, S.M.; Shui, H.A.; Chen, A. Smad7 gene therapy ameliorates an autoimmune
crescentic glomerulonephritis in mice. J. Am. Soc. Nephrol. 2007, 18, 1777–1788. [CrossRef]

84. Lan, H.Y.; Mu, W.; Tomita, N.; Huang, X.R.; Li, J.H.; Zhu, H.J.; Morishita, R.; Johnson, R.J. Inhibition of renal fibrosis by gene
transfer of inducible Smad7 using ultrasound-microbubble system in rat UUO model. J. Am. Soc. Nephrol. 2003, 14, 1535–1548.
[CrossRef] [PubMed]

85. Dai, X.Y.; Zhou, L.; Huang, X.R.; Fu, P.; Lan, H.Y. Smad7 protects against chronic aristolochic acid nephropathy in mice. Oncotarget
2015, 6, 11930–11944. [CrossRef] [PubMed]

86. Liu, G.X.; Li, Y.Q.; Huang, X.R.; Wei, L.H.; Zhang, Y.; Feng, M.; Meng, X.M.; Chen, H.Y.; Shi, Y.J.; Lan, H.Y. Smad7 inhibits
AngII-mediated hypertensive nephropathy in a mouse model of hypertension. Clin. Sci. (Lond.) 2014, 127, 195–208. [CrossRef]

87. Chung, A.C.; Huang, X.R.; Zhou, L.; Heuchel, R.; Lai, K.N.; Lan, H.Y. Disruption of the Smad7 gene promotes renal fibrosis and
inflammation in unilateral ureteral obstruction (UUO) in mice. Nephrol. Dial. Transplant. 2009, 24, 1443–1454. [CrossRef]

88. Liu, G.X.; Li, Y.Q.; Huang, X.R.; Wei, L.; Chen, H.Y.; Shi, Y.J.; Heuchel, R.L.; Lan, H.Y. Disruption of Smad7 promotes ANG
II-mediated renal inflammation and fibrosis via Sp1-TGF-beta/Smad3-NF.kappaB-dependent mechanisms in mice. PLoS ONE
2013, 8, e53573.

89. Gu, Y.Y.; Liu, X.S.; Huang, X.R.; Yu, X.Q.; Lan, H.Y. Diverse Role of TGF-beta in Kidney Disease. Front Cell Dev. Biol. 2020, 8, 123.
[CrossRef] [PubMed]

90. Ng, Y.Y.; Hou, C.C.; Wang, W.; Huang, X.R.; Lan, H.Y. Blockade of NFkappaB activation and renal inflammation by ultrasound-
mediated gene transfer of Smad7 in rat remnant kidney. Kidney Int. Suppl. 2005, 67, S83–S91. [CrossRef]

91. Ka, S.M.; Yeh, Y.C.; Huang, X.R.; Chao, T.K.; Hung, Y.J.; Yu, C.P.; Lin, T.J.; Wu, C.C.; Lan, H.Y.; Chen, A. Kidney-targeting Smad7
gene transfer inhibits renal TGF-beta/MAD homologue (SMAD) and nuclear factor kappaB (NF-kappaB) signalling pathways,
and improves diabetic nephropathy in mice. Diabetologia 2012, 55, 509–519. [CrossRef]

92. Chen, H.Y.; Huang, X.R.; Wang, W.; Li, J.H.; Heuchel, R.L.; Chung, A.C.; Lan, H.Y. The protective role of Smad7 in diabetic kidney
disease: Mechanism and therapeutic potential. Diabetes 2011, 60, 590–601. [CrossRef]

93. Filipowicz, W. RNAi: The nuts and bolts of the RISC machine. Cell 2005, 122, 17–20. [CrossRef] [PubMed]
94. Guttman, M.; Rinn, J.L. Modular regulatory principles of large non-coding RNAs. Nature 2012, 482, 339–346. [CrossRef] [PubMed]
95. Tang, P.M.; Zhang, Y.Y.; Mak, T.S.; Tang, P.C.; Huang, X.R.; Lan, H.Y. Transforming growth factor-beta signalling in renal fibrosis:

From Smads to non-coding RNAs. J. Physiol. 2018, 596, 3493–3503. [CrossRef]
96. Zhou, Q.; Guo, H.; Yu, C.; Huang, X.R.; Liang, L.; Zhang, P.; Yu, J.; Zhang, J.; Chan, T.F.; Ma, R.C.W.; et al. Identification of

