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The pathogenesis of diabetic nephropathy is a complex process that has a great
relationship with lipotoxicity. Since the concept of “nephrotoxicity” was proposed, many
studies have confirmed that lipotoxicity plays a significant role in the progression of
diabetic nephropathy and causes various renal dysfunction. This review will make a brief
summary of renal injury caused by lipotoxicity that occurs primarily and predominantly in
renal tubules during diabetic progression, further leading to glomerular dysfunction. The
latest research suggests that lipotoxicity-mediated tubular injury may be a major event in
diabetic nephropathy.
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INTRODUCTION

Diabetic kidney disease (DKD) is a common complication of diabetes mellitus (DM) and a leading
cause of renal failure. Approximately 30-40% of patients with TIDM and T2DM develop DKD,
and approximately 50% of them can progress to end-stage renal disease (ESRD) (1). Currently,
the prevalence, mortality, and cost of DKD are high (2). According to the 2018 US Renal Data
System report, the prevalence of end-stage renal disease due to diabetes continues to increase and is
expected to be 44% by 2030 (3). However, understanding of DKD is still insufficient and the effective
prevention and treatment rate are poor. In clinical practice, DKD is diagnosed by proteinuria,
decreased estimated glomerular filtration rate (GFR), or both (4). However, the precision and
prognostic value of these biomarkers in the early stages of the disease are limited, so there is urgent
need to find new indicators for the early diagnosis of DKD.

Lipid accumulation is a common phenomenon in patients with DKD (5). Since Moorhead first
proposed the “hypothesis of renal toxicity” in 1982 (6), increasing evidence supports the hypothesis
that lipotoxicity leads to renal tubular epithelial cell injury and promotes renal disease progression.
Lipotoxicity has been found to cause a series of renal injuries, including mitochondrial dysfunction,
tubular epithelial cell apoptosis, tubular atrophy, and tubulointerstitial fibrosis. Interestingly, injury
occurs preferentially in renal tubules, unlike the traditional concept of diagnosis and treatment of
DKD focusing on the glomeruli, and this may provide a new direction for future research in DKD.
In this review, we will summarize the early renal injury caused by lipotoxicity and discuss whether
tubular lipotoxicity can be used as an indicator for early prediction of DKD.
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LIPID METABOLISM IN THE RENAL
TUBULE

The kidney is one of the most energy-demanding organs in
the human body, and numerous studies have shown that the
kidney mainly uses fatty acid oxidation (FAO) as its energy
source (7). Because fatty acids (FAs) metabolism produce 3 times
more adenosine triphosphate (ATP) than glucose (8). Most renal
tubular epithelial cells (TECs) have low metabolic flexibility
toward glycolysis and rely on FAs as energy source at baseline
(9). This was shown in vivo studies measuring ATP synthesis
by tracking isotope-labeled FAs with NMR in rat kidney, which
indicated that FAs are a preferred fuel (6). Renal FAO occurs
mainly in mitochondria, and tubular cells contain a large
number of mitochondria (10). For example, the human proximal
convoluted tubules contain abundant large mitochondria, which
occupy about 16.3% cell volume (7). Thus, renal tubules are the
core site of renal energy metabolism (10). In blood, more than 90
% of FAs are esterified and circulate as triglyceride (TAG) within
very low-density lipoprotein (VLDL) and chylomicron particles
(CM). Esterified FAs are initially catabolized by lipoprotein lipase
(LPL) to release non-esterified fatty acids (NEFAs) (11). Then,
NEFAs enter the cells with the help of fatty acid transporters and
to be metabolized (as shown in Figure 1).

Renal Tubular FAs Uptake

The first step in FAs metabolism is the uptake of extracellular
FAs, and this involves the participation of a variety of fatty acid
transporters, such as cluster of differentiation 36 (CD36) (12) and
fatty acid binding proteins (FABPs) (13). Some can also enter cells
by simple diffusion.

