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ABSTRACT
Transforming growth factor-beta (TGF-β), a cytokine with near omnipresence, is an integral part of 
many vital cellular processes across the human body. The family includes three isoforms: 
Transforming growth factor-beta 1, 2, and 3. These cytokines play a significant role in the fibrosis 
cascade. Diabetic kidney disease (DKD), a major complication of diabetes, is increasing in 
prevalence daily, and the classical diagnosis of diabetes is based on the presence of albuminuria. 
The occurrence of nonalbuminuric DKD has provided new insight into the pathogenesis of this 
disease. The emphasis on multifactorial pathways involved in developing DKD has highlighted 
some markers associated with tissue fibrosis. In diabetic nephropathy, TGF-β is significantly 
involved in its pathology. Its presence in serum and urine means that it could be a diagnostic tool 
while its regulation provides potential therapeutic targets. Completely blocking TGF-β signaling 
could reach untargeted regions and cause unanticipated effects. This paper reviews the basic 
details of TGF-β as a cytokine, its role in DKD, and updates on research carried out to validate its 
candidacy.

GRAPHICAL ABSTRACT

1.  Introduction

Diabetic kidney disease (DKD) is a significant global concern, 
impacting nearly 700 million individuals across the globe [1]. A 
lot of the time, this major problem is caused by having blood 
sugar that is too high for a long time. Hyperglycemia alters 
metabolic pathways, specifically affecting the breakdown of 

sugars, resulting in the production of detrimental molecules 
that can cause damage to cells [2].

High blood sugar damages kidney cells with advanced 
glycation end products (AGEs). Moreover, triggering the pro-
tein kinase C (PKC) signaling pathway aggravates cellular 
malfunction. These AGEs can narrow blood vessels, therefore 
lowering renal blood flow. Additionally, hyperglycemia can 
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change hemodynamics by activating PKC. Finally, hyperglyce-
mia induces inflammation in the kidney. This process pro-
duces reactive oxygen species (ROS) and free radicals that 
damage cells and aggravate disease [3–7].

Noninvasive urine and blood tests are the gold standard 
diagnostic tests for DKD. These tests measure the urine and 
serum creatinine levels. Furthermore, the glomerular filtration 
rate (GFR) was calculated using the modification of diet in 
renal disease (MDRD) study equation and the creatinine 
equation of the Chronic Kidney Disease Epidemiology 
Collaboration (CKD-EPI) [2,8,9].

However, a new branch has emerged from the existing 
DKD known as nonalbuminuric or normoalbuminuric DKD 
(NADKD). In these cases, patients do not show the classic 
symptoms of proteinuria until the later stages. Thus, there is 
a need for comprehensive assessments, including diabetes 
confirmation, kidney function tests, and potentially specific 
kidney damage markers [10,11]. Around half of the DKD pop-
ulation has been found to be nonalbuminuric [12,13]. Even 
though the pathogenesis has not been fully understood, a 
complex and eclectic flux is expected which is expected to 
include, age, atherosclerosis, cholesterol micro emboli, dyslip-
idemia, fibrosis, hypertension, inflammation, lipid toxicity, 
obesity, masking of albuminuria by renin angiotensin aldo-
sterone system (RAAS) inhibitors [14,15]. For multiple rea-
sons, several novel markers are being investigated for their 
diagnostic and/or therapeutic potential.

Although there are many different pathways involved, 
many of them eventually lead to fibrosis of the kidneys. 
Active fibroblasts respond to injury by producing a large 
amount of extracellular matrix (ECM), which aids in wound 
healing. Extracellular matrix accumulation caused by recur-
rent injuries results from extended wound healing. This accu-
mulation cannot be resolved by the body’s tissue rebuilding 
mechanisms; hence, organs scar. This fact is valuable enough 
to stimulate the search for fibrotic markers [16].

Transforming growth factor-beta (TGF-β), a cytokine family 
with three isoforms, is essential for processes such as growth, 
cell differentiation, and apoptosis. Found in the late 1970s, 
these signaling molecules are produced by numerous cells 
and influence organismal homeostasis, repair, and develop-
ment. Although TGF-β is rather common, it has been linked 
to various medical conditions, including cancer, fibrosis, and 
birth defects [17].

Research on the TGF-β’s involvement in DKD pathogene-
sis.is needed. Fibrosis, a common marker of DKD, is con-
nected to TGF-β. Because of the presence of too much 
connective tissue, fibrosis results in organ scarring and loss 
of function. In DKD, TGF-β is supposed to boost kidney cell 
production of ECM proteins, which build connective tissue. 
Fibrosis and kidney failure result from overproduction. 
Directly targeting TGF-β in past studies on treating DKD has 
produced conflicting results. The difficulty is the complicated 
nature of TGF-β signaling. In addition to aggravating fibrosis 
in DKD, TGF-β is essential for several physiological functions. 
Completely blocking TGF-β signaling could have unantici-
pated effects [18–23].

1.1.  History and discovery

TGF-β was first identified in 1978 by De Larco and Todaro as a 
‘sarcoma growth factor’ that is produced by transformed 
murine fibroblasts. These factors were also able to convert 
normal fibroblasts to anchorage-independent colonies. In the 
1980s, National Cancer Institute (NCI) investigators, headed by 
Michael Sporn and Anita B. Roberts, discovered the presence 
of TGF-β in cancer cells and demonstrated its ability to trans-
form healthy cells into malignant cells. Shortly thereafter, they 
unexpectedly made a find. It was discovered that noncancer-
ous cells also produce tumor-promoting factors [24].

2.  Structure

The TGFβ family ligands are composed of a N-terminal signal 
peptide, a large prodomain (PD), and a C-terminal mature 
growth factor (GF). These polypeptides typically form dimers 
(homodimers or heterodimers) in the endoplasmic reticulum. 
The signal peptides are cleaved, and the dimerized GFs are 
also cleaved from the PDs, but the PDs remain noncovalently 
associated with their cognate GFs. The PD–GF complex, 
which may covalently associate with a latent TGF-β-binding 
protein (LTBP), is secreted into the ECM. Some TGFβ family 
proteins, like BMP4, BMP5, BMP7, and BMP9, are active in 
their PD-bound form, while others, such as MSTN/myostatin 
(GDF8) and GDF11, require the removal of PDs to bind to 
receptors [4]. This structure allows for diverse and regulated 
signaling mechanisms [25].

2.1.  Isoforms of TGF-β

There are five isoforms of TGF beta, but only three are found 
in mammals, and all of them produce the same effects in 
vitro. In mammals, three separate genes produce the three 
closely linked isoforms TGF-β-1, -2, and -3. The remaining 
C-terminal region forms a 24-kDa homodimer to generate 
the three TGF-β isoforms, which are processed and secreted 
similarly in that intracellular proteolysis cleaves the N-terminal 
region to form an approximately 75-kDa homodimer called 
the latency-associated peptide (LAP) [26].

2.1.1.  TGF-β1
TGF-β1 is produced by all cells of the renal epithelium and 
interstitium, including inflammatory cells. Immunity, cell dif-
ferentiation, and development all require this protein. 
Nevertheless, in DKD, constantly high blood glucose levels 
activate TGF-β1, which causes excessive accumulation of scar 
tissue and kidney damage. While animal studies have shown 
that blocking activated TGF-β1 can reduce scarring, clinical 
studies have not shown favorable findings, most likely 
because of its concurrent reduction in beneficial functions. 
Researchers are looking at ways to especially target the neg-
ative aspects of TGF-β1 signaling or completely stop its activ-
ity. The development of effective treatments for DKD depends 
on thorough knowledge of the several routes by which 
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TGF-β1 is regulated. Finding a way to minimize the negative 
effects of TGF-β1 while preserving its benefits will help us to 
provide a fresh way of treating DKD [27].

2.1.2.  TGF-β2
In several biological processes, TGF-β2 regulates cell growth, 
differentiation, and development. TGF-β2 has many physio-
logical effects on different organs. Its functions include tissue 
homeostasis, immunomodulation, wound healing, and 
embryonic development. TGF-β has two unique functions in 
the process of repair since it shows unique spatial and tem-
poral expression patterns during the healing of skin lesions. 
It is yet unknown exactly how TGF-β2 causes scarring. While 
some studies speculate that TGF-β2 may contribute to scar-
ring, others point to different effects [28].