Smad3-related transcriptomes in type-2 diabetic nephropathy by whole transcriptome RNA sequencing. J. Cell Mol. Med. 2021,
25, 2052–2068. [CrossRef] [PubMed]

97. Zarjou, A.; Yang, S.; Abraham, E.; Agarwal, A.; Liu, G. Identification of a microRNA signature in renal fibrosis: Role of miR-21.
Am. J. Physiol. Renal. Physiol. 2011, 301, F793–F801. [CrossRef]

98. Zhong, X.; Chung, A.C.; Chen, H.Y.; Meng, X.M.; Lan, H.Y. Smad3-mediated upregulation of miR-21 promotes renal fibrosis. J.
Am. Soc. Nephrol. 2011, 22, 1668–1681. [CrossRef] [PubMed]

99. Qin, W.; Chung, A.C.; Huang, X.R.; Meng, X.M.; Hui, D.S.; Yu, C.M.; Sung, J.J.; Lan, H.Y. TGF-beta/Smad3 signaling promotes
renal fibrosis by inhibiting miR-29. J. Am. Soc. Nephrol. 2011, 22, 1462–1474. [CrossRef] [PubMed]

100. Zhou, Q.; Chung, A.C.; Huang, X.R.; Dong, Y.; Yu, X.; Lan, H.Y. Identification of novel long noncoding RNAs associated with
TGF-beta/Smad3-mediated renal inflammation and fibrosis by RNA sequencing. Am. J. Pathol. 2014, 184, 409–417. [CrossRef]
[PubMed]

101. Zhong, X.; Chung, A.C.; Chen, H.Y.; Dong, Y.; Meng, X.M.; Li, R.; Yang, W.; Hou, F.F.; Lan, H.Y. miR-21 is a key therapeutic target
for renal injury in a mouse model of type 2 diabetes. Diabetologia 2013, 56, 663–674. [CrossRef]

http://doi.org/10.1016/j.metabol.2019.154013
http://www.ncbi.nlm.nih.gov/pubmed/31734275
http://doi.org/10.7150/thno.51857
http://doi.org/10.1007/s00441-017-2754-1
http://www.ncbi.nlm.nih.gov/pubmed/29209813
http://doi.org/10.1152/ajpheart.00395.2013
http://www.ncbi.nlm.nih.gov/pubmed/23997102
http://doi.org/10.1038/ki.2011.327
http://www.ncbi.nlm.nih.gov/pubmed/22048127
http://doi.org/10.15252/embr.201948781
http://doi.org/10.1016/S0002-9440(10)62297-3
http://doi.org/10.1681/ASN.2006080901
http://doi.org/10.1097/01.ASN.0000067632.04658.B8
http://www.ncbi.nlm.nih.gov/pubmed/12761254
http://doi.org/10.18632/oncotarget.3718
http://www.ncbi.nlm.nih.gov/pubmed/25883225
http://doi.org/10.1042/CS20130706
http://doi.org/10.1093/ndt/gfn699
http://doi.org/10.3389/fcell.2020.00123
http://www.ncbi.nlm.nih.gov/pubmed/32258028
http://doi.org/10.1111/j.1523-1755.2005.09421.x
http://doi.org/10.1007/s00125-011-2364-5
http://doi.org/10.2337/db10-0403
http://doi.org/10.1016/j.cell.2005.06.023
http://www.ncbi.nlm.nih.gov/pubmed/16009129
http://doi.org/10.1038/nature10887
http://www.ncbi.nlm.nih.gov/pubmed/22337053
http://doi.org/10.1113/JP274492
http://doi.org/10.1111/jcmm.16133
http://www.ncbi.nlm.nih.gov/pubmed/33369170
http://doi.org/10.1152/ajprenal.00273.2011
http://doi.org/10.1681/ASN.2010111168
http://www.ncbi.nlm.nih.gov/pubmed/21852586
http://doi.org/10.1681/ASN.2010121308
http://www.ncbi.nlm.nih.gov/pubmed/21784902
http://doi.org/10.1016/j.ajpath.2013.10.007
http://www.ncbi.nlm.nih.gov/pubmed/24262754
http://doi.org/10.1007/s00125-012-2804-x


