
Heliyon 9 (2023) e13508

Available online 6 February 2023
2405-8440/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Review article 

Is the proximal tubule the focus of tubulointerstitial fibrosis? 

Zhi Peng a, Hui Wang a, Jiaoyun Zheng b, Jie Wang a, Yang Xiang a, Chi Liu a, 
Ming Ji a, Huijun Liu a, Lang Pan a, Xiaoqun Qin a, Xiangping Qu a,* 

a Department of Physiology, School of Basic Medical Science, Central South University, Changsha 410008, Hunan, China 
b Department of Pathology, The Second Xiangya Hospital, Central South University, Changsha, China   

A R T I C L E  I N F O   

Keywords: 
Proximal tubule 
Tubulointerstitial fibrosis 
Extracellular matrix 
Chronic kidney disease 

A B S T R A C T   

Tubulointerstitial fibrosis (TIF), a common end result of almost all progressive chronic kidney 
diseases (CKD), is also the best predictor of kidney survival. Almost all cells in the kidney are 
involved in the progression of TIF. Myofibroblasts, the primary producers of extracellular matrix, 
have previously received a great deal of attention; however, a large body of emerging evidence 
reveals that proximal tubule (PT) plays a central role in TIF progression. In response to injury, 
renal tubular epithelial cells (TECs) transform into inflammatory and fibroblastic cells, producing 
various bioactive molecules that drive interstitial inflammation and fibrosis. Here we reviewed 
the increasing evidence for the key role of the PT in promoting TIF in tubulointerstitial and 
glomerular injury and discussed the therapeutic targets and carrier systems involving the PT that 
holds particular promise for treating patients with fibrotic nephropathy.   

1. Introduction 

It is estimated that 9.1% of the global population suffers from chronic kidney disease (CKD) to some degree, and a significant 
proportion of patients progress to end-stage renal failure, necessitating lifelong dialysis or kidney transplantation [1]. Studies have 
shown that CKD is an important trigger for cardiovascular diseases [1]. As global CKD mortality has risen sharply, the economic burden 
is increasing by the day [1]. Diabetes mellitus, hypertension, glomerular inflammation, genetic disorders and drugs are common 
causative factors of CKD [2]. Despite its multiple etiologies, CKD shares a common progressive process in which normal renal pa-
renchyma is replaced by matrix proteins such as collagen I, III, IV and fibronectin [3,4]. Renal fibrosis is defined as the accumulation 
and deposition of scar inside the renal parenchyma, which is manifested by TIF, glomerulosclerosis and arteriosclerosis [5]. Since 
tubules make up the majority of the renal parenchyma, renal fibrosis is generally referred to as TIF [6,7]. Despite the fact that not all 
renal injuries target the renal tubules, the severity of TIF in renal biopsies is the best prognostic indicator of CKD [8]. Therefore, 
understanding the pathogenesis of TIF progression is thus critical for the development of new therapies for CKD. 

The development and progression of TIF involves alterations in many cell types, such as the activation and expansion of interstitial 
myofibroblasts, infiltration of inflammatory cells (e.g., macrophages), renal tubular atrophy and perivascular fibrosis and other 
cellular processes [9]. Because of the complexities of this process, determining the relative position of each cellular compartment in the 
progression of TIF is difficult. Myofibroblasts and their precursors have been shown in studies to be the primary producers of extra-
cellular matrix (ECM), and thus have been the focus of attention in TIF progression [10]. However, a growing number of studies have 
recently shed light on the role of the proximal tubule (PT) in TIF progression. As a special tubular segment adjacent to the glomerulus, 
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the PT is not only a target of injury but also an important mediator of TIF progression. Drugs that target proximal tubular cells (PTCs) 
may provide new treatment options for TIF by reducing drug toxicity and/or by increasing the efficacy of antifibrotic drugs. The aim of 
this review is to provide a reference for revealing the importance of PT in TIF as well as an overview of therapies targeting PT. 

2. The focus in TIF is the PT rather than the distal tubule (DT) 

The renal unit consists of filtration units (e.g., glomeruli) and a tubular system (consisting of PT, Henle’s collaterals, DT, and 
collecting ducts) along which substances can be exchanged between blood and urine. The tubular system is in charge of the reab-
sorption of endogenous compounds, such as water, salt and glucose, as well as drug molecules that cross the tubular cells by passive or 
active transport. 

PT, rather than DT, contributes most to TIF for three reasons. Firstly, the amount and reabsorption capacity of PT are greater than 
those of DT. PT represent the largest part of the kidney and play the most important role in the recovery of substances from urine, 
accounting for the reabsorption of approximately two-thirds of the filtrate volume [11]. In contrast, DT reabsorbs only 5–10% of the 
filtered sodium and chloride under normal conditions [12]. 