2.1.3.  TGF-β3
The protein β3 (TGFβ-3) is essential for many different bio-
logical activities. TGFβ-3 is involved in cell differentiation, 
embryogenesis, development, motility, and controlled death. 
It regulates the molecules involved in ECM synthesis and cel-
lular adhesion development during palate development. By 
controlling the movements of epidermal and dermal cells in 
injured skin, this protein also plays a vital role in controlling 
lung development and supervising the process of wound 
healing. The control of cell growth and division can stop 
rapid or uncontrolled proliferation, thus stopping the devel-
opment of tumors. TGF-β3 is fundamental for the develop-
ment of tissues that undergo differentiation into skeletal 
muscles. It also affects the formation of blood vessels, the 
regulation of bone development, wound healing, and 
immune system operation. Both immediate and long-lasting 
scarless healing and a reduction in scarring are well-known 
properties of TGFβ-3. It also inhibits fibrosis during the pro-
cess of wound healing. These phenomena are most often 
observed in the first phases of wound recovery, specifically in 
the moving outer layer of skin, and may impede the prolifer-
ation of keratinocytes without affecting the process of 
re-epithelialization [28].

3.  Biosynthesis of latent forms

TGF-β1 transforms in vitro from a noncovalent to an active 
25 kDa form under acidic conditions. There are three kinds of 
latent TGF-β1: α2-macroglobulin, small, and large. Moreover, 
the 25 kDa TGF-β isoform is bound by many soluble proteins. 
Pro-TGF-β1 is 361 amino acids long and is formed via post 
peptide signal cleavage [29].

TGF-β synthesis is regulated by a complicated mechanism 
that also determines its levels. Transcription in the cell 
nucleus is mediated by the TGF-β gene. From mRNA, cyto-
plasmic ribosomes translate the protein pre-pro-TGF-β. An 
endoplasmic reticulum-cleaved (ER-cleaved) signal peptide 
quickly draws on this precursor. A homodimer is formed in 
the ER via disulfide bonds between two pro-TGF-β mono-
mers. Monomers of pro-TGF-β bind noncovalently to a 

protein fragment produced from precursors called LAP. TGF-β 
creates the dormant small latent complex (SLC). Cleavage of 
pro-TGF-β by the furin enzyme significantly modifies SLC. 
Although TGF-β requires cleavage to become active, its acti-
vation is delayed by its association with LAP partners. 
Recently, TGF-β-binding proteins are added late in biosynthe-
sis. When LTBPs form -1, -3, or -4 covalent disulfide bonds 
with SLC LAP, large latent complex (LLC) formation occurs. 
The cell releases a mature TGF-β, LAP, and LTBP complex. 
LTBP of the LLC attachment matrix. The latent TGF-β complex 
is maintained in the reservoir until activation mechanisms 
are triggered. Fascinatingly, biological inactivity or delay is 
caused by interactions between the TGF-β dimer and LAP 
and LTBP. This complex packing mechanism precisely regu-
lates the strong signaling properties of TGF-β [30–33].

4.  TGF-β signaling

TGF-β pathway signaling depends on mothers suppressing 
decapentaplegic (SMAD) protein. Dysregulation of TGF-β/
SMAD signaling has an impact on various disorders, includ-
ing cancer, fibrosis, aberrant development, and CKD. In sev-
eral diseases, SMADs control inflammation, fibrosis, and tissue 
repair. Renal fibrosis in CKD does not occur without overacti-
vation of the TGF-β/SMAD pathway [20].

4.1.  SMAD-dependent pathway

In the SMAD-dependent pathway, TGF-β signals are trans-
ferred from the cell membrane to the nucleus, resulting in 
different cellular reactions depending on the SMAD pathway. 
Ligand binding to heteromeric complexes, including type I 
(TβRI) and type II (TβRII) receptors, initiates the TGF-β signal-
ing cascade. TβRII activates TβRI after ligand interaction, and 
TβRI phosphorylates receptor-regulated SMADs (R-SMADs), 
primarily SMAD2 and SMAD3. This pathway is triggered by 
the phosphorylation of R-SMAD at serine residues of the 
C-terminal SSXS motif. Translocating into the nucleus, phos-
phorylated R-SMADs and the common mediator SMAD 
(Co-SMAD)4, the shared mediator SMADs, create heterotri-
meric complexes. Nuclear localization signals of SMAD pro-
teins enhance nuclear translocation and Smad binding 
element (SBE) interactions with target gene promoters. Target 
gene transcription is controlled by SMAD complexes in the 
nucleus, which may directly bind to SBEs or interact with 
other transcription factors and cofactors. By means of tran-
scriptional regulation, the environment and co-factors can 
either activate or suppress gene expression. Moreover, SMAD 
controls ECM synthesis, cell proliferation, differentiation, death, 
genes, and the cytoplasm [34–39] as illustrated in Figure 1.

4.2.  SMAD-independent pathway

Unlike the traditional SMAD-dependent pathway, another 
SMAD-independent pathway delivers TGF-β signals into cells 
as illustrated in Figure 1. c-Jun N-terminal kinase (JNK) and 
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extracellular signal-regulated kinase (ERK). The AK strain acti-
vated both the AKT/PI3K and p38 MAPK signaling pathways 
and activated both the AKT/PI3K and p38 MAPK signaling 
pathways. MAPKs are phosphorylated and activated down-
stream effectors to control cellular responses when TGF-β is 
activated. Survival, proliferation, and migration are linked to 
ERK; cell proliferation, differentiation, death, and inflamma-
tion are linked to p38 MAPK and JNK. AKT/PI3K controls cell 
metabolism, survival, and growth. Non-SMAD pathways that 
combine various inputs and modify cellular responses in a 
context-dependent manner form the TGF-β signaling com-
plex. TGF-β receptors must interact with and turn on down-
stream kinases and adaptors to activate SMAD-independent 
signaling molecules. In several cell processes, target proteins 

are phosphorylated when TGF-β activates p38 MAPK and 
JNK through mitogen-activated protein kinase 3/6 (MKK3/6) 
and mitogen-activated protein kinase kinase 4 (MKK4 MAP) 
kinases. TGF-β is flexible and adaptable; it activates MAPK 
pathways even in the absence of SMAD proteins. TGF-β sig-
naling is better regulated, and cells perform better when 
SMAD-independent pathways are linked to other signaling 
cascades, such as the NF-κB and Rho GTPases [40–45].

5.  TGF-β activation

TGF-β activation is a crucial step in its functional regulation 
within the immune system. TGF-β is initially produced as a 
complex with inactive activity and must be activated to exert 

Figure 1.  Smad dependent/independent pathways used by TGF-β for signaling.



Renal Failure 5

its biological effects. There are several mechanisms involved 
in the activation of latent TGF-β:

5.1.  Physical force/protease-mediated activation

Latent transformation growth factor-β, a potent cytokine. Its 
biological activities are hidden by proteins such as LAP, which 
results in inactivity. TGF-β released from the cytoskeleton by 
actin filament contractions can trigger powerful signaling cas-
cades. Actin contraction and TGF-β activation are related to 
complicated mechanisms, including cell biochemical signals 
and mechanical forces. Actin can activate proteases, which in 
turn activate TGF-β. Proteases shatter peptide bonds. Actin 
filament contraction sets off proteases that target the dor-
mant TGF-β complex. By precisely cutting LAP and binding 
proteins, proteases release active TGF-β. The stiffness of the 
cell can also affect TGF-β activation. The increased stiffness 
caused by rearranging the actin network of the cell increases 
the mechanical pressure on the latent TGF-β complex. 
Increasing strain causes TGF-β to become activated. The 
important effects of TGF-β activation mediated by actin exist. 
When a wound heals, TGF-β release and regulated cell con-
traction are essential for tissue regeneration. Dysregulation of 
this process can lead to pathological fibrosis, which can result 
in excessive scar tissue and organ dysfunction [46].