Int. J. Mol. Sci. 2021, 22, 7881 16 of 18

102. Kato, M.; Zhang, J.; Wang, M.; Lanting, L.; Yuan, H.; Rossi, J.J.; Natarajan, R. MicroRNA-192 in diabetic kidney glomeruli and
its function in TGF-beta-induced collagen expression via inhibition of E-box repressors. Proc. Natl. Acad. Sci. USA 2007, 104,
3432–3437. [CrossRef]

103. Chung, A.C.; Huang, X.R.; Meng, X.; Lan, H.Y. miR-192 mediates TGF-beta/Smad3-driven renal fibrosis. J. Am. Soc. Nephrol.
2010, 21, 1317–1325. [CrossRef] [PubMed]

104. Wang, Q.; Wang, Y.; Minto, A.W.; Wang, J.; Shi, Q.; Li, X.; Quigg, R.J. MicroRNA-377 is up-regulated and can lead to increased
fibronectin production in diabetic nephropathy. FASEB J 2008, 22, 4126–4135. [CrossRef] [PubMed]

105. Al-Kafaji, G.; Al-Muhtaresh, H.A. Expression of microRNA377 and microRNA192 and their potential as bloodbased biomarkers
for early detection of type 2 diabetic nephropathy. Mol. Med. Rep. 2018, 18, 1171–1180. [PubMed]

106. Du, B.; Ma, L.M.; Huang, M.B.; Zhou, H.; Huang, H.L.; Shao, P.; Chen, Y.Q.; Qu, L.H. High glucose down-regulates miR-29a to
increase collagen IV production in HK-2 cells. FEBS Lett. 2010, 584, 811–816. [CrossRef]

107. Tung, C.W.; Ho, C.; Hsu, Y.C.; Huang, S.C.; Shih, Y.H.; Lin, C.L. MicroRNA-29a Attenuates Diabetic Glomerular Injury through
Modulating Cannabinoid Receptor 1 Signaling. Molecules 2019, 24, 264. [CrossRef]

108. Chen, H.Y.; Zhong, X.; Huang, X.R.; Meng, X.M.; You, Y.; Chung, A.C.; Lan, H.Y. MicroRNA-29b inhibits diabetic nephropathy in
db/db mice. Mol. Ther. 2014, 22, 842–853. [CrossRef]

109. Zhang, Y.; Huang, X.R.; Wei, L.H.; Chung, A.C.; Yu, C.M.; Lan, H.Y. miR-29b as a therapeutic agent for angiotensin II-induced
cardiac fibrosis by targeting TGF-beta/Smad3 signaling. Mol. Ther. 2014, 22, 974–985. [CrossRef] [PubMed]

110. Feng, M.; Tang, P.M.; Huang, X.R.; Sun, S.F.; You, Y.K.; Xiao, J.; Lv, L.L.; Xu, A.P.; Lan, H.Y. TGF-beta Mediates Renal Fibrosis via
the Smad3-Erbb4-IR Long Noncoding RNA Axis. Mol. Ther. 2018, 26, 148–161. [CrossRef]

111. Sun, S.F.; Tang, P.M.K.; Feng, M.; Xiao, J.; Huang, X.R.; Li, P.; Ma, R.C.W.; Lan, H.Y. Novel lncRNA Erbb4-IR Promotes Diabetic
Kidney Injury in db/db Mice by Targeting miR-29b. Diabetes 2018, 67, 731–744. [CrossRef] [PubMed]

112. Zhang, Y.Y.; Tang, P.M.; Tang, P.C.; Xiao, J.; Huang, X.R.; Yu, C.; Ma, R.C.W.; Lan, H.Y. LRNA9884, a Novel Smad3-Dependent
Long Noncoding RNA, Promotes Diabetic Kidney Injury in db/db Mice via Enhancing MCP-1-Dependent Renal Inflammation.
Diabetes 2019, 68, 1485–1498. [CrossRef] [PubMed]

113. Wang, B.; Koh, P.; Winbanks, C.; Coughlan, M.T.; McClelland, A.; Watson, A.; Jandeleit-Dahm, K.; Burns, W.C.; Thomas, M.C.;
Cooper, M.E.; et al. miR-200a Prevents renal fibrogenesis through repression of TGF-beta2 expression. Diabetes 2011, 60, 280–287.
[CrossRef]