Second, PT epithelial cells are less resistant to injury than DT epithelial cells. A multitude of factors, including ischemia/reperfusion 

Fig. 1. Major events in renal fibrosis. Inflammation is activated as the initiating event when the kidney is subjected to injury. Inflammatory cells, 
including T-lymphocytes, macrophages, and dendritic cells, infiltrate the peritubular region resulting in the production of molecules such as ROS 
that damage the tissue and induce the production of fibrotic cytokines and growth factors. The inflammatory microenvironment that develops after 
renal injury activates fibroblasts, TECs, endothelial cells, podocytes, pericytes, mesangial cells and macrophages converting into myofibroblasts to 
produce matrix. Depending on the severity and duration of injury, renal tubular cells exhibit a wide range of responses, such as proliferation, 
activated unfolded protein response (UPR), autophagy, senescence, G2/M arrest, apoptosis and EMT. There is a lot of controversy on the occurrence 
and subsequent effect of EMT. There are currently two views of EMT: complete EMT (absence of epithelial markers, expression of mesenchymal 
markers, and crossing tubular basement membrane into myofibroblasts) (abbreviated as EMT) and partial EMT (TECs acquire mesenchymal 
characteristics and are capable of producing a variety of pro-fibrotic factors and cytokines, but remain attached to the basement membrane). 
Metabolic changes that damage the renal tubules such as decreased FAO and upregulation of glycolysis can promote the process of TIF. The damage 
also impairs the glomerular structure, as glomerulosclerosis develops as a result of the loss of podocytes, thickening ofGBM, and expansion of the 
mesangial cells. Glomerulosclerosis and TIF together make up renal fibrosis (pathological changes in the vasculature are not shown in this figure). 
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(I/R) and associated oxidative stress, nephrotoxins, inflammation, and immune system abnormalities, predispose kidneys to acute 
kidney injury (AKI), which can proceed to CKD and fibrosis [13]. Although AKI can cause immediate direct damage to the DT and PT 
epithelium, PT is more vulnerable to injury due to their high rate of oxygen consumption and relative lack of endogenous antioxidant 
defense and anti-apoptotic proteins [13,14]. In addition, PT is particularly susceptible to mitochondrial toxicity and reactive oxygen 
species (ROS) are more frequently produced in PT than in DT [15]. In contrast, the epithelium of DT is not as sensitive as the epithelium 
of PT, DT epithelium shows a stronger resistance to hypoxic stress compared to PT [13]. Moreover, DT epithelium is less sensitive to 
cell death. A typical example is that after ischemic injury, DT epithelial cells can protect sensitive PT from injury by adaptively 
increasing the expression of survival factors and increasing the synthesis and secretion of reparative growth factors [13]. 

Third, the PT is also primarily responsible for compound secretion into the urine. It is inevitable that it will come into contact with 
harmful substances and be damaged. Therefore, the impairment of PT’s function is more pivotal in renal injury and fibrosis than DT. 

PT damage has been demonstrated in a number of renal fibrotic diseases, including unilateral ureteral obstruction (UUO), poly-
cystic kidney disease, nephrotic cystinosis, congenital nephrotic syndrome, and diabetic nephropathy (DN) (the latter two are 
considered “glomerular” diseases) [14]. Among them, the attention of fibrogenesis started to focus on PT due to the first identification 
of atubular glomeruli in the UUO model [14]. Tubular atrophy, one of the pathological manifestations of renal fibrosis, is the main 
determinant of renal parenchymal loss. It has been experimentally proven that the large loss of renal parenchyma induced by UUO is 
due to a 65% reduction in the mass of PT [16]. In addition to causing tubular atrophy, glomerulotubular disruption, atubular glomeruli 
formation in glomerular, tubular, and toxic nephropathies are PT’s responses to injury [14]. DN is an incidental disorder of diabetes 
mellitus and is one of the major causes of CKD, although it is considered to be a disease with glomerular lesion. Studies have shown that 
the earliest site of response in the renal unit is the PT rather than the glomerulus [14]. In a high glucose environment, PT cells become 
hypertrophic due to increased intracellular glucose; feedback from the glomerulus triggers excessive PT reabsorption and ultrafil-
tration [17]. Even if only the PT is injured, it can lead to a cascade of peritubular inflammation, TIF, and glomerulosclerotic events 
[14]. Taken together, the most prominent features of AKI and CKD are characterized by direct or secondary injury to PT cells [14], 
which further highlights the key role of PT in fibrotic events. 

3. Major cellular events of PT in TIF 

According to the sequence of cellular events following renal injury, the pathogenesis of TIF can be divided into four overlapping 
phases: initiation, activation, execution and progression [18]. However, TIF is actually a dynamic process in which many events occur 
simultaneously with the participation of PT. 

3.1. Role of PT injury on inflammatory cells infiltration 

Following tubular injury, inflammation serves as the initial event that triggers the onset of fibrosis. This process can be summarized 
as the activation and infiltration of inflammatory cells, which results in the production of molecules such as ROS that damage the tissue 
and induce the production of fibrotic cytokines and growth factors (Fig. 1) [19]. The sequence of those events is the driving force that 
prompts fibroblasts and renal TECs to undergo phenotypic activation or transformation and to produce a large number of ECM 
components [18]. Inflammation that does not resolve after a chronic injury can create a vicious cycle of inflammation, tissue damage, 
and fibrosis. 