CD36, also known as scavenger receptor B2, is a membrane
protein that is widely expressed (12). In the kidney, CD36
is highly expressed in the epithelial cells of the proximal
tubules and distal tubules (14). CD36 mediates the binding and
intracellular uptake of long-chain fatty acids (LCFAs), oxidized
lipids and phospholipids (ox-LDL), advanced oxidative protein
products, thrombospondin, and advanced glycation products
(15). FABPs are a family of highly expressed intracellular proteins,
with 15 members currently found, and FABP1 is found to
be expressed in proximal tubular epithelial cells (16-18). The
functions of FABP1 include: facilitating the uptake of intracellular
LCFA; transporting LCFA to peroxisomes for beta oxidation;
transporting LCFA and long-chain fatty acid acyl-CoA (LCFA-
CoA) to mitochondria for oxidation (18).

Beta-Oxidation of FAs

FAs are transported into cells after binding to transporters.
FAs that enter the cell are activated by acyl-CoA synthetase
(ACS) to fatty acid acyl-CoA (fatty acyl-CoA) (13). Fatty acyl-
CoA is transported into the mitochondrial matrix via carnitine
shuttles (CPT1, CPT2, CACT) (11). In the mitochondrial matrix,
fatty acyl-CoA are degraded via p-oxidation, a cyclic process
consisting of four enzymatic steps, produces acetyl-CoA (19).
Then, acetyl-CoA enters the tricarboxylic acid cycle (TCA) to
generate FADH2 and NADH. Finally, ATP is produced by
oxidative phosphorylation (OXPHOS) (20). Excess acetyl-CoA

can also be transported out of the mitochondria by carnitine
acetyltransferase (CACT), which in turn synthesizes new FAs
(21). On the other hand, very long chain fatty acids (VLFAs)
are initially oxidized in the peroxisome, releasing acetyl CoA
until their chain length is shortened to eight carbons and then
transported to the mitochondria to complete oxidation (13).

Synthesis of Fatty Acids and Triglycerides
Metabolism of FAs includes catabolism and anabolism. In
tubular cells, some of fatty acyl-CoA enters the mitochondria
for catabolism and produces the energy required by the kidney;
excess fatty acyl-CoA then enters the anabolic pathway and
generates TAG for storage. In addition, acetyl-CoA generated
by FAs through beta-oxidation in the mitochondria can also be
transported out by CACT (21). It is then converted to malonyl-
CoA by acetyl-CoA carboxylase (ACC), which re-synthesizes new
fatty acids (22, 23).

The intermediates or enzymes related to fatty acid metabolism
are regulated by some enzymes or transcription factors, such
as AMP protein AMPK), peroxisome proliferator-activated
receptor o (PPAR«), peroxisome proliferator-activated receptor
y coactivator-la. (PGC-1a), sterol regulatory element binding
proteins (SREBP), and carbohydrate response element binding
protein (ChREBP). AMPK is an enzyme that plays a key role
in cellular energy homeostasis. AMPK can inhibit ACC activity,
hence reducing malonyl-CoA levels, and increase CPT1 activity,
thus promoting FAO (9). It is now also found that AMPK is able
to activate PPAR« to stimulate fatty acid oxidation by increasing
PGC-1a activity (24). In addition, SREBP and ChREBP can
promote the expression of ACC and FAS, thereby increasing fatty
acid synthesis (22, 23).

TUBULAR LIPID METABOLISM IN
DIABETES MELLITUS

Chronic kidney disease is associated with altered lipid
metabolism and lipid accumulation (25). DKD is a major
cause of chronic kidney disease (CKD), and lipid accumulation
is a common phenomenon in patients with DKD (5). Metabolic
changes associated with diabetes are reported to contribute to
early DKD (26), and abnormal metabolism is associated with DM
Type 1 or type 2 (27). Under diabetic or continuous high glucose
conditions, renal tubular lipid metabolic disorders and lipid
accumulation are mainly related to the imbalance between the
uptake, metabolism and synthesis of FAs (as shown in Figure 1).