114. Park, J.T.; Kato, M.; Lanting, L.; Castro, N.; Nam, B.Y.; Wang, M.; Kang, S.W.; Natarajan, R. Repression of let-7 by transforming
growth factor-beta1-induced Lin28 upregulates collagen expression in glomerular mesangial cells under diabetic conditions. Am.
J. Physiol. Renal. Physiol. 2014, 307, F1390–F1403. [CrossRef] [PubMed]

115. Wang, B.; Jha, J.C.; Hagiwara, S.; McClelland, A.D.; Jandeleit-Dahm, K.; Thomas, M.C.; Cooper, M.E.; Kantharidis, P. Transforming
growth factor-beta1-mediated renal fibrosis is dependent on the regulation of transforming growth factor receptor 1 expression
by let-7b. Kidney Int. 2014, 85, 352–361. [CrossRef]

116. Chau, B.N.; Xin, C.; Hartner, J.; Ren, S.; Castano, A.P.; Linn, G.; Li, J.; Tran, P.T.; Kaimal, V.; Huang, X.; et al. MicroRNA-21
promotes fibrosis of the kidney by silencing metabolic pathways. Sci. Transl. Med. 2012, 4, 121ra18. [CrossRef]

117. Putta, S.; Lanting, L.; Sun, G.; Lawson, G.; Kato, M.; Natarajan, R. Inhibiting microRNA-192 ameliorates renal fibrosis in diabetic
nephropathy. J. Am. Soc. Nephrol. 2012, 23, 458–469. [CrossRef]

118. Saadi, G.; Meligi, A.E.; El-Ansary, M.; Alkemary, A.; Ahmed, G. Evaluation of microRNA-192 in patients with diabetic nephropathy.
Egypt. J. Int. Med. 2019, 31, 122–128. [CrossRef]

119. Krupa, A.; Jenkins, R.; Luo, D.D.; Lewis, A.; Phillips, A.; Fraser, D. Loss of MicroRNA-192 promotes fibrogenesis in diabetic
nephropathy. J. Am. Soc. Nephrol. 2010, 21, 438–447. [CrossRef]

120. Wang, J.; Chu, E.S.; Chen, H.Y.; Man, K.; Go, M.Y.; Huang, X.R.; Lan, H.Y.; Sung, J.J.; Yu, J. microRNA-29b prevents liver fibrosis
by attenuating hepatic stellate cell activation and inducing apoptosis through targeting PI3K/AKT pathway. Oncotarget 2015, 6,
7325–7338. [CrossRef]

121. Xiao, J.; Meng, X.M.; Huang, X.R.; Chung, A.C.; Feng, Y.L.; Hui, D.S.; Yu, C.M.; Sung, J.J.; Lan, H.Y. miR-29 inhibits bleomycin-
induced pulmonary fibrosis in mice. Mol. Ther. 2012, 20, 1251–1260. [CrossRef] [PubMed]

122. Kanasaki, K. The role of renal dipeptidyl peptidase-4 in kidney disease: Renal effects of dipeptidyl peptidase-4 inhibitors with a
focus on linagliptin. Clin. Sci. 2018, 132, 489–507. [CrossRef] [PubMed]

123. Srivastava, S.P.; Shi, S.; Kanasaki, M.; Nagai, T.; Kitada, M.; He, J.; Nakamura, Y.; Ishigaki, Y.; Kanasaki, K.; Koya, D. Effect of
Antifibrotic MicroRNAs Crosstalk on the Action of N-acetyl-seryl-aspartyl-lysyl-proline in Diabetes-related Kidney Fibrosis. Sci.
Rep. 2016, 6, 29884. [CrossRef]

124. Wang, P.; Luo, M.L.; Song, E.; Zhou, Z.; Ma, T.; Wang, J.; Jia, N.; Wang, G.; Nie, S.; Liu, Y.; et al. Long noncoding RNA lnc-TSI
inhibits renal fibrogenesis by negatively regulating the TGF-beta/Smad3 pathway. Sci. Transl. Med. 2018, 10, e2039. [CrossRef]

125. Wanner, C.; Inzucchi, S.E.; Lachin, J.M.; Fitchett, D.; von Eynatten, M.; Mattheus, M.; Johansen, O.E.; Woerle, H.J.; Broedl, U.C.;
Zinman, B.; et al. Empagliflozin and Progression of Kidney Disease in Type 2 Diabetes. N Engl. J. Med. 2016, 375, 323–334.
[CrossRef]