PT injury can promote the occurrence of inflammation, but accumulating evidence also reveals the inhibitory effect of PT on 
inflammation, suggesting that PT may play a dual role in the occurrence and development of inflammation. An example is that 
although uric acid has been shown to directly activate PT cells, accelerate macrophage recruitment and promote differentiation of the 
M1 phenotype, PT can also antagonize TIFs, reducing inflammation by reducing the expression of pro-inflammatory factors and 
increasing the activation of anti-inflammatory factors [20]. In addition to macrophages, the recruitment of other inflammatory cells is 
also regulated by PT. For example, proximal tubular epithelial cells (PTECs) suppress pro-inflammatory immune responses in the 
tubular compartment by regulating the function of autologous lymphocytes, macrophages, and dendritic cells (DCs) [21,22]. In 
addition to upregulating a range of inhibitory molecules in response to inflammatory stimuli, human PTEC is able to and regulate 
antibody production in autologous B cells [23]. Colony-stimulating factor-1 (CSF-1), produced primarily by PT, can stimulate resident 
renal macrophages and dendritic cells, participating in recovery from AKI in response to either I/R or a model of selective PT injury 
induced by diphtheria-toxin-induced apoptosis in transgenic mice expressing the human diphtheria toxin receptor on PT cells [24]. 
Preservation of PT peroxisome proliferator-activated receptor (PPARα) expression significantly reduces the expression of 
pro-inflammatory cytokines such as interleukin-1 beta (IL-1β), interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNF-α), and 
significantly increases the expression of anti-inflammatory cytokines IL-10 and arginase-1, thereby reducing TIF and inflammation 
[25]. In conclusion, although studies have indicated that PT has both pro-inflammatory and anti-inflammatory effects, it is needed to 
determine which effect predominates in the TIF process, and it is also necessary to investigate whether the pro-inflammatory and 
anti-inflammatory mechanisms of PT interact or not. 

3.2. The contribution of renal TECs to the development of TIF 

The inflammatory microenvironment that develops after renal injury activates myofibroblasts to produce matrix, which is a central 
event in TIF. Clarifying the origin of myofibroblasts is particularly crucial because they are key producers in ECM production. 
Myofibroblast formation, proliferation, and ECM production are regulated by various growth factors and hormones [26], such as TGF-β 
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[27], connective tissue growth factor (CTGF) [28,29], fibroblast growth factor (FGF) [30], platelet-derived growth factor (PDGF) [31], 
interleukin-1 (IL-1) [32], TNF-α [33], Angiotensin II (Ang II) [34], and aldosterone [35]. Although it has been shown that fibroblasts, 
TECs, endothelial cells, podocytes, pericytes, mesangial cells and macrophages are capable of converting into myofibroblasts and 
producing ECM (Fig. 1) [36–38], it has been commonly assumed that fibroblasts are the primary source of myofibroblasts [18,38]. 
Since renal tubules make up the largest proportion of the renal parenchyma, the process of epithelial-mesenchymal transition (EMT) 
cannot be ignored. 

EMT, a cellular phenotypic transformation process that occurs during embryonic development, tumor metastasis, and organ 
fibrosis, has received a surge of attention in the development of TIF in recent years [39,40]. Early research suggested that a large 
proportion of myofibroblasts are transformed from PTECs by EMT [41]. However, recent data are disappointing. Recent research 
indicating that epithelial cells contribute little to the myofibroblast population after injury [42–46]. One possible reason for this 
biphasic outcome is that it appears to be more difficult to demonstrate EMT in vivo compared to the relative ease of demonstrating EMT 
in vitro. Therefore, the conclusions drawn by in vitro experiments are not necessarily exactly equivalent to the actual situation in vivo. 

The question of whether EMT is real has long been debated, and both sides of the argument have data to back it up, making the 
answer even more elusive. As previously stated, it is difficult to track complete EMT process (without epithelial markers, mesenchymal 
marker expression, and crossover of TBM into myofibroblasts). Recent studies from different teams have shown that after injury, renal 
TECs exhibit mesenchymal characteristics, produce multiple profibrotic factors and cytokines, but remain attached to the basement 
membrane [42,47–49]. On this basis, a new concept of “partial epithelial-mesenchymal conversion (pEMT)" was proposed [47,49,50]. 
This theory may provide new answers to explain the contribution of renal TEC to the development of renal fibrosis. Moreover, 
injury-mediated Snail1 reactivation induces pEMT in TEC that can signal to the mesenchyme to promote myofibroblast differentiation 
and fibrosis and maintain inflammation without direct conversion to myofibroblasts [50]. These findings reconcile the conflicting 
findings regarding the role of EMT in renal fibrosis and provide avenues for the design of new anti-fibrotic therapies. Although the 
importance of fibroblast activation for TIF is unquestionable, the above findings suggest that EMT may be one of the major de-
terminants of TIF development and progression. 

3.3. Response of PT to persistent injury 

The PT has long been considered a target of injury, but new evidence suggests that it also plays an important role in the devel-
opment and progression of TIF. The renal tubules constitute to the majority of the renal parenchyma and are major targets of various 
metabolic, immune, ischemic, and toxic injuries. Depending on the severity and duration of injury, renal tubular cells exhibit a wide 
range of responses, such as proliferation, de-differentiation, activated unfolded protein response (UPR), autophagy, senescence, 
growth arrest, apoptosis and EMT. The following is an overview of the role of PT in these events. 

3.3.1. PT injury is sufficient to cause TIF 
Recent studies have shown that PT injury precedes other cellular compartment involvement, and PT injury alone is sufficient to 

cause TIF. Two independent research teams established PT-specific mouse injury models by crossing mice containing Cre-inducible 
diphtheria toxin receptor with Cre mice driven by the Six2 promoter or Ndrg1-Cre (ERT2) [51,52]. The results showed that 
different doses and frequencies of injection of diphtheria toxin had different degrees of PT damage. The subsequent events also 
changed. Injection of high-dose diphtheria toxin induces sublethal epithelial injury only in PT [51,52]. A single injection of low-dose 
diphtheria toxin induces only mild injury in PT. While this mild PT injury triggers reversible fibrosis, repeated mild injury is capable of 
causing persistent TIF, inflammation, capillary thinning, and the formation of underlying glomerulosclerosis [51,52]. Those data 
suggest that the severity and frequency of PT epithelial-specific injury have a significant impact on the progression of CKD. 