5.2.  Reactive oxygen species activation

For many physiological and pathological processes, the complex 
interaction between ROS and TGF-β is essential. ROS, which are 
composed of chemically ROS, are double weapons in biological 
systems. Oxidative stress and damage are caused by high ROS 
levels, whereas cellular signaling requires moderate amounts of 
ROS. By means of intricate chemical processes, ROS cause TGF-β 
expression. Importantly, the amino acid residues of the LAPs of 
the latent TGF-β complex are directly oxidized. When methionine 
residues are attacked, ROS hydroxyl radicals change the structure 
and produce bioactive TGF-β. Because ROS activate proteases, 
they can interfere with TGF-β complex interactions. TGF-β is 
released when proteases breakdown LAP and other binding pro-
teins. TGF-β complex activation is triggered by ROS, increasing 
thrombospondin-1 (TSP-1) synthesis and activity. TGF-β activa-
tion driven by ROS is essential for tissue repair and wound heal-
ing. Increased ROS levels at the wound site following tissue 
damage trigger TGF-β. Through its stimulation of cell migration, 
collagen deposition, and blood vessel development, TGF-β pro-
motes tissue repair. However, there must be careful balance. 
Pathological fibrosis can result from TGF-β overactivation caused 
by chronically elevated ROS concentrations. The scarring of the 
kidneys, lungs, and liver can be severe when the ECM is overpro-
duced [47,48].

5.3.  Thrombospondin-1 binding

By binding to its LAP and severing its connection with the 
active cytokine, the ECM protein thrombospondin activates 
TGF-β. Latent TGF-β is activated by the ECM protein TSP-1. At 

first inactive, TGF-β needs special activation pathways to pro-
duce a variety of biological consequences. TSP-1 directly 
binds to TSP-1 for this process. The LAP of the latent TGF-β 
complex has a complementary sequence, leucine–serine–
lysine–leucine (LSKL), which is bound to a particular amino 
acid sequence in TSP-1. This contact causes the latent TGF-β 
complex to shift conformationally, therefore, changing its 
shape and destabilizing its structure. TGF-β, which is active, 
is released, and its signaling ability is increased [49–51].

5.4.  Integrin-mediated activation

Once associated with cell attachment to the ECM, integrin 
transmembrane receptors regulate physiological responses. 
TGF-β complexes, which are essential signaling molecules in 
many biological processes, are triggered by the integrins 
αvβ6 and αvβ8. Because active TGF-β is delivered through 
paracrine signaling, the latent complex must be activated by 
direct cell-to-cell interactions with αvβ6 integrin. A specific 
carboxyl-terminal region in the β6 subunit of αvβ6 integrin is 
necessary for active TGFβ. When these residues are altered or 
deleted, cancer cells cannot invade. TGFβ activation by αvβ6 
is protease inhibitor-resistant and distinct from cytoplasmic 
domain activation by β6. Conversely, membrane type 1-matrix 
metalloproteinase (MT1-MMP) and other metalloproteases 
are used by αvβ8 integrin to activate latent TGF-β complexes 
and release active TGF-β into the extracellular milieu. The 
fact that metalloprotease inhibitors can suppress TGF-β acti-
vation via αvβ8 points to a distinct mechanism. A distinct 
activation mechanism from that of αvβ6 is suggested by the 
lack of the β8 cytoplasmic region in αvβ8-mediated TGF-β 
stimulation. In both healthy and sick states, integrins are 
essential for TGF-β activation. Controlling fibrotic responses 
in tissue fibrosis depends critically on the integrins αvβ6 and 
αvβ8. Therapy targets for diseases involving aberrant TGF-β 
activity include integrins, which impact TGF-β signaling path-
ways. Complex relationships between integrins and signaling 
pathways are shown by integrin-mediated TGF-β activation. 
Although αvβ6 integrin activates TGF-β via cell contact, αvβ8 
integrin releases active TGF-β via proteolysis catalyzed by a 
metalloprotease. Integrins αvβ6 and αvβ8 show their adapt-
ability in changing TGF-β signaling by diverse architectures 
and activation strategies [52–54].

6.  Downstream effects

TGF-β is an integral molecule of the organismal organization. 
This molecule is involved in embryonic development, wound 
healing, tissue homeostasis, and immune cells’ homeostasis 
in a healthy environment [55,56].

6.1.  Wound healing

Wound healing depends critically on TGF-β, which also 
directs a set of mechanisms guaranteeing appropriate tissue 
restoration [57]. Combining inflammation, cell proliferation, 
ECM formation, angiogenesis, and tissue remodeling, wound 
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healing is a complicated and well-coordinated process. 
Utilizing its regulating activities on different cells and GFs, 
TGF-β shapes every one of these phases [55,58,59].

6.1.1.  Inflammation and immune response
Beginning in an inflammatory phase, wound healing depends 
on TGF-β in attracting immune cells to the damaged site and 
controlling their activity. After an injury, TGF-β is released 
from other cells in the wound region, including platelets. It 
functions as a chemoattractant for macrophages, neutrophils, 
and fibroblasts. Particularly helping macrophages to activate 
and migrate, TGF-β helps to coordinate the inflammatory 
response. Employing phagocytosis, macrophages eliminate 
dead cells, waste products, and infections. Furthermore, they 
generate cytokines that intensify the inflammatory reaction 
and activate other immune cells to create a protective sur-
rounding against infection. TGF-β actively changes immune 
cell behavior, therefore, transcending simple immune cell 
recruitment. Once macrophages reach the wound site, TGF-β, 
for instance, causes them to generate extra cytokines and 
GFs like interleukin-1 (IL-1), fibroblast growth factor (FGF), 
platelet-derived growth factor (PDGF), and tumor necrosis 
factor-alpha (TNF-α). This generates a positive feedback loop 
that maintains inflammation when needed and stimulates 
fibroblast and endothelial cell activity, facilitating the transi-
tion to the proliferative phase [60,61].

6.1.2.  Fibroblast activation
Key cells in the synthesis of the ECM, which offers the 
required scaffold for tissue regeneration, are fibroblasts. After 
damage, TGF-β functions as a strong fibroblast activator. 
Fibroblasts migrate into the wound area, multiply, and 
develop into myofibroblasts – a specialized cell type essential 
for wound contraction – in response to TGF-β signaling. 
Alpha-smooth muscle actin (α-SMA) expressed by myofibro-
blasts enables them to produce contraction forces, helping 
to seal the wound. The function of TGF-β in fibroblast activa-
tion also entails encouraging their continuous presence and 
activity in the wound bed. It preserves the active state by 
autocrine signaling and causes the fibroblasts to produce 
more TGF-β. Strong contribution of fibroblasts to the deposi-
tion of ECM components like collagen, elastin, and fibronec-
tin results from this continuous stimulation [62–64].

6.1.3.  Extracellular matrix synthesis and remodeling
TGF-β controls the output of ECM in several ways. Through 
interactions with collagen and fibronectin, TGF-β increases 
ECM protein gene transcription in active fibroblasts. This is 
accomplished by overexpression of mRNAs linked to ECM, 
which generate more proteins. Utilizing nuclear factors such 
as nuclear factor-1, TGF-β stimulates collagen gene transcrip-
tion, thereby generating more structural protein synthesis for 
strength and wound stability. Apart from driving ECM pro-
duction, TGF-β controls ECM remodeling. Boosting fibroblast 
integrins and membrane receptors enhances cell–ECM inter-
actions and wound site fibroblast mobility and function. 

Targeting ECM breakdown and boosting tissue inhibitors of 
metalloproteinases (TIMPs) production, TGF-β lowers MMP 
activity. This combination activity encourages early healing 
tissue generation and helps to prevent early ECM breakdown. 
During healing, ECM transforms tissue. By guaranteeing 
appropriate matrix design and lowering excess deposition, 
TGF-β balances ECM synthesis and breakdown, preventing 
fibrosis and scar tissue. To provide immediate structural sup-
port and long-term tissue integrity for efficient wound heal-
ing, TGF-β regulates ECM synthesis and remodeling [65].