Increased FAs Uptake by the Tubules

In tubular cells, the proteins associated with FAs uptake are
mainly CD36 and FABPs (15, 18). In the early stages of diabetes,
increased levels of CD36 are clearly observed (28). TECs-specific
overexpression of CD36 transgenic mice showed an increase of
lipid accumulation in TECs (29). Thus, increased expression of
CD36 leads to increased uptake of intracellular FAs, and excessive
deposition of FAs causes accumulation of tubular lipids.
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FIGURE 1 | Lipid metabolism in renal tubules and the regulation mechanism in diabetes mellitus. Tubules mainly utilize the metabolism of FAs as an energy source, and
the metabolism of FAs includes catabolism and anabolism. FAs entering the renal tubules mainly come from the blood circulation. Initially, FAs are esterified in the form
of VLDL and CM-TAG; then, esterified FAs are catabolized by LPL to release FAs. Extracellular FAs enter the cell by autonomous diffusion or transporters as CD36 and
FABP. FAs into the cell are activated by ACS to fatty acyl-CoA, and then part of fatty acyl-CoA enters the mitochondria via CPT-1 and CPT-2 for catabolism to produce
acetyl-CoA, which enters TCA to produce ATP required by the kidney; and excess fatty acyl-CoA enters the anabolic pathway to generate TAG. In addition, the

product of FAO acetyl-CoA can also be transported out of mitochondria by CACT and converted to malonyl-CoA by ACC, and malonyl-CoA resynthesizes new FAs by
FAS. In diabetes and high glucose conditions, the proteins are high- or down regulated in the uptake, metabolism and synthesis of FAs, which are marked in red color.

Decreased FAs Beta-Oxidation

PPARa and PGC-1la are key transcription factors for protein
(22)expression of CPT-1 (30), which is the rate-limiting
enzyme for fatty acid acyl-CoA into mitochondria (23). Under
hyperglycemic conditions, it has been demonstrated that down-
regulation of FAO genes such as PPARa, PGC-1, and CPT-
1 leads to decrease in FAs B-oxidation (31-33). In addition,
hyperglycemia caused the reduced activity of AMPK (23), and the
expression of downstream of the AMPK pathway PPARa, PGC-
1, and CPT-1, is also decreased. Eventually the oxidation of FAs
is impaired, causing the accumulation of intracellular lipids.

Increased Synthesis of FAs and

Accumulation of TAG

On the one hand, under high glucose conditions, the expression
of SREBP and ChREBP is activated, which promotes the
expression of ACC, FAS (23) and the synthesis of FAs is increased.
On the other hand, surplus FAs due to impaired B-oxidation are
restored in the form of TAG inside the renal cells by activating
the fatty acid synthesis pathway (23). As a result, the synthesis of
FAs are increased in renal tubular cells, and fatty acid transport

is impaired and/or FAO is reduced. These cause dysregulation
of the metabolism of FAs, as well as excessive intracellular
production of FAs and TAG. Finally, there is accumulation of
lipids in kidney tubules (22).

Formation of Lipotoxicity

In diabetes, the imbalance of fatty acid uptake, oxidation and
synthesis in renal tubular cells causes the over-production of
FAs, and when it exceeds the utilization rate of FAs by renal
tubules, excessive FAs and TAG are formed and deposited in
renal tubules. Recently a study on comprehensive lipidome
profiling of the kidney cortex during early stage of DKD
showed that there were distinct lipidomic signatures in the
kidney. The levels of glyceride lipids, especially cholesteryl
esters, lyso-phospholipids and sphingolipids, including ceramide
and its derivatives, exhibited a dramatical elevation, while the
levels of most phospholipids showed a decline in the DKD
kidney cortex. The lipid metabolic disturbance does shed a
light on the mechanism of renal dysfunction on the early
stage of diabetes (26). Accumulation of large amounts of
lipids causes the production of proinflammatory factors, toxic
intermediate metabolites, which in turn induce an inflammatory
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FIGURE 2 | Lipotoxicity-mediated tubular injury. Tubular lipotoxicity leads to the development of a series of renal injuries including tubular epithelial cell apoptosis,
inflammation and tubulointerstitial fibrosis. First, in renal tubules, lipotoxicity may cause mitochondrial dysfunction, involving massive ROS production, and inducing
oxidative stress (OS) and ER stress. Second, lipotoxicity may cause OS and ER stress, which in turn may cause mitochondrial damage. At the same time, OS and ER
stress may also cause damage to mitochondria. In addition, mitochondrial dysfunction, OS and ER stress together do harm to tubular cells.
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response, oxidative stress, and ultimately trigger cell damage
(34). This abnormal accumulation of lipids in non-adipose tissue
leads to dysregulation of intracellular homeostasis, causing the
phenomenon of cellular damage known as lipotoxicity (35) (as
shown in Figure 2).