3.3.2. PT de-differentiation is a double-edged sword in the development of TIF 
Sustained renal injury is accompanied by a sustained process of de-differentiation, and the reduced response of de-differentiated 

cells to decreased ATP and energy supply allows the cells to survive under hypoxic conditions [53]. Highly differentiated cells 
expressing multiple channels and transporters. When PT is damaged, the PT epithelium de-differentiates and loses expression of typical 
epithelial proteins such as E-Cadherin and ZO-1. It has been reported that inhibition of EMT program preserved TEC integrity, restored 
de-differentiation, and alleviated fibrosis and immune infiltration in three renal injury models, namely, UUO, NTN, and folic acid (FA) 
nephropathy [49]. However, de-differentiation cannot be simply defined as a beneficial process, as it has also been shown in UUO and 
FA nephropathy models that TIF is aggravated when genetically targeting Snail1 expression, a key transcription factor in TECs 
de-differentiation [50]. In addition, members of other transcription factors associated with de-differentiation (SNAI, ZEB, TWIST) 
families can also attenuate TIF by regulating the inflammatory process [54]. However, the causal relationship between inflammation 
and de-differentiation is difficult to define. 

The mechanism of sustained epithelial cell de-differentiation may, on the one hand, be through the production of paracrine factors, 
such as TGF-β, to stimulate the production of ECM by adjacent pericytes/myofibroblasts to induce TIF progression. On the other hand, 
it may promote TIF by exacerbating ECM deposition through cell-autonomous production of collagen proteins such as COL1A2 protein 
[55,56]. 

3.3.3. The complex relationship between autophagy and apoptosis for TIF 
Autophagy regulates intracellular homeostasis through phagocytosis of cytoplasmic components. There is still no consensus on 

whether autophagy plays a beneficial [57–59] or detrimental [60–63] role in AKI and CKD, as autophagy is often detected at some 
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point in the disease and the database of detection throughout the process needs to be expanded. It is generally accepted that autophagy 
may play a protective role in the early stages of injury, but if the injury is too severe, it may promote the development of apoptosis or 
cell degeneration. 

Signaling activated during autophagy may interfere with or compromise cell apoptosis pathways [64–66]. Autophagy can coop-
erate with apoptotic mechanisms by acting upstream of apoptosis, converging with apoptotic pathways or mediating steps downstream 
of apoptosis [67]. Some severely damaged TECs that should undergo apoptosis may also survive by the aid of autophagy to undergo 
maladaptive repair and phenotypic changes, becoming a source of pro-inflammatory and pro-fibrotic cytokines that exacerbate renal 
fibrosis [68]. The studies available so far suggest that autophagy appears preceding apoptosis [60]. Experiments in a 14-day UUO mice 
model showed that autophagy in PT was detectable in the first 7 days of the obstructed kidney and tended to increase progressively, 
with a decreasing trend in the second 7 days. In contrast, the onset of apoptosis begins on day 3 and increases in a time-dependent 
manner thereafter [69]. In primary PTCs cultured in vitro, the up-regulation of autophagy increased ECM deposition and apoptosis 
after TGF-β1 administration [70]. Increased ROS induced TECs damage and activated autophagy, which contributes to its proapoptotic 
effect [71,72]. However, the contribution of the mechanism of interaction between autophagy and apoptosis to TIF needs to be further 
studied. 

3.3.4. The activated unfolded protein response (UPR) promotes TIF 
UPR is a defense mechanism adopted by cells in response to endoplasmic reticulum (ER) stress [73]. In the process of renal injury, 

UPR is considered as a protection mechanism. ER stress occurs when kidney cells are stimulated by TGFβ1 or PDGF, followed by 
activation of the protective UPR pathway [74]. UPR restores protein homeostasis in vivo by inhibiting protein translation, introducing 
ER-associated molecular chaperones to encourage the refolding of unfolded proteins, and activating the ER-associated protein 
degradation (ERAD) system to remove unfolded proteins and maintain cell survival [75]. Sustained ER stress exacerbates activation of 
the major UPR branches (IRE1α/XBP1, PERK/ATF4, ATF6), inducing expression of numerous genes involved in inflammation, cell 
death, autophagy, and oxidative stress [76]. Activation of UPR in response to sustained ER stress during TIF may activate inflammatory 
pathways, and the inflammatory response further promotes the production of fibers, leading to the occurrence of TIF. For example, in 
cultured human renal cortical tubular cells, glucose deprivation activates UPR, which in turn activates NF-kB and promotes the 
transcription of proinflammatory cytokines and chemokines like IL-6, IL-8, TNF-α, RANTES, and MCP-1 [77]. Furthermore, the UPR 
may collaborate with autophagy to reduce protein misfolding and its consequences in kidney disease [78]. 

3.3.5. Senescence could be a potential target for kidney protection 
Aging, ROS, and other stresses can cause senescence (e.g., DNA damage) [10]. It is believed that senescence of renal tubular cells 

may be one of the protective mechanisms of the kidney. Although acute senescence is beneficial, abnormal accumulation of senescent 
cells and persistent signaling can impair renal function and advance renal disease [79]. Although epithelial cell senescence is an 
irreversible growth arrest, senescent epithelial cells are metabolically active and contain a senescence-associated secretory phenotype 
(SASP) that can recruit inflammatory cells. Administration of the highly selective adrenergic receptor α2-ar agonist Dexmedetomidine 
(Dex) reduced the number of senescent renal tubular cells and decreased the expression of inflammatory markers [79]. This implies 
that senescence may be able to increase inflammatory paracrine secretion, and in this respect, senescence may play a role in exac-
erbating TIF. 