6.2.  Tissue homeostasis

TGF-β stops the cell cycle at the G1 phase, restricting cell 
proliferation. Key control of cell cycle progression, 
cyclin-dependent kinases (CDKs), is inhibited here, hence 
mediating this impact. Like p15 and p21, TGF-β activates 
cyclin-dependent kinase inhibitors (CKIs) that bind to and 
stop CDKs, halting the cell cycle progression. Transcription 
factors, including forkhead box O3 (FOXO3), specific protein 
1 (SP1), and Smad proteins, affect CKIs’ activation. Targeting 
elements that support cell growth, such as myelocytomatosis 
oncogene (MYC) and cell division cycle 25A (CDC25A), TGF-β 
also lowers cell proliferation by a complicated interaction of 
transcription factors and corepressors, which reduces MYC 
transcription. TGF-β also downregulates, inhibitor of differen-
tiation/DNA binding 1 (ID1) and ID2, anti-apoptotic mole-
cules that might encourage cell expansion. Among the 
several cell types, lymphocytes, hepatocytes, podocytes, glial 
cells, hematopoietic cells, and epithelial cells can be killed by 
TGF-β. Usually mediated by the B-cell lymphoma 2 (BCL-2) 
family of proteins, which control death, this impact is while 
downregulating anti-apoptotic members like, BCL-2 and 
BCL-extra large (BCL-XL), TGF-β can boost the expression of 
pro-apoptotic BCL-2 family members. TGF-β and cell death 
do, however, have a complex interaction. TGF-β occasionally 
seems to encourage cell survival. This relies on the particular 
type of cell, other signaling systems’ activity, and the cellular 
surroundings’ general background [56,66].

6.3.  Immunity homeostasis

TGF-β controls the immune system through several roles. It 
alters proliferation, cell differentiation, and immunological 
reactions. TGF-β increases tumor immunosuppression and 
reduces T-lymphocyte proliferation and thymocyte develop-
ment. Moreover, TGF-β is crucial in forming regulatory T cells 
(Tregs), fostering immunological tolerance, and preventing 
autoimmune disorders. TGF-β mainly suppresses the immune 
system, but its influence is not clear. Along with other cyto-
kines, TGF-β can help proinflammatory T helper type 17 
(TH17) cells – which link to autoimmune diseases – develop. 
This dual function highlights how context-dependent TGF-β 
is in influencing immune responses. Usually via the Smad2/3 
pathway, TGF-β mostly influences immune response gene 
expression. It also reduces immunity by thereby inhibiting 
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immune cell effector functions. Besides regulating developed 
immunological reactions, TGF-β is vital for the immune sys-
tem’s growth [67,68].

7.  Role of TGF-β in DKD

Studies using single-cell RNA sequencing (scRNA-seq) have 
provided a thorough understanding of cell-specific expres-
sion patterns, providing vital data on the role of TGF beta in 
the pathogenesis of DKD. They were mostly found in 
mesangial cells, podocytes, and proximal tubular cells. TGF-β1 
is expressed in increased ECM deposition and glomeruloscle-
rosis, indicative of DKD progression. In case of worsening 
proteinuria, TGF-β1 in podocytes causes cytoskeletal reorga-
nization and foot process effacement. Increased TGF-β1 levels 
seen in proximal tubular cells help induce epithelial-to-mes-
enchymal transition (EMT) and tubulointerstitial fibrosis, 
aggravating tubular damage. Also expressed in mesangial 
and endothelial cells is TGF-β2. Higher TGF-β2 levels in endo-
thelial cells have been linked to capillary filtration and endo-
thelial dysfunction, which compromise glomerular filtration. 
Together with TGF-β1, TGF-β2 increases the fibrotic reactions 
in mesangial cells. Although present in fewer amounts, 
TGF-β3 is detectable in distal tubular cells and interstitial 
fibroblasts, which helps to enable structural remodeling and 
interstitial fibrosis in later stages of DKD (DKD) [27,69,70].

Autophagy, a basic cellular function, breaks down and 
recycles many materials inside the cytoplasm – including 
organelles and big molecules – through lysosomal pathways. 
Macroautophagy, microautophagy, and chaperone-mediated 
autophagy are three types of autophagy. Of these, macroau-
tophagy has attracted the greatest investigation. Autophagy 
has been shown to be under the control of TGF-β1, a cyto-
kine fundamental to kidney fibrosis. In the framework of tub-
ulointerstitial fibrosis, glomerulosclerosis, and diabetic 
nephropathy (DN), this management is crucial. By means of 

both Smad-dependent and Smad-independent pathways, 
which involve multiple signaling molecules, including PI3K/
Akt and MAPKs, TGF-β1 can induce autophagy. TGF-β1-
induced type I collagen breaks down during autophagy in 
mesangial cells, therefore negatively regulating matrix forma-
tion and possibly decreasing fibrosis. In tubular epithelial 
cells, the induction of autophagy by TGF-β1 is connected to 
cell survival and acts as a defensive mechanism against 
death. Nevertheless, the participation of autophagy in fibro-
sis is complex and dependent on the situation since there is 
evidence showing both defensive and stimulating effects on 
fibrogenesis. The formulation of therapeutic strategies for 
treating renal fibrosis depends on an understanding of the 
twofold roles of TGF-β1 in driving both collagen synthesis 
and autophagy [71].

7.1.  Stimulation of ECM production

Diabetes patients with high blood glucose levels cause their 
kidney cells to produce excess TGF-β. The synthesis of ECM 
collagen and other proteins is then increased by a signaling 
cascade in which this molecule sets off the glomerular base-
ment membrane, a filtration barrier that prevents waste from 
exiting the circulation, becomes firmer as a result of unregu-
lated ECM formation, as illustrated in Figure 2.

Furthermore, interfering with filtration is the mesangium 
enlargement in the glomerulus caused by the buildup of the 
ECM. Renal function is progressively compromised by this 
condition, called tubulointerstitial fibrosis. Because TGF-β 
affects ECM formation, kidney tissue hardens and scars, two 
hallmarks of DN. Fibrosis results in excessive fibronectin and 
collagen synthesis. This process depends on TGF-β since it 
increases the synthesis of ECM proteins. ECM deposition is 
enhanced by the overexpression of this gene, resulting in the 
disruption of tissue formation and function. By blocking 
matrix metalloproteinases (MMPs), TGF-β also helps TIMPs 

Figure 2. A ctivation of TGF-β due to extracellular matrix production.
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develop, thereby preventing the destruction of the ECM. 
Because of differences in ECM synthesis and breakdown, ECM 
buildup increases tissue stiffness and fibrosis. Elastin and col-
lagen cross-link to speed up ECM synthesis. TGF-β increases 
the function of lipoxygenase (LOX) and lysyl oxidase (LOXL), 
two enzymes that help to bind collagen. This enhanced 
cross-linking stiffens the ECM, strengthening its resistance to 
breakdown. Furthermore, via the EMT and EndMT pathways, 
excessive TGF-β stimulation reverses the specialized charac-
teristics of proximal tubular and endothelial cells. Fibrosis 
results from the absence of some cell features in epithelial 
and endothelial cells as well as from the acquisition of mes-
enchymal cells [72–74] (Figure 2).

7.2.  Induction of epithelial-to-mesenchymal transition

Diabetes-related high glucose levels cause renal epithelial cells 
– more especially those lining the tubules – to synthesize 
excessive amounts of TGF-β. Selective reabsorption in the 
tubules is made possible by densely packed epithelial cells. On 
their surface, they have unique proteins that help them con-
nect and communicate with nearby cells. In contrast, mesen-
chymal cells release substantial amounts of ECM components, 
including collagen, and show migratory activity. Smads are acti-
vated by TGF-β; these proteins subsequently translocate into 
the nucleus and prevent the generation of epithelial adhesion 
proteins. Moreover, it increases mesenchymal marker produc-
tion. Changes caused by molecular reprogramming cause epi-
thelial cells to lose their tight connections and cobblestone-like 
shape and to acquire a more spindle-shaped and motile phe-
notype. They start synthesizing proteins known as ECM, which 
upsets the delicate balance between barrier function and reab-
sorption in the tubules. The EMT is a component of tubuloint-
erstitial fibrosis, which is characterized by an overabundance of 
ECM. The tissue stiffens as a result, which interferes with its 
usual operation. Scar tissue and kidney stiffness are the out-
comes of TGF-β-driven EMT and overproduction of ECM [75,76].