126. Perkovic, V.; Jardine, M.J.; Neal, B.; Bompoint, S.; Heerspink, H.J.L.; Charytan, D.M.; Edwards, R.; Agarwal, R.; Bakris, G.; Bull, S.;
et al. Canagliflozin and Renal Outcomes in Type 2 Diabetes and Nephropathy. N. Engl. J. Med. 2019, 380, 2295–2306. [CrossRef]

http://doi.org/10.1073/pnas.0611192104
http://doi.org/10.1681/ASN.2010020134
http://www.ncbi.nlm.nih.gov/pubmed/20488955
http://doi.org/10.1096/fj.08-112326
http://www.ncbi.nlm.nih.gov/pubmed/18716028
http://www.ncbi.nlm.nih.gov/pubmed/29845236
http://doi.org/10.1016/j.febslet.2009.12.053
http://doi.org/10.3390/molecules24020264
http://doi.org/10.1038/mt.2013.235
http://doi.org/10.1038/mt.2014.25
http://www.ncbi.nlm.nih.gov/pubmed/24569834
http://doi.org/10.1016/j.ymthe.2017.09.024
http://doi.org/10.2337/db17-0816
http://www.ncbi.nlm.nih.gov/pubmed/29222368
http://doi.org/10.2337/db18-1075
http://www.ncbi.nlm.nih.gov/pubmed/31048367
http://doi.org/10.2337/db10-0892
http://doi.org/10.1152/ajprenal.00458.2014
http://www.ncbi.nlm.nih.gov/pubmed/25354942
http://doi.org/10.1038/ki.2013.372
http://doi.org/10.1126/scitranslmed.3003205
http://doi.org/10.1681/ASN.2011050485
http://doi.org/10.4103/ejim.ejim_89_18
http://doi.org/10.1681/ASN.2009050530
http://doi.org/10.18632/oncotarget.2621
http://doi.org/10.1038/mt.2012.36
http://www.ncbi.nlm.nih.gov/pubmed/22395530
http://doi.org/10.1042/CS20180031
http://www.ncbi.nlm.nih.gov/pubmed/29491123
http://doi.org/10.1038/srep29884
http://doi.org/10.1126/scitranslmed.aat2039
http://doi.org/10.1056/NEJMoa1515920
http://doi.org/10.1056/NEJMoa1811744


Int. J. Mol. Sci. 2021, 22, 7881 17 of 18

127. Panchapakesan, U.; Gross, S.; Komala, M.G.; Pegg, K.; Pollock, C.A. DPP4 inhibition in human kidney proximal tubular
cells—renoprotection in diabetic nephropathy? Diabetes 2013, 63, 1829–1830. [CrossRef] [PubMed]

128. Ravid, M.; Lang, R.; Rachmani, R.; Lishner, M. Long-term renoprotective effect of angiotensin-converting enzyme inhibition in
non-insulin-dependent diabetes mellitus. A 7-year follow-up study. Arch. Intern. Med. 1996, 156, 286–289. [CrossRef] [PubMed]

129. Parving, H.H.; Andersen, S.; Jacobsen, P.; Christensen, P.K.; Rossing, K.; Hovind, P.; Rossing, P.; Tarnow, L. Angiotensin receptor
blockers in diabetic nephropathy: Renal and cardiovascular end points. Semin. Nephrol. 2004, 24, 147–157. [CrossRef]

130. Shen, X.; Zhang, Z.; Zhang, X.; Zhao, J.; Zhou, X.; Xu, Q.; Shang, H.; Dong, J.; Liao, L. Efficacy of statins in patients with diabetic
nephropathy: A meta-analysis of randomized controlled trials. Lipids Health Dis. 2016, 15, 179. [CrossRef] [PubMed]

131. Lytvyn, Y.; Godoy, L.C.; Scholtes, R.A.; van Raalte, D.H.; Cherney, D.Z. Mineralocorticoid Antagonism and Diabetic Kidney
Disease. Curr. Diab. Rep. 2019, 19, 4. [CrossRef]

132. Georgianos, P.I.; Agarwal, R. Endothelin A receptor antagonists in diabetic kidney disease. Curr. Opin. Nephrol. Hypertens. 2017,
26, 338–344. [CrossRef]

133. Tuttle, K.R.; Brosius, F.C., 3rd; Adler, S.G.; Kretzler, M.; Mehta, R.L.; Tumlin, J.A.; Tanaka, Y.; Haneda, M.; Liu, J.; Silk, M.E.;
et al. JAK1/JAK2 inhibition by baricitinib in diabetic kidney disease: Results from a Phase 2 randomized controlled clinical trial.
Nephrol. Dial. Transplant. 2018, 33, 1950–1959. [CrossRef] [PubMed]