Analysis on genetic predisposition to diabetic kidney disease
implicates genes involving in lipotoxicity. A single nucleotide
polymorphism in a noncoding region of the acetyl-CoA
carboxylase (ACACB) gene (rs2268388), which plays a critical
role in FA oxidation, showed the strongest association with
proteinuria in numerous cohorts of individuals from different
genetic backgrounds. This genetic risk variants can induce
tubular dysfunction by promoting ACACB-mediated inhibition
of CPT1 and reducing FA oxidation (36). A case-control study
found that the €2 and &3 alleles, corresponding coding proteins
E2 (Argl58 — Cys), and E3 (parent isoform) of Apolipoprotein
E (APOE) influenced lipid profile, and gave rise to independent
risk factors of DKD in type 2 diabetes. ApoE2 has the lowest
binding ability to apoE receptor, leading to impaired liver uptake
and clearance of chylomicrons (CM) or VLDL remnants. Apo €3,
was closely related with significant elevation in total cholesterol
and triglyceride levels in DKD patients (37).

Epigenetic factors, including long noncoding RNAs and
microRNAs, may act as an important role in lipid metabolism.
Farnesoid x receptor (FXR), deficiency of which mediates
diabetes acceleration of nephropathy in T1DM, inhibits SREBP-2

and elevates miR-29a, thus relieving renal fibrosis. MTHFR, an
enzyme in folate cycle and homocysteine metabolism, indirectly
regulates lipid metabolism. MTHFR 1298A/C variant is closely
associated with DN (38). Moreover, miRNAs may affect the
effects of hypolipidemic drugs. Lovastatin reduces miR-33 family
members, which in turn suppress SREBP-2 and cholesterol
synthesis (39).

LIPOTOXICITY-MEDIATED RENAL
TUBULAR INJURY

In 1982, Moorhead first proposed the hypothesis of “renal
toxicity” and explained that chronic progressive renal disease
may be mediated by abnormal metabolism of lipids, which
may contribute to the progression of renal insufficiency (6).
Since 1982, more and more studies have demonstrated that
abnormal lipid metabolism has a great relationship with kidney
injury. Furthermore, the nephrotoxicity by lipids is not only
a cause of but also a consequence of renal disease (7, 40).
In DKD, renal tubular lipid accumulation is a common
phenomenon, and excessive tubular ectopic fat deposition can
further trigger lipotoxicity (5, 35). Tubular lipotoxicity leads to
the development of a series of renal injuries such as oxidative
stress (OS), endoplasmic reticulum stress (ER), tubular epithelial
cell apoptosis, tubulointerstitial fibrosis (TIF), mitochondrial
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dysfunction and inflammation, etc. (41-43). Lipotoxicity is a
mechanism of TECs injury and is associated with a progressive
decline in renal function (44) (as shown in Figure 2).