7.3.  Activation of pro-fibrotic signaling pathways

Smad proteins phosphorylate and enter the nucleus after 
liganding to TGF-β receptors. They interact with coactivators 
and DNA to turn on genes that promote the synthesis of 
ECM components. Another important pathway is the MAPK 
pathway. Fibrosis-promoting genes are therefore expressed 
more strongly when TGF-β activates MAPKs such as ERK and 
p38. Furthermore, TGF-β can strengthen the fibrotic response 
by interacting with other signaling pathways, including the 
Notch, PI3K/Akt, and Wnt/β-catenin pathways. The profibrotic 
effects of TGF-β in DKD are coordinated by a complex net-
work of signaling cascades. Glomerular basement membrane 
thickening, a filtration barrier in the kidneys that prevents 
waste products from being eliminated, is the consequence of 
increased synthesis of ECM proteins. The ECM builds inside 
the tubules, stiffens the tissue and upsets the delicate bal-
ance between secretion and reabsorption, thereby impairing 
function [77,78].

7.4.  Enhancement of inflammatory responses

The interaction between TGF-β1 and interleukin (IL)-6 reveals 
the close equilibrium between inflammatory and 
anti-inflammatory effects. TGF-β1 attracts macrophages and 
other inflammatory cells, thereby augmenting the inflamma-
tory response in a self-sustaining cycle. Commonly referred to 
as an anti-inflammatory agent, TGF-β1 plays several roles in 
particular settings. By promoting inflammation, IL-6 inhibits 
this equilibrium and causes glomerulosclerosis and interstitial 
fibrosis in DN. Chronic inflammation caused by TGF-β1 throws 
kidney function off and causes podocyte failure, increases 
glomerular basement membrane permeability, and increases 
protein levels in the urine. This process occurs in tubulointer-
stitial fibrosis. When released by drives T helper 17 (Th17) 
cells, IL-17 increases neutrophil generation and accumulation, 
hence aggravating inflammation. TGF-β1 stimulates NF-κB, a 
main inflammatory control mechanism, thereby promoting 
inflammation. Thus, proinflammatory molecules, including 
TNF-α, IL-6, and IL-1, are generated. Activating immune cells 
and producing ROS damages kidney tissue. TGF-β1 increases 
IL-6 levels and Th17 cell proliferation in type 2 diabetes (T2D), 
hence exacerbating inflammation [77,79].

8.  Diagnostic potential

TGF-β has many detrimental effects on podocytes in the 
pathophysiology of DKD. It generates an ECM that induces a 
shift in gene expression that results in dedifferentiation and 
causes podocytes to cease functioning through processes 
that promote apoptosis. This causes podocyte foot processes 
to become effaced and glomerular permeability to increase. 
TGF-β also reduces podocyte migration, therefore preventing 
the glomerular repair process. Regardless of whether albu-
minuria exists, these mechanisms cause podocyte death and 
glomerular sclerosis to develop. In addition to influencing 
podocytes, TGF-β damages tubular epithelial cells, promotes 
the formation of mesangial cells, and influences immunolog-
ical reactions. Although albuminuria is a good sign, the 
absence of albumin in the urine does not always indicate 
that DKD has not progressed. The complicated nature of the 
action of TGF-β emphasizes the need to assess its diagnostic 
power. Some of these studies are summarized in Table 1 [79].

The diagnostic accuracy of urine and serum TGF-β1 as 
markers for DKD in individuals with type 2 diabetes mellitus 
(T2DM). One study tested the TGF-β1 levels in the urine and 
serum samples of 72 diabetic patients with varying degrees 
of nephropathy (normoalbuminuria, microalbuminuria, and 
macroalbuminuria), as well as in a control group of healthy 
people. Compared to those in the control group, all diabetic 
groups exhibited noticeably increased levels of urine and 
serum TGF-β1. The group with the most significant increase 
was the macroalbuminuria group. Particularly in the groups 
with more severe kidney illness (those with macroalbumin-
uria and microalbuminuria), the levels of TGF-β1 in the urine 
and serum as well as the concentration of total protein in 
the urine showed a strong positive correlation. Urinary and 
serum TGF-β1 levels not only increase in DN patients but 
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also possibly correlate with the severity of the disorder. This 
finding implies that, together with conventional markers 
such as urine protein, these markers could be useful guides 
for disease diagnosis [80].

The researchers recruited 75 people and divided them 
into three groups: patients with T2DM but without DKD, 
patients with T2DM and DKD, and healthy people free of any 
medical conditions. The urine albumin-to-creatinine ratio 
(ACR) of the DN group was significantly greater than that of 
both the control group, which consisted of healthy individu-
als without any medical conditions, and the non-DKD T2DM 
group, which included patients with T2DM but without DKD. 
Both groups with T2DM had higher blood TGF-β1 levels than 
the control group, with the T2DM group without nephropa-
thy having a mean level of 17.98  ±  5.88 ng/ml and the T2DM 
group with DKD having a substantially higher mean level of 
44.73  ±  18.45 ng/ml. A positive correlation exists between 
serum TGF-β1 levels and poor glycemic management (HbA1c, 
fasting/postprandial glucose) and renal function (serum creat-
inine, urine ACR). Conversely, eGFR was adversely linked with 
serum TGFβ1 levels. Research indicates that serum TGF-β1 
can serve as a marker for DKD in T2DM patients. Moreover, 
the levels of serum TGF-β1 were positively correlated with 
indicators of poor glycemic control (HbA1c, fasting/postpran-
dial glucose) and renal function (serum creatinine, urine ACR) 
and negatively correlated with the eGFR, suggesting that 
serum TGF-β1 levels can reveal the degree of glycemic con-
trol and the severity of the illness. Nevertheless, the study 
revealed no relationship between blood TGF-β1 levels and 
diabetes duration [81].

A study led by Pertseva et  al. investigated how well 
TGF-β1 and vascular cell adhesion molecule 1 (VCAM-1) 
might be used as blood biomarkers for DKD in patients diag-
nosed with type 1 diabetes and type 2 diabetes, respectively. 
There were 124 participants – those with diabetes and vary-
ing degrees of renal function – as well as a group of healthy 
people for comparison. Diabetic individuals show higher 
TGF-β1 and VCAM-1 levels than those of healthy controls. The 
values of both indices rose gradually as kidney function 
dropped. People with type 1 diabetes especially exhibited 

reduced TGF-β1 levels compared to those with T2D. The 
study found a negative link between TGF-β1/VCAM-1 and 
kidney function (eGFR), whereas it revealed a positive correla-
tion between albuminuria, a sign of kidney injury. Both 
TGF-β1 and VCAM-1 show amazing potential as biomarkers 
depending on the area under the receiver operating charac-
teristic curve (AUC). With a flawless AUC of 1.0 for differenti-
ating patients with DKD from healthy controls, independent 
of the type of diabetes, TGF-β1 specifically showed extraordi-
nary diagnostic power. Measuring TGF-β1 and VCAM-1 levels 
in the blood could thus be a useful early approach for iden-
tifying DKD in diabetic patients [82].

This paper examined the possibility of serum TGF-β as a 
biomarker for early-stage DN in patients with T2DM. Based 
on their ACR, the 120 participants in the case-control study 
comprised 60 patients with T2DM split into normoalbumin-
uric, microalbuminuric, and macroalbuminuric groups as well 
as a control group of healthy people. Greater serum TGF-β 
levels were displayed by the T2DM groups than by the con-
trol one. Normal albuminuria had the lowest values; microal-
buminuria and macroalbuminuria followed in order of lowest 
values as albuminuria progressed. Furthermore, whereas 
TGF-β levels are negatively connected to kidney function 
(eGFR), those levels directly correlate with indicators of renal 
failure like urea and ACR. Receiver operating characteristic 
(ROC) curve analysis revealed that TGF-β is a promising bio-
marker for early DN detection. At a given set threshold value, 
it has outstanding sensitivity (80%), specificity (95%), and 
general accuracy (83%). The findings show that higher levels 
of TGF-β in the blood could be connected to the beginning 
and development of DKD in persons with T2DM and might 
be utilized as a possible tool for identifying this condition at 
an early stage [83].