134. Srivastava, S.P.; Li, J.; Kitada, M.; Fujita, H.; Yamada, Y.; Goodwin, J.E.; Kanasaki, K.; Koya, D. SIRT3 deficiency leads to induction
of abnormal glycolysis in diabetic kidney with fibrosis. Cell Death Dis 2018, 9, 997. [CrossRef] [PubMed]

135. Sharma, K.; Jin, Y.; Guo, J.; Ziyadeh, F.N. Neutralization of TGF-beta by anti-TGF-beta antibody attenuates kidney hypertrophy
and the enhanced extracellular matrix gene expression in STZ-induced diabetic mice. Diabetes 1996, 45, 522–530. [CrossRef]
[PubMed]

136. Ziyadeh, F.N.; Hoffman, B.B.; Han, D.C.; Iglesias-De La Cruz, M.C.; Hong, S.W.; Isono, M.; Chen, S.; McGowan, T.A.; Sharma,
K. Long-term prevention of renal insufficiency, excess matrix gene expression, and glomerular mesangial matrix expansion by
treatment with monoclonal antitransforming growth factor-beta antibody in db/db diabetic mice. Proc. Natl. Acad. Sci. USA 2000,
97, 8015–8020. [CrossRef]

137. Chen, S.; Iglesias-de la Cruz, M.C.; Jim, B.; Hong, S.W.; Isono, M.; Ziyadeh, F.N. Reversibility of established diabetic glomerulopa-
thy by anti-TGF-beta antibodies in db/db mice. Biochem. Biophys. Res. Commun. 2003, 300, 16–22. [CrossRef]

138. Voelker, J.; Berg, P.H.; Sheetz, M.; Duffin, K.; Shen, T.; Moser, B.; Greene, T.; Blumenthal, S.S.; Rychlik, I.; Yagil, Y.; et al.
Anti-TGF-beta1 Antibody Therapy in Patients with Diabetic Nephropathy. J. Am. Soc. Nephrol. 2017, 28, 953–962. [CrossRef]

139. Li, M.O.; Wan, Y.Y.; Flavell, R.A. T cell-produced transforming growth factor-beta1 controls T cell tolerance and regulates Th1-
and Th17-cell differentiation. Immunity 2007, 26, 579–591. [CrossRef]

140. Harding, F.A.; Stickler, M.M.; Razo, J.; DuBridge, R.B. The immunogenicity of humanized and fully human antibodies: Residual
immunogenicity resides in the CDR regions. MAbs 2010, 2, 256–265. [CrossRef]

141. Petersen, M.; Thorikay, M.; Deckers, M.; van Dinther, M.; Grygielko, E.T.; Gellibert, F.; de Gouville, A.C.; Huet, S.; ten Dijke, P.;
Laping, N.J. Oral administration of GW788388, an inhibitor of TGF-beta type I and II receptor kinases, decreases renal fibrosis.
Kidney Int. 2008, 73, 705–715. [CrossRef]

142. Kanasaki, K.; Shi, S.; Kanasaki, M.; He, J.; Nagai, T.; Nakamura, Y.; Ishigaki, Y.; Kitada, M.; Srivastava, S.P.; Koya, D. Linagliptin-
mediated DPP-4 inhibition ameliorates kidney fibrosis in streptozotocin-induced diabetic mice by inhibiting endothelial-to-
mesenchymal transition in a therapeutic regimen. Diabetes 2014, 63, 2120–2131. [CrossRef]

143. Ji, X.; Wang, H.; Wu, Z.; Zhong, X.; Zhu, M.; Zhang, Y.; Tan, R.; Liu, Y.; Li, J.; Wang, L. Specific Inhibitor of Smad3 (SIS3) Attenuates
Fibrosis, Apoptosis, and Inflammation in Unilateral Ureteral Obstruction Kidneys by Inhibition of Transforming Growth Factor
beta (TGF-beta)/Smad3 Signaling. Med. Sci. Monit. 2018, 24, 1633–1641. [CrossRef]

144. Zhang, Y.; Meng, X.M.; Huang, X.R.; Lan, H.Y. The preventive and therapeutic implication for renal fibrosis by targetting
TGF-beta/Smad3 signaling. Clin. Sci. 2018, 132, 1403–1415. [CrossRef] [PubMed]