3.3.6. Cell cycle phase arrest in PTECs 
In damaged kidneys, some cells are arrested in the G1 or G2 phase in order to be capable of repairing DNA damage and to prevent 

mutagenesis of damaged cells. However, persistent arrest of renal TECs in the G2 phase leads to increased production of the pro-fibrotic 
cytokines TGF-β and CTGF in the JNK-dependent pathway [80]. Studies have shown that inhibition of cell cycle arrest can attenuate 
TIF. Data showed that administration of the histone deacetylase inhibitor methyl 4-(phenylthio) butyrate to mice reduced the number 
of G2/M-phase cells while attenuating the extent of tubular atrophy and TIF [81]. In addition, blockade of G2/M arrest can also be 
mediated by Atg5-mediated autophagy of PTECs [82]. The occurrence of EMT promotes the occurrence of cell cycle arrest, too. In the 
experimentally induced mouse model of renal fibrosis, conditional deletion of Twist1 or Snai1 in PTEC prevented the progression of 
EMT, restored the renal parenchyma repair and regeneration process related to cell proliferation and dedifferentiation, and weakened 
TIF [49]. Moreover, the percentage of renal TECs arrested in the G2/M phase after AKI is positively correlated with the odds of CKD 
[80,81,83]. The specific role of PT cell G1 phase arrest in CKD is unknown. 

3.3.7. 2.3.7. increased anaerobic glycolysis in PT leads to increased TIF 
Although total renal energy expenditure decreases in CKD, the metabolism of surviving nephrons increases to support compen-

satory changes in reabsorption [84]. This is due to the fact that when a nephron is lost, the remaining nephron must use more energy in 
the near term to keep the kidneys functioning. However, this process cannot be sustained indefinitely, therefore tubular loss and 
fibrosis eventually occur. 

When injured, PT undergoes anaerobic glycolysis rather than utilizing the preferred energy substrate fatty acid oxidation (FAO) 
[85]. When mitochondrial function is impaired, glycolysis is increased probably to help renal tubule survive [86]. However, the 
downsides of increased glycolysis in renal TEC are also evident. This is because the reprogramming of energy metabolism affects the 
amount and function of podocytes and exacerbates the extent of TIF [87]. Sustained glycolysis leading to PT atrophy is another cause of 
exacerbation of TIF. However, it is unclear whether this sustained glycolysis persists in chronic injury and how it contributes to TIF 
progression [10]. Both in vitro- and in vivo-experiments in CKD showed a decrease in FAO [88,89]. The fatty acid transport protein 
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Slc27a2 deficiency prevented lipid accumulation and TIF [88]. Therefore, this suggests that we can mitigate TIF in terms of enhancing 
FAO and inhibiting glycolysis. 

3.4. PT and glomeruli - a destiny community 

The PT is the primary sensor and effector of CKD and AKI progression. In renal injury, PT and glomeruli appear to be a destiny 
community. Due to their mitochondria-rich and oxidative phosphorylation-dependent nature, PT are particularly susceptible to 
various forms of injury (obstructive, ischemic, hypoxic, oxidative and metabolic), leading to cell death and eventual formation of 
tubular glomeruli. In turn, damage to glomeruli also causes tubular damage and leads to TIF [14]. As an example, treating human 
PTECs with particles isolated from differentiated untreated human podocyte medium upregulated the phosphorylation levels of p38 
and Smad3 and increased the expression of fibronectin and type IV collagen, both of which are important components of the ECM [90]. 
This suggests that glomeruli can interact with PTCs to promote the progression of fibrosis. 

Currently, there are two views on the mechanism by which glomerular injury mediates the involvement of PT in TIF (Fig. 2). One 
side of the argument suggests that glomerular injury leads to tubular atrophy by triggering tubular mesenchymal injury or local injury, 
and that this effect later extends to PT, leading to PT apoptosis/necrosis [10]. The main role of the glomerulus is to filter blood flowing 
through the capillary wall, and the glomerular capillary pressure increases when the kidney is damaged, with a consequent increase in 
the tensile forces acting on the capillary wall structures, thus causing further tubular damage due to impaired glomerular filtration 
[91]. Glomerular hyperfiltration increases the flow of ultrafiltrate into the Bowman’s capsule space, which leads to elevated shear 
stresses on the peduncle and body surface [91]. Glomerular basement membrane (GBM) growth and podocyte hypertrophy occur as 
subsequent events to the increased shear stress. In addition, the growth capacity of podocytes is limited due to hypertrophy. In 
addition, the ability of podocytes to grow is limited due to hypertrophy. A mismatch between the GBM region and the GBM region 
covered by peduncle results in detachment of live podocytes, adhesion of capillaries to the parietal epithelium, formation of tubular 
adhesions, and segmental sclerosis. In addition to causing hypertrophy of glomerular cells, mechanical stress leads to expansion of the 
tubular space to allow increased reabsorption of sodium in the PT and activation leading to tubulointerstitial inflammation, hypoxia 
and TIF [91]. Glomerular injury, on the one hand, affects the PT via local expansion of crescentic or inflammatory cells. On the other 
hand, glomerular injury may lead to impaired PT by blocking glomerulotubular connections through local expansion of crescent bodies 
or inflammatory cells [10]. Even non-glomerular injuries like the UUO and diabetes have been linked to these atubular glomeruli [92, 
93]. 