This research investigated the serum levels of TGF-β, IL-18, 
IL-17a, and other cytokines in Iraqi people with DKD. From 
October 2022 to January 2023, the research was conducted 
at Tikrit Teaching Hospital in the Salahaddin Governorate. 
Sixty blood samples were obtained from patients with dia-
betic renal disease. Using ELISA, the samples were subjected 
to analysis of the TGF-β, IL-18, and IL-17a markers. The 

Table 1.  TGF-β as a diagnostic target in DKD.

S. 
no. Study Year Objective Sample

Sample 
size Result

1. Shaker et  al. [80] 2014 To investigate TGF-β1 levels in T2DM 
patients with and without 
nephropathy

Urine and 
blood

102 TGF-β was found to be positively correlated 
with nephropathy

2. Shukla and coworkers [81] 2018 To study sera level of TGF-β1 in DKD 
patients of T2DM

Blood 75 Patients with T2DM demonstrated greater serum 
TGF-β1 levels. Furthermore, TGF-β1 levels 
were significantly raised in T2DM individuals 
with nephropathy relative to those without.

3. Pertseva et  al. [82] 2019 To observe TGF-β1 and VCAM-1 levels 
in DK patients of type 1 and 2 
diabetes

Blood 124 TGF-β 1 was found to be better diagnostic 
marker than VCAM-1

4. Saeed Abbas and 
coworkers [83]

2022 To analyze the diagnostic potential of 
TGF-β in T2DM DKD patients

Blood 120 TGF-β was found significantly higher in DKD 
patients than healthy volunteers

5. Mezher et  al. [84] 2023 To observe levels of IL-17a, 18 and 
TGF-β levels in DKD patients

Blood 60 The cytokines gave statistically significant results 
in prognosing DKD

6. Kulkarni et  al. [85] 2023 To study the urinary TGF-β1 levels in 
DKD patients

Urine 20 Urinary TGF-β1 levels were found to be 
significantly higher in DKD patients than 
volunteers
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investigation revealed significant differences (p  <  .05) among 
certain age categories within the clinical population. With 
28% and 33%, respectively, people between 51 and 60  years 
of age and above 60  years of age scored highest. With cor-
responding scores of 8.3% and 13.3%, the 21–30 and 31–40 
age groups, respectively, displayed noticeably lower marks. 
According to Pearson’s correlation analysis, patients 
(200.30  ±  59.50, 102.13  ±  50.82, and 57.15  ±  18.90) had 
greater levels of IL-18, IL-17a, and TGF-β than did healthy 
people (104.50  ±  31.01, 42.90  ±  10.55, and 31.90 TGF-β) 
(r  =  −0.270* Sig.  =  0.037). For spotting patients with DKD, the 
IL-18, IL-17a, and TGF-β markers exhibited the highest sensi-
tivity (98%, 96%, and 87%, respectively) and specificity (94%, 
97%, and 80%, respectively). Statistics indicate that disease 
severity increases with age. During screening, the reliable 
markers for predicting DKD patient outcomes are IL-18, 
IL-17a, and TGF-β. Treating DKD could involve targeting these 
cytokines [84].

Another study attempted to evaluate the feasibility of 
urine TGF-β1 as a DKD diagnostic marker. A total of 10 
patients with DKD and 10 healthy people were included in 
the control group. Compared to the control group (mean 
29.03  ±  3.23 ng/24 h), the DKD group showed a statistically 
significant increase in urine TGF-β1 levels (mean 
88.33  ±  12.44 ng/24 h). Although the DKD group had higher 
levels than did the control group, there was no clear correla-
tion between the levels of TGF-β1 in the urine and other 
indices of renal function (eGFR) or glycemic control (HbA1c). 
These data show that patients with DKD – approximately 
88.33 ng/24 h – may have higher urine TGF-β1 levels. These 
values might not, however, fairly represent the degree of 
blood sugar control or kidney function degradation. More 
studies are required to understand how urine TGF-β1 is 
related to the development of DKD [85].

9.  Therapeutic potential of TGF-β

The therapeutic efficacy of TGF-β has also been studied, as 
summarized in Table 2. Baricitinib, an oral, reversible, selec-
tive inhibitor of Janus kinase 1 (JAK1) and JAK2, which play 
crucial roles in the JAK-STAT/TGF-β signaling pathway, a key 
mediator of inflammation in DKD. This phase 2, double-blind, 
dose-ranging study aimed to evaluate the efficacy of barici-
tinib on albuminuria in adults with T2D at high risk for DKD 
progression. A total of 129 participants were randomized to 
receive either placebo or varying doses of baricitinib 
(0.75–4 mg daily) for 24 weeks, followed by a washout period. 
The primary outcome, change in first morning urine 
albumin-to-creatinine ratio (UACR), demonstrated a signifi-
cant reduction of 41% in the 4 mg daily group compared to 
placebo (p  =  .022). Additionally, baricitinib treatment led to 
decreased inflammatory biomarkers, although anemia was 
more frequently reported in the high-dose group, indicating 
a need for careful monitoring of adverse effects [86,87].

Fenofibrate, a proliferator-activated receptor alpha (PPARα) 
agonist, has been shown to modulate TGF-β signaling, which 
plays a critical role in renal fibrosis and DN. By activating 

PPARα, fenofibrate can inhibit the expression of TGF-β and its 
downstream effects, thereby reducing inflammation and 
fibrosis in renal tissues. This study investigated the impact of 
fenofibrate on microalbuminuria in 56 patients with T2DM 
and hypertriglyceridemia over a 180-day period. Participants 
were randomly assigned to either a fenofibrate treatment 
group or a control group. Key results demonstrated that 
fenofibrate significantly decreased UACR, triglycerides (TGs), 
and uric acid (UA) levels, while increasing high-density lipo-
protein cholesterol (HDL-C). Furthermore, the reduction in 
UACR was positively correlated with decreases in TG and UA, 
suggesting that fenofibrate not only improves lipid profiles 
but also mitigates renal injury through the modulation of 
TGF-β signaling pathways, highlighting its potential thera-
peutic role in DN [88].

In this study, a short-chain fatty acid called butyrate was 
linked to possible protective effects. Butyrate has been 
shown to reduce fibrosis and stop the production of pro-
teins, including P311 and TGF-β1, in diabetic mouse kidneys 
and in cells exposed to high glucose. Analysis further 
revealed a unique route (miR-7a-5p/P311/TGF-β1) that might 
be responsible for this beneficial effect. This pathway appears 
to involve a microRNA (miR-7a-5p) that targets P311. By 
reducing the synthesis of TGF-β1 and P311, fibrosis is even-
tually reduced. These results highlight the potential for regu-
lating this pathway as a DKD therapy method; preclinical 
models indicate that adding butyrate may be a workable 
alternative [90,91]. The effectiveness of the traditional Chinese 
medication Tangshen formula (TSF) in reducing kidney fibro-
sis associated with DKD was investigated in this study. Both 
human kidney cells – especially human kidney 2 (HK2) cells 
– and rats were examined for the effects of TSF. In rats with 
DKD, TSF therapy notably decreased kidney damage com-
pared with that in the control group. This was clearly shown 
by lower proteinuria and better tissue conditions. 
Mechanistically, TGF-β1/Smad3 signaling pathway and the 
expression of the long noncoding RNA (lncRNA) MEG3 could 
be influenced. TGF-β1 levels dropped; a crucial protein in the 
system was not phosphorylated; and lncRNA MEG3 was 
downregulated in rats upon TSF administration. In HK2 cells 
treated with high glucose, TSF administration also effectively 
compensated the rise in collagen synthesis and decrease in 
Smad3 phosphorylation to help to reduce DKD. These find-
ings indicated that TSF may cure DKD by suppressing the 
TGF-β1/Smad3 signaling pathway and lncRNA MEG3 expres-
sion, hence lowering kidney fibrosis [90].