145. Li, J.; Qu, X.; Yao, J.; Caruana, G.; Ricardo, S.D.; Yamamoto, Y.; Yamamoto, H.; Bertram, J.F. Blockade of endothelial-mesenchymal
transition by a Smad3 inhibitor delays the early development of streptozotocin-induced diabetic nephropathy. Diabetes 2010, 59,
2612–2624. [CrossRef] [PubMed]

146. Yang, C.; Chen, X.C.; Li, Z.H.; Wu, H.L.; Jing, K.P.; Huang, X.R.; Ye, L.; Wei, B.; Lan, H.Y.; Liu, H.F. SMAD3 promotes autophagy
dysregulation by triggering lysosome depletion in tubular epithelial cells in diabetic nephropathy. Autophagy 2020, 1–20.
[CrossRef] [PubMed]

147. Srivastava, S.P.; Zhou, H.; Setia, O.; Liu, B.; Kanasaki, K.; Koya, D.; Dardik, A.; Fernandez-Hernando, C.; Goodwin, J. Loss of
endothelial glucocorticoid receptor accelerates diabetic nephropathy. Nat. Commun. 2021, 12, 2368. [CrossRef]

148. Li, G.; Wang, S.; Gelehrter, T.D. Identification of glucocorticoid receptor domains involved in transrepression of transforming
growth factor-beta action. J. Biol. Chem. 2003, 278, 41779–41788. [CrossRef]

149. Nitta, K.; Shi, S.; Nagai, T.; Kanasaki, M.; Kitada, M.; Srivastava, S.P.; Haneda, M.; Kanasaki, K.; Koya, D. Oral Administration of
N-Acetyl-seryl-aspartyl-lysyl-proline Ameliorates Kidney Disease in Both Type 1 and Type 2 Diabetic Mice via a Therapeutic
Regimen. Biomed. Res. Int. 2016, 2016, 9172157. [CrossRef]

150. Kanasaki, K.; Nagai, T.; Nitta, K.; Kitada, M.; Koya, D. N-acetyl-seryl-aspartyl-lysyl-proline: A valuable endogenous anti-fibrotic
peptide for combating kidney fibrosis in diabetes. Front. Pharmacol. 2014, 5, 70. [CrossRef] [PubMed]

http://doi.org/10.2337/db14-0366
http://www.ncbi.nlm.nih.gov/pubmed/24853893
http://doi.org/10.1001/archinte.1996.00440030080010
http://www.ncbi.nlm.nih.gov/pubmed/8572838
http://doi.org/10.1016/j.semnephrol.2003.11.003
http://doi.org/10.1186/s12944-016-0350-0
http://www.ncbi.nlm.nih.gov/pubmed/27733168
http://doi.org/10.1007/s11892-019-1123-8
http://doi.org/10.1097/MNH.0000000000000342
http://doi.org/10.1093/ndt/gfx377
http://www.ncbi.nlm.nih.gov/pubmed/29481660
http://doi.org/10.1038/s41419-018-1057-0
http://www.ncbi.nlm.nih.gov/pubmed/30250024
http://doi.org/10.2337/diab.45.4.522
http://www.ncbi.nlm.nih.gov/pubmed/8603776
http://doi.org/10.1073/pnas.120055097
http://doi.org/10.1016/S0006-291X(02)02708-0
http://doi.org/10.1681/ASN.2015111230
http://doi.org/10.1016/j.immuni.2007.03.014
http://doi.org/10.4161/mabs.2.3.11641
http://doi.org/10.1038/sj.ki.5002717
http://doi.org/10.2337/db13-1029
http://doi.org/10.12659/MSM.909236
http://doi.org/10.1042/CS20180243
http://www.ncbi.nlm.nih.gov/pubmed/29875262
http://doi.org/10.2337/db09-1631
http://www.ncbi.nlm.nih.gov/pubmed/20682692
http://doi.org/10.1080/15548627.2020.1824694
http://www.ncbi.nlm.nih.gov/pubmed/33043774
http://doi.org/10.1038/s41467-021-22617-y
http://doi.org/10.1074/jbc.M305350200
http://doi.org/10.1155/2016/9172157
http://doi.org/10.3389/fphar.2014.00070
http://www.ncbi.nlm.nih.gov/pubmed/24782774