An alternative view is that glomerular injury, through the release of autocrine and paracrine signals, leads to the reabsorption of 
albumin and associated protein/lipid load by the PT, which in turn promotes TIF [10]. The progression of proteinuria disease is related 
to the phenotypic transformation of PTC pro-inflammation and pro-fibrosis. Early in vitro results have shown that albumin activates the 
NF-κB pathway [94], causing the synthesis of pro-inflammatory molecules in PT including monocyte chemotactic protein (MCP) − 1 
[95], RANTES [96], interleukin-8 (IL-8) [97] and fractalkine [98]. In addition, albumin exposure promotes the production of 
fibrosis-promoting factor TGF-β and its type II receptors [99,100], as well as the accumulation of the in vitro ECM components collagen 
IV, laminin, fibronectin [101] and collagen I [102]. In addition to TIF, elevated albumin concentration also induces PT apoptosis 
[103], expansion and the appearance of granular casts and necrosis [104] in vitro. All these indicate that PT damage plays a significant 
role in the pathophysiology of proteinuric hypertension [104]. Pathological albumin exposure may exacerbate TIF by inhibiting PT 

Fig. 2. Mechanisms of glomerular injury mediating PT TIF. Local PT extension and increased protein reabsorption are two mechanisms by 
which glomerular injury cause TIF that are not mutually exclusive, and their arguments can be explained by model differences. 
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autophagy. In human PTECs line HK-2, excessive albumin absorption and degradation inhibits PT autophagy through an mTOR 
mediated mechanism, whereas the use of the mTOR inhibitor rapamycin enhances autophagy and attenuates renal tubular damage 
induced by proteinuria [62,105]. Studies have shown that proteinuria may also aggravate TIF by damaging the microvessels around 
the renal tubules and activating the paracrine network between the renal tubules and microvessels [106]. Although various experi-
mental results support the second side view, three areas of question remain: Is the quantity and quality of extracorporeal proteinuria 
consistent with the disease status? Does albumin alone cause PT damage? What is the causal relationship between the acquired 
phenomena and proteinuria? 

In summary, the two mechanisms of TIF induced by glomerular injury, local PT expansion and increased protein reabsorption, are 
not mutually exclusive from the current data, although different arguments are based on different disease models. 

4. PT-targeted drugs for the treatment of CKD 

CKD is usually asymptomatic in the early stage, although having different basic pathological foundations; as a result, CKD is 
frequently diagnosed in the late stage [107]. Finding targets that play a key role in TIF events is particularly critical for developing 
effective treatments for CKD [108]. Although drugs that inhibit the function of angiotensin II (AT II), such as ACE inhibitors and AT1 
receptor antagonists, have been shown to delay the progression of CKD, monotherapy with AT II inhibitors does not change the 
eventual progression of CKD to end-stage renal disease (ESRD) [109]. Given the critical role of PTECs in the pathogenesis of renal TIF, 
targeting disease-activating pathways in TECs appears to be a promising strategy to halt or reverse the progression of renal disease. In 
fact, increasing efforts have been made to develop therapies for renal fibrosis based on the TIF mechanism mediated by PT damage, and 
considerable results have been achieved (Fig. 3) [110]. 

4.1. Sodium-glucose cotransport protein-2 (SGLT2) inhibitors for PT targeting 

PTtargeting drugs may provide new ideas for TIF treatment by improving the renal efficacy of anti-fibrosis agents and/or reducing 
drug toxicity. In diabetic conditions, the amount of SGLT2 glucose reabsorption in PTC is greatly increased due to increased glomerular 
glucose filtration excess. Increased glucose levels accumulated in PT may inhibit levels of sirtuin3 (Sirt3), thereby inducing the 
accumulation of hypoxia-inducing factor (HIF) -1α, the formation of pyruvate kinase muscle isoform M2 (PKM2) dimer, and the 
phosphorylation of signal activated transcription 3 (STAT3), leading to abnormal glycolysis, involved in the transformation and/or 
programming processes of fibrosis [111]. The glucose transporter 2 (GLUT2) transports accumulated glucose to the vascular side in a 
gradient-dependent manner [112]. The PT-specific drug, SGLT2 inhibitor empagliflozin, activates the renal tubule-glomerular feed-
back by blocking the reabsorption of sodium and glucose in PT, so as to increase sodium transport from distal renal tubules to macula, 
thereby improving filtration burden and reducing blood glucose level, effectively improving renal function and reducing proteinuria in 
human DN [113]. SGLT2 inhibitors reach the PT brush border membrane through glomerular filtration [114]. It has been shown that 
SGLT2 inhibitors primarily act on the S1/S2 segment of PT to enhance glucose transport to the downstream urinary tract. In the UUO 

Fig. 3. PT-targeted drugs and delivery systems for the treatment of CKD.  
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model, when defects of urogenic glucose transport occur in the basal layer of PTCs, the use of SGLT2 inhibitors can regulate glycolysis 
to alleviate renal fibrosis [115]. SGLT2 inhibitors can ameliorate kidney damage induced by Ang II [116]. In addition, SGLT2 in-
hibitors may have the potential to lower blood pressure and mitigate the toxicity of PT glucose reabsorption through diuretic effects. As 
a result, it is anticipated that PT-specific therapy may open up new treatment options for CKD caused by DN, but until then, solid 
evidence of the underlying mechanisms based on an analysis of earlier clinical trials is still required. 