The GF TGF-β1 is often linked to aberrant levels of DKD. A 
new study suggests that one particular form of TGF-β1, latent 
TGF-β1, may be protective. Tests using genetically engineered 
mice showed that higher degrees of latent TGF-β1 protected 
the kidneys from damage caused by DKD. The two indicators 
of the protective effect were lower excretion of albumin in the 
urine (microalbuminuria) and reduced kidney scarring (fibro-
sis); blood glucose levels were not changed. Further investiga-
tion revealed that the suppression of Arkadia, a protein 
typically responsible for the degradation of another protein 
(Smad7), was the source of this positive effect. Smad7 
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Table 2.  TGF-β as a therapeutic target in DKD.

S. no. Study Year Molecule Target Model
Administrated 
compound/vector Result

1. Tuttle et  al. 
[86,87]

2018 Baricitinib JAK1 and JAK2 
pathway

Type 2 diabetes patients 
with high risk of 
progressive DKD

0.75 mg once daily, 
0.75 mg twice 
daily, 1.5 mg once 
daily or 4 mg 
once daily

UACR decreased at weeks 
12 and 24 and after 
4–8  weeks of washout. 
Baricitinib 4 mg 
decreased inflammatory 
biomarkers over 
24  weeks

2. Sun et  al. 
[88]

2020 Fenofibrate TGF-β1/smad3 and 
canonical Wnt 
pathways

Type 2 diabetic patients 
with microalbuminuria 
and 
hypertriglyceridemia

200 mg OD The study found that 
fenofibrate significantly 
reduced 
microalbuminuria and 
improved lipid levels 
(triglycerides and HDL-C) 
in type 2 diabetes 
patients with 
hypertriglyceridemia after 
180 days of treatment.

3. Du et  al. 
[89]

2020 Butyrate Mesangial cells 
(miR-7a-5p/P311/
TGF-β1 pathway)

Male db/db and db/m 
mice

1 g/kg/day (sodium 
butyrate)

Butyrate supplementation 
alleviated the fibrosis in 
the kidney.

4. Zhou et  al. 
[90]

2021 Tangshen 
formula

Tubulointerstitium STZ-induced male Wistar 
rats; HK2 cell line

1.2 g/kg/day Following TSF treatment, 
rats suffering with DKD 
exhibited improved renal 
histology and reduced 
urine protein. TSF 
lowered fibrotic marker 
expression to stop 
collagen accumulation.

5. Wu et  al. 
[91]

2021 Latent TGF-β1 Tubulointerstitium 
(Arkadia/Smad7 
signaling)

Transgenic TGF-β1 
producing STZ-induced 
mice; recombinant 
human TGF-β protein 
cell cultures

– Increased expression of 
latent TGF-β1 protected 
mice against the 
development of 
mesangial matrix 
expansion and thickening 
of the glomerular 
basement membrane was 
prevented.

6. Li et  al. [92] 2022 Kirenol TGF-β/Smads and 
the NF-κB 
signaling pathway

C57BL/6J male mice; 
mesangial cells

2 mg/kg/day Kirenol’s usage reduced 
Smad2/3’s 
phosphorylation as well 
as NF-κB’s kirenol 
reduces the TGF-β/Smads 
and NF-κB signaling 
pathways to thus 
minimize diabetic 
nephropathy.

7. Li et  al. [93] 2022 miRNA-10 a/b TGF-β receptor 1 Renal biopsy samples; 
STZ-induced male 
C57BL/6J mice

Recombinant 
lentiviral vector 
pGLV-harboring 
miR-10a/b mimic 
or antisense

Reducing NLRP allowed 
miR-10a/b to be 
overexpressed, therefore 
addressing kidney fibrosis 
and inflammation. Direct 
targeting of TGFBR1 and 
control of TGF-β/Smad 
signaling will help to 
regulate renal fibrosis in 
diabetes mellitus.

8. Song et  al. 
[94]

2022 Sestrin 2 Podocyte (TSP-1/
TGF-β1/Smad3 
pathway)

Mouse podocytes; 
STZ-induced transgenic 
mice from C57BL/6J 
model

Recombinant mouse 
γ-interferon  
10 U/ml

In diabetic rats, Sestrin2 
lowered high levels of 
24-hour urinary protein, 
blood urea nitrogen, 
serum creatinine, and 
triglyceride as well as 
urine 8-OHdG. The 
glomeruli of diabetic TgN 
mice also showed 
inhibition of the TSP-1/
TGF-β1/Smad3 signaling 
pathway.

(Continued)
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suppresses the activation of detrimental signaling pathways 
connected to DKD development. These findings imply that as 
a DKD therapeutic approach, targeting the latent TGF-β1/
Arkadia/Smad7 pathway could be beneficial [91].

In another study, researchers investigated the potential of 
kirenol as a DKD therapeutic agent. The effects of kirenol on 
two significant signaling pathways that are known to be 
involved in the development of DN were examined: the 
NF-κB pathway and the TGF-β/Smad pathway. They studied 
cell cultures as well as animal models. Giving kirenol caused 
the activity of several pathways to drop, which had several 
benefits. These comprised lowering of the expression of 
inflammatory markers, restoration of the levels of the protec-
tive protein IκBα, and declining synthesis of fibrosis-related 
proteins. Kirenol also reduced the thickening of the glomer-
ular basement membrane, a structure in the kidney in charge 
of filtration, and stopped the fusion of two structures neces-
sary for ensuring the greatest potential kidney function. 
These results imply that since kirenol may regulate these 
channels, it is a feasible treatment drug for DKD [92].

In this study, microRNA-10a and -10b (miR-10a/b) were 
found to be possible targets for thwarting this process. Blockers 
known to be engaged in the DKD-related signaling pathway 
(TGF-β/Smad) these microRNAs serve. Previous research 
revealed that TGFBR1, a crucial protein receptor linked in this 
process abnormally raised in DKD, is especially targeted to 
attain this control. Furthermore, proven by scientists to influ-
ence miR-10a/b development is a protein called XRN2. 
Especially in patients with DKD, lowered levels of miR-10a/b 
were associated with higher TGFBR1 levels and fibrosis. These 

findings imply that raising the expression of miR-10a/b could 
be one potential fibrosis treatment in DKD [93].

Low levels of the sestrin2 protein have been linked in stud-
ies to protect people with DKD from their effects. High blood 
glucose levels are a trademark of diabetes; podocytes can be 
damaged, and studies have indicated that increasing Sestrin2 
expression helps prevent this damage. One particular signaling 
pathway (TSP-1/TGF-β1/Smad3) known to be linked in the 
development of DKD seems to be responsible for the observed 
protective effect. Sestrin2 could interfere with this process and 
help to lower podocyte damage. These results offer a fresh 
treatment approach to treat podocyte damage in DKD by 
stressing the possibility of raising Sestrin2 expression [94].

A recent study sought to ascertain whether podocyte EMT 
process inhibition by traditional Chinese medicine triptolide 
might lower DKD. Given to diabetic rats, triptolide yielded 
remarkable effects. Triptolide enhanced overall renal function 
and may have preserved podocytes. Triptolide’s ability to 
block a specific route connected to EMT points to a likely 
mechanism for this protective action. Reduced protein and 
mRNA levels related to EMT, including those of α-smooth 
muscle actin (α-SMA), and enhanced levels of proteins con-
nected to appropriate podocyte function, including nephrin, 
podocin, and E-cadherin, were identified. Moreover, triptolide 
reduced Kindlin-2 and TGF-β/Smad signaling pathways in line 
with EMT development. These findings imply that the use of 
triptolide could be a beneficial strategy for podocyte protec-
tion during DKD by means of certain pathways [95].

The loss of podocytes – specialized cells required for the 
glomerular filtration barrier (GFB) – defines DKD. Frequent in 

S. no. Study Year Molecule Target Model
Administrated 
compound/vector Result

9. Ren et  al. 
[95]

2022 Triptolide Podocytes (kindlin-2 
and EMT-related 
TGF-β/Smad 
signaling 
pathway)

Mice (male C57BL/Ksjs 
db/m normal and db/
db diabetic mice aged 
8  weeks)

50 and 75 μg/kg/day Triptolide treatment 
corrected functional 
impairments in diabetic 
mice and reduced 
structural damage. In 
diabetic mice, it lowered 
the expression of α-SMA 
and raised the levels of 
nephrin, podocin, and 
E-cadherin. In diabetic 
kidneys, triptolide 
treatment lowered the 
protein and mRNA levels 
of TGF-β1, p-SMAD3, and 
kindlin-2.