Int. J. Mol. Sci. 2021, 22, 7881 18 of 18

151. Kanasaki, K.; Koya, D.; Sugimoto, T.; Isono, M.; Kashiwagi, A.; Haneda, M. N-Acetyl-seryl-aspartyl-lysyl-proline inhibits
TGF-beta-mediated plasminogen activator inhibitor-1 expression via inhibition of Smad pathway in human mesangial cells. J.
Am. Soc. Nephrol. 2003, 14, 863–872. [CrossRef] [PubMed]

152. Sun, G.D.; Li, C.Y.; Cui, W.P.; Guo, Q.Y.; Dong, C.Q.; Zou, H.B.; Liu, S.J.; Dong, W.P.; Miao, L.N. Review of Herbal Traditional
Chinese Medicine for the Treatment of Diabetic Nephropathy. J. Diabetes Res. 2016, 2016, 5749857. [CrossRef] [PubMed]

153. Huang, K.C.; Su, Y.C.; Sun, M.F.; Huang, S.T. Chinese Herbal Medicine Improves the Long-Term Survival Rate of Patients with
Chronic Kidney Disease in Taiwan: A Nationwide Retrospective Population-Based Cohort Study. Front. Pharmacol. 2018, 9, 1117.
[CrossRef] [PubMed]

154. Zhao, T.; Sun, S.; Zhang, H.; Huang, X.; Yan, M.; Dong, X.; Wen, Y.; Wang, H.; Lan, H.Y.; Li, P. Therapeutic Effects of Tangshen
Formula on Diabetic Nephropathy in Rats. PLoS ONE 2016, 11, e0147693. [CrossRef] [PubMed]

155. Li, P.; Chen, Y.; Liu, J.; Hong, J.; Deng, Y.; Yang, F.; Jin, X.; Gao, J.; Li, J.; Fang, H.; et al. Efficacy and safety of tangshen formula on
patients with type 2 diabetic kidney disease: A multicenter double-blinded randomized placebo-controlled trial. PLoS ONE 2015,
10, e0126027. [CrossRef]

156. Zhao, T.T.; Zhang, H.J.; Lu, X.G.; Huang, X.R.; Zhang, W.K.; Wang, H.; Lan, H.Y.; Li, P. Chaihuang-Yishen granule inhibits diabetic
kidney disease in rats through blocking TGF-beta/Smad3 signaling. PLoS ONE 2014, 9, e90807.

157. Sun, S.F.; Zhao, T.T.; Zhang, H.J.; Huang, X.R.; Zhang, W.K.; Zhang, L.; Yan, M.H.; Dong, X.; Wang, H.; Wen, Y.M.; et al.
Renoprotective effect of berberine on type 2 diabetic nephropathy in rats. Clin. Exp. Pharmacol. Physiol. 2015, 42, 662–670.
[CrossRef]

158. Meng, X.M.; Zhang, Y.; Huang, X.R.; Ren, G.L.; Li, J.; Lan, H.Y. Treatment of renal fibrosis by rebalancing TGF-beta/Smad
signaling with the combination of asiatic acid and naringenin. Oncotarget 2015, 6, 36984–36997. [CrossRef]

http://doi.org/10.1097/01.ASN.0000057544.95569.EC
http://www.ncbi.nlm.nih.gov/pubmed/12660320
http://doi.org/10.1155/2016/5749857
http://www.ncbi.nlm.nih.gov/pubmed/26649322
http://doi.org/10.3389/fphar.2018.01117
http://www.ncbi.nlm.nih.gov/pubmed/30327604
http://doi.org/10.1371/journal.pone.0147693
http://www.ncbi.nlm.nih.gov/pubmed/26807792
http://doi.org/10.1371/journal.pone.0126027
http://doi.org/10.1111/1440-1681.12402
http://doi.org/10.18632/oncotarget.6100

	Introduction 
	TGF- Signaling 
	Activation of TGF- Signaling in DN 
	Diverse Role of TGF-/Smad Signaling in DN 
	Active Versus Latent TGF-1 in DN 
	TGF- Receptors 
	Smad3 vs. Smad2 
	Smad4 
	Smad7 

	Role of TGF-/Smad3-Dependent miRNAs and Long Non-Coding RNAs in DN 
	miRNAs 
	lncRNAs 

	Treatment of DN by Targeting TGF- Signaling 
	Conclusions and Perspectives 
	References