4.2. Kinase inhibitors for PT targeting 

Different in vitro and in vivo studies have shown that kinase inhibitors have promising effects in the treatment of renal fibrosis. TGF- 
β1 receptor kinase inhibitor targeting PT can inhibit TGF-β1-induced procollagen-1α1 gene expression in HK-2 cells, inhibit the 
activation of PT cells and fibroblasts, and reduce renal inflammation in UUO rats [117]. Multiple signaling pathways are involved in 
tubular cell activation in TIF. Therefore, targeting PT with a multitargeted kinase inhibitor such as Sunitinib analog, a multitargeted 
tyrosine kinase inhibitor, to simultaneously inhibit these cascades appears to be an attractive strategy [118]. Research has shown that a 
specific member of the serine kinase family, the Fyn kinase, which are involved in the activation of endoplasmic reticulum stress in the 
diabetic environment leading to PT damage, are feasible targets for the development of therapeutic drugs for DN [119]. Targeted 
inhibition of Rho kinase pathway in PT cells significantly reduces inflammation and lymphangiogenesis in acute renal allograft 
rejection [120]. In addition, kinase inhibitors such as p38 mitogen-activated protein kinase (p38 MAPK) inhibitors [121,122]and 
PDGF receptor kinase inhibitors have also been shown to be effective in the treatment of CKD [123]. 

4.3. Small interference RNAs (siRNAs) for PT targeting 

Targeting the activated pathway in the PT by siRNA has been demonstrated to inhibit TIF and other CKD in various models. The 
accumulation of siRNA in the kidney is dependent on the ability of siRNA to be freely filtered by the glomeruli, the rate of glomerular 
filtration, and the uptake of siRNA by TECs. Studies have shown that AQP1 siRNA targeting mouse PTECs was able to knock down 
water channel aquaporin 1 (AQP1) by up to 50% [124]. Treatment of mice with siRNA targeting apoptosis-related proteins (p53, PKCδ 
and γGT) protected PT from cisplatin [125]. [126,127] Core fucosylation, which is associated with several biological and pathological 
functions (e.g., cell signaling, cell migration and inflammatory response), is a unique pattern of protein glycosylation, and silencing its 
related gene α-1, 6-fucosyltransferase (FUT8) with siRNA can effectively attenuate both endocytic and non-endocytic damage induced 
by albumin [128]. [129–131] Specific delivery of siRNA targeting meprin-1β, a metalloproteinase of polarized epithelial brush-border 
membranes, and p53, a key protein in cell-cycle arrest or apoptosis, to PTCs attenuated renal injury after nephrotoxic injury, with 
subsequent reductions in fibrosis and immune-cell infiltration [132]. In addition, siRNA targeting growth factors, such as CTGF [126, 
127] and TGF-β1 [129,133], and other profibrotic molecules, such as high glucose-1 [130] and heat shock proteins [131], and 
molecules associated with apoptosis and inflammation, such as caspase7 [134], have been successfully used in animal trials for the 
treatment of TIF. 

To date, numerous kinase inhibitors and siRNA targeting the activated pathway in the PT have shown great potential for the 
treatment of CKD in preclinical experiments. However, there are still many difficulties in clinical implementation. For example, the 
treatment of renal fibrosis with a multitargeted kinase inhibitor may be more effective, but the risk of side effects may also be increased 
[135]. Although RNA-based strategies offer great therapeutic potential for the treatment of various human diseases, including kidney 
diseases, the challenges of clinical application, in vivo delivery and stability, and off-target effects need to be overcome. 

5. Carrier systems for PTC targeting 

In order to reduce the effect of drugs on the affected tissues and control the release of drugs, targeted delivery techniques, including 
the delivery of kinase inhibitors and siRNA as mentioned above, have been developed and applied. To date, multiple drug delivery 
systems have been used for the treatment of CKD, most of which are targeted at PTC (Fig. 3) [136–138]. At present, the commonly used 
delivery systems for targeting PT include macromolecular carriers, prodrugs, nanoparticles (NPs), and liposomes [136]. The successful 
clinical application of anti-tumor NPs formulations makes NPs the most promising candidates for clinical application in CKD, so the 
following review will focus on the research findings of NPs. 

5.1. Macromolecular carriers 

Macromolecular carriers are usually bioactive proteins such as enzymes, immune proteins and peptide hormones in the circulation 
with molecular weight less than 30,000Da [136]. These macromolecules mainly include: low molecular weight proteins (LMWPs) 
(lysozyme is the most studied) [139], low molecular weight chitosans (LMWCs) [140], L-serine (Ser)-modified polyamidoamine 
dendrimer (PAMAM) [141], galectin-3 binding peptide [142], and poly (vinylpyrrolidone-co-dimethyl maleic acid) (PVD) [141]. 
Although macromolecular carriers have been proved to be promising at the level of animal model experiments, the drawbacks of 
macromolecular carriers need to be overcome, such as uncertain immunogenicity and compatibility, high batch variability, wide 
molecular weight range, poor solubility, insufficient drug loading, and possible adverse effects with GBM [143], before they can be 
widely used in clinical treatment. 
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5.2. NPs 

To deliver the targeted drug to the kidney, the drug is either synthesized into NPs or supplied through a nanodelivery device. A wide 
range of NPs delivery systems, including macromolecular NPs, solid lipid NPs, nanoliposomes, polymer micelles, and inorganic 
nanobodies, could theoretically be used for targeted delivery to various cells in the kidney [144–146]. Specific NPs can target ligands 
to specific cells or tissues, so more and more NPs delivery devices are being used to treat kidney disease [147]. An increasing number of 
NPs delivery devices are being used for the treatment of renal diseases. The mechanism of renal targeted drug delivery is as follows: 
drugs carrying NPs enter the kidney through the renal artery flowing through the afferent small arteries, where they either remain in 
the blood or are filtered from the glomerular capillaries. NPs have the ability to act on specific renal components such as the glyco-
calyx, endothelial cells, and GBM. Following filtration, NPs can interact with the podocytes in the Bowman’s lumen. NPs are reab-
sorbed and interact with PTEC as they flow through PT with the filtrates [148]. 