10. Song et  al. 
[96]

2023 Bone 
morphogenic 
protein 
(BMP-7)

Smad signaling 
pathway and 
ferroptosis

Male C57BL/6 mice 10 μg/72 h Protein transduction domain 
(PTD)-fused BMP7 in 
micelles reduced kidney 
cells ferroptosis, 
decreased lipid 
peroxidation levels and 
improved glutathione 
levels in the kidneys.

11 Wang et  al. 
[97]

2023 MAGI2 Podocytes (TGF-β-
Smad3/nephrin 
pathway)

Cell (kidney cells, human 
podocyte cell line of 
MPC5);

Mice (male BKS.Cg-m+/+ 
Leprdb/J (db/db))

5  ×  109  PFU of 
MAGI2 plasmid

Restoring MAGI2 improved 
kidney performance as 
well as limited podocyte 
death.

Table 2.  Continued.
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podocytes, studies point to a protective function for the pro-
tein membrane-associated guanylate kinase inverted 2 
(MAGI2). Studies have indicated that MAGI2 levels drop in 
surroundings with high glucose levels as well as in patients 
with DKD. Fascinatingly, podocytes seem to be spared death 
by engaging with a particular pathway known as the TGF-β-
Smad3/nephrin pathway, which increases MAGI2 production. 
Moreover, data supporting this idea came from animal mod-
els in which raising MAGI2 levels enhanced podocyte protec-
tion and kidney function in diabetic mice. These findings 
imply that a suitable DKD therapy approach could be MAGI2 
expression modification [97].

10.  Challenges for TGF-β inhibitor

Modulating TGF-β, rather than directly blocking TGF-β ligands/
receptors, may be a good antifibrosis strategy based on exper-
imental and clinical data for DKD. TGF-β stimulates autophagy, 
tissue regeneration, anti-inflammation, and healing of wounds. 
Still, the dosage schedule has to be taken very seriously since 
in animal studies a high dosage of TGF-β inhibition produced 
severe toxicity and low efficacy. More importantly, a possible 
therapeutic would involve creating molecules that prevent 
latent TGF-β1 from activating itself. Since TGF-β plays a prom-
inent role in the pathophysiology of DKD, the TGF-β system is 
a desirable target to slow down the development of DKD, pro-
vided that the strategy preserves a reasonable balance 
between reno-protective and negative consequences [98,99].

11.  Molecules other than TGF-β

TGF-β occupies a central position in the pathogenesis of 
fibrosis, and kidney disease, orchestrating cellular responses 
that drive tissue remodeling and dysfunction. However, these 
complex pathologies are not solely the domain of TGF-β. A 
diverse cast of cytokines and GFs, including connective tissue 
growth factor (CTGF), interleukin-6 (IL-6), monocyte chemoat-
tractant protein-1 (MCP-1), platelet-derived growth factor 
(PDGF), and TNF-α, significantly contribute to disease pro-
gression through distinct and often intertwined mechanisms.

11.1.  CTGF

CTGF is a key factor in developing DKD as a downstream 
effector of TGF-β. TGF-β and CTGF interact to cause renal 
fibrosis. TGF-β induces CTGF expression by means of the 
Smad3 pathway, therefore, promoting ECM accumulation and 
EMT. Specifically, the JNK axis, the mitogen-activated protein 
kinase (MAPK) signaling pathway raises CTGF mRNA expres-
sion, therefore, aggravating this process. By boosting TGF-β-
mediated fibrotic responses, CTGF creates a positive feedback 
loop that speeds fibrogenesis. Studies have shown that renal 
tissue CTGF overexpression correlates with fibrosis and DKD 
development. CTGF’s diagnostic potential is similar to TGF-β 
in detecting fibrotic activity. CTGF focuses on ECM remodel-
ing, making it a powerful target for antifibrotic therapy. CTGF 

levels in urine and plasma may be indicators for early DKD 
identification, adding diagnostic value [100–102].

11.2.  IL-6

IL-6, a multifunctional cytokine implicated in inflammation, 
immunological control, and fibrosis, accelerates DKD. IL-6, 
which is elevated in diabetes, induces the production of 
TGF-β. TGF-β then increases inflammation and encourages 
the synthesis of ECM proteins, therefore, causing kidney 
injury and scarring. IL-6 and TGF-β interact to produce a 
vicious cycle that speeds DKD’s development. Further, IL-6 
activates STAT3 to promote mesangial cell proliferation, ECM 
deposition, and tubular damage. IL-6 focuses on inflamma-
tory and immunological responses. DKD severity is linked to 
high IL-6 levels, and anti-IL-6 medications such as tocilizumab 
are being studied for renal inflammation reduction. IL-6 can 
be used as a biomarker for illness progression, supplement-
ing TGF-β in identifying patients at risk of rapid deterioration. 
Targeting IL-6 pathways may complement antifibrotic medi-
cines targeting TGF-β signaling [103–105].

11.3.  MCP-1

MCP-1, a chemokine, and TGF-β interact to drive DKD progres-
sion. MCP-1 attracts monocytes that become macrophages, 
which then release TGF-β. TGF-β promotes fibrosis, leading to 
kidney scarring and dysfunction. MCP-1 is crucial for immune 
cell recruitment and inflammation. Urinary MCP-1 levels increase 
with DKD severity, suggesting a disease monitoring biomarker. 
Therapy targeting MCP-1 or its receptor (CCR2) may reduce renal 
inflammation and postpone disease progression [106–108].

11.4.  PDGF

In DKD, mitogenic cytokine PDGF increases mesangial cell 
proliferation, ECM buildup, and vascular remodeling. In DKD, 
TGF-β and PDGF interact to promote fibrosis. TGF-β increases 
PDGF expression, leading to mesangial cell growth and ECM 
buildup. TGF-β’s fibrogenic responses are exacerbated by 
PDGF signaling, notably through PDGFR-β, leading to increased 
kidney damage. Furthermore, both GFs impact endothelial cell 
migration and angiogenesis, which are linked to shared sig-
naling pathways such as PI3K/Akt, MAPK, and JAK/STAT. Early 
DKD causes glomerular hypertrophy and sclerosis due to 
PDGF signaling. PDGF plays a role in cellular proliferation and 
vascular damage. PDGF targets glomerular cell growth more 
specifically. PDGF inhibitors are being explored for antifibrotic 
effects since high PDGF levels in renal tissues and plasma are 
linked to DKD progression [109–112].

11.5.  TNF-alpha

The pro-inflammatory cytokine TNF-α worsens renal injury in 
DKD by causing oxidative stress, inflammation, and death in 
renal cells. The GFB is disrupted by TNF-α, leading to 
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proteinuria and tubular damage. While TGF-β predominantly 
contributes to fibrosis, TNF-α is primarily engaged in acute 
inflammatory reactions and vascular damage. TNF-α actually is 
also part of the precursors leading to TGF-β overproduction. 
High plasma and urine TNF-α levels are linked to DKD severity, 
and infliximab, a TNF-α inhibitor, shows promise in preclinical 
models. TNF-α, which targets inflammatory pathways, plays a 
role in disease progression alongside TGF-β, providing an 
additional therapeutic approach for DKD therapy [113–116].

12.  Conclusions

The human body’s signaling molecule TGF-β controls a variety 
of cellular functions, such as a conductor. Being ubiquitous in 
practically all cell types, it is essential for growth, develop-
ment, repair, and even the immune system. High blood glu-
cose levels, however, cause an overproduction of TGF-β and 
consequently an overproduction of scar tissue in DKD patients. 
With this scar tissue, which also reduces the capacity to effi-
ciently filter waste chemicals, the kidneys grow less functional. 
The dual character of this process makes it difficult to block 
TGF-β directly. Instead of completely inhibiting TGF-β, modify-
ing its activities shows promise in slowing the progression of 
DKD with the least amount of unfavorable side effects.
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