The use of NPs as a vehicle for drug delivery has been successful in the clinical treatment of PT-related nephropathy [149]. 
Mesoscale nanoparticles (MNPs) with a diameter of 400 nm of poly lactic-co-glycolic acid conjugated to polyethylene glycol 
(PLGA-PEG) created by Williams et al. can avoid mononuclear phagocytic system and selectively target PT [149,150]. The mechanism 
of this process may be that the increased uptake pressure in the peritubular capillaries of the renal tubules leads to the release of MNPs 
into the tubular interstitium between the capillaries and the tubules, where they are subsequently endocytosed by the endothelial cells 
of the tubules. The uptake efficiency of MNPs in kidney is 26–94 times higher than that in other organs [149], which may be one of the 
factors for the successful targeting of PT drug delivery by MNPs. Targeting of NPs to the PT is achieved by glomerular filtration of 
carbon nanotubes translocated to these nuclei [151], an approach that has been applied to treat AKI with oligonucleotides [132]. 
MNPs are preferred over other organs (＞30-fold selectivity) localized in the basolateral region of PTECs. Recent studies have shown 
that mice treated with NF-κB essential modulator binding peptide (NBP MNP) have a significant protective effect against ischemic AKI, 
with reduced tubular inflammation, necrosis and apoptosis [152]. In addition, PEG is believed to be necessary to achieve renal tar-
geting and avoid binding to complements [149,153]. 

The most intriguing advantage of the renal-targeted MNP-mediated selective drug delivery approach is that it allows for the de-
livery of lower drug doses while improving therapeutic specificity and potentially reducing systemic toxicity [152]. The good news is 
that although the levels of these NP substances in the kidney are not yet known, observations of renal serum and urine samples and 
histological levels suggest that selective targeting of the kidney, long-term renal localization, or drug release do not have a negative 
effect on renal function [150], suggesting promising prospects for the development of drugs that target the renal delivery of NPs. 

6. Complications of CKD 

Although the most common pathological manifestation of CKD is some forms of kidney fibrosis, it usually has a variety of com-
plications, including: metabolic acidosis, anemia, arterial hypertension, hyperuricemia and increased effective circulating fluid vol-
ume, mineral bone disorders, dyslipidemia, endocrine abnormalities, and growth disorders [154]. Among these complications, 
cardiovascular diseases related to dyslipidemia, hyperuricemia and hypertension are the leading causes of death in patients with CKD 
[155]. CKD complications can be improved by alternative treatments such as hemodialysis, peritoneal dialysis and kidney trans-
plantation [154]. However, due to the high cost of treatment and the fact that dialysis does not prolong lifespan and poses a major 
challenge to the quality of life of patients, there is still a long way to go to find new treatment methods. Given the substantial barriers to 
kidney transplantation, exploring regeneration of injured nephron and adaptation to poor repair may be the way forward for future 
work. 

7. Discussion 

Renal fibrogenesis is a very complex and dynamic process in which almost all types of cells in the kidney are involved. Over the past 
decade, our understanding of TIF, particularly with regard to how inflammation, fibroblast activation, and damage to renal tubules and 
microvasculature lead to fibrosis, has been significantly enhanced. We are now able to better decipher the diverse origins and 
phenotypic heterogeneity of ECM-producing myofibroblasts, but still know very little about the contribution of each fibrotic factor, 
individually or collectively, to TIF. In the past, we have focused on developing therapies for CKD from myofibroblasts, the primary 
producers of ECM, with unfortunately limited success. 

Therefore, we systematically review the central role of PT rather than DT in the occurrence and development of TIF, the main 
cellular events involved in the process of TIF, the interaction between PT and glomeruli in TIF, the research status of PT-targeted drugs 
for the treatment of CKD and the current popular PT-targeted drug delivery systems. We tried to provide a reference for better un-
derstanding of researches on the causes of TIF and CKD, as well as the development of drugs for the treatment of various kidney 
diseases. Unfortunately, due to words limit, we do not further discuss the mechanisms underlying the uptake, absorption and clearance 
of drugs targeting PTs and their carriers. 

As the role of PT in mediating TIF continues to be revealed, and various SGLT2 inhibitors, kinase inhibitors and siRNA targeting PT 
have achieved great success in various preclinical experiments, it is suggested that PT may be a key entry point for inhibiting TIF and 
treating CKD. The research and development of various PT-targeted delivery systems and the successful clinical application of anti- 
tumor NP preparations suggest that the development of PT-targeted NP delivery systems may be a key measure for the treatment 
of CKD in the future [156]. In addition, efforts to find specific markers of myofibroblasts will help us to understand more deeply the 
process of ECM generation and degradation. 
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And finally, as an increasing number of studies have shown that hypertension, diabetes and obesity are major contributing factors 
to CKD [157,158], we should not forget that non-pharmacological approaches, i.e. lifestyle changes, are still key to effectively prevent 
the underlying diseases as well as renal fibrosis and CKD. 
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