Renal Tubular Epithelial Cell Apoptosis by
Lipotoxicity

Apoptosis is programmed cell death. Studies have shown
that there is apoptosis in TECs in diabetes, and a variety
of apoptotic pathways are related to renal tubular atrophy.
TECs apoptosis may be a cause of renal tubular atrophy
(41). Under persistent apoptotic TECs insults, the resulting
pathology exhibited interstitial capillary rarefaction, and tubular
atrophy characterized by simplified, flattened epithelia, and thick,
wrinkled tubular basement membranes (41). In the presence of
albumin, tubular cell apoptosis is often considered to be closely
related to albumin (45). However, recent studies have shown
that even under physiological conditions, nephrotic amounts
of albumin can be normally reabsorbed in tubules (46), which
indicate that albumin itself is not toxic to tubules. Christine
Ruggiero showed that albumin bound FAs, but not albumin
itself mediated apoptosis of TECs. Intracellular FAs and LC-CoA
accumulate to levels that exceed the tubular cell metabolic and
storage threshold, causing lipotoxicity that can lead to apoptosis
(41). Tamaki Iwai also demonstrated in related studies that
lipotoxicity caused by accumulation of FAs induces apoptosis in
TECs (44).

Lipotoxicity causes mitochondrial damage, leading to
dysregulation of tubular lipid metabolism, and massive
accumulation of fatty acids induced by incomplete FAO, which
promotes ROS production. ROS can further drive tubular
epithelial cell apoptosis and affect normal renal function (47).

Tubular Fibrosis by Lipotoxicity

Tubular fibrosis is a powerful predictor of chronic kidney
disease progression, which is often accompanied by the
phenomenon of tubular lipid accumulation (43), receiving much
attention, particularly in DKD. It has been proposed that excess
accumulation of triglycerides induces cellular lipotoxicity and
has the potential to contribute to the development of fibrosis
(5, 48). In unilateral ureteral obstruction (UUQ)-induced mice,
the accumulation of lipid droplets was found in the kidney
on day 7 after surgery. The kidney morphology exhibited
degeneration of tubular epithelia with loss of brush borders
and dilatation, accompanied by interstitial collagen deposition
in UUO groups. It showed tubular epithelial disruption with
epithelia sloughing off and shedding of PAS-positive material in
the tubular lumina. Treatment with BMS309403, a fatty acid-
binding protein 4 (FABP4) inhibitor, alleviated lipid deposition
of TECs, as well as interstitial fibrosis by regulating peroxisome
proliferator-activated receptor y (PPARy) and restoring FAO-
related enzyme activities, thus enhancing FAO in TECs (49).
In the DKD model, TEC-specific high expression of CD36
caused lipid accumulation, and it was found that the level of
triglycerides and long-chain fatty acids alone was not sufficient
to induce the development of fibrosis (10). However, when
FAO is deficient in PTCs, it contributes to the development
of renal fibrosis. Studies suggest that mitochondrial fatty acid

oxidation plays a key role in the development of renal fibrosis.
Activation of ATF6a, a transcription factor of the unfolded
protein response and an upstream regulator of fatty acid
metabolism, inhibits PPARa expression and subsequent FAO,
followed by apoptosis and further fibrosis of PTCs. Atf6a-/- mice
had maintained expression of PPARa and also decreased tubular
lipid accumulation, resulting in the amelioration of apoptosis;
and less tubulointerstitial fibrosis with reduced expression of
a-smooth muscle actin, and collagen I (43).

In addition, lipotoxicity causes mitochondrial damage and
produces large amounts of ROS. ROS can induce the expression
of pro-fibrogenic factors, such as transforming growth factor-
beta (TGF-p) and plasminogen activator inhibitor-1 (PAI-1), and
therefore also plays a role in promoting tubular fibrosis (50).

Inflammatory Response by Lipotoxicity
Inflammatory response is an important aspect of tubular
injury in DKD. An increasing number of studies have
demonstrated that lipotoxicity is an important stimulus for
systemic inflammation. Lung-Chih Li has found that the levels
of interleukin-1p and interleukin-18 were up-regulated in both
diet-fed mice and TECs treated with palmitic acid. In the
same conclusion, Xianghui Chen reported palmitic acid could
enhance the expression of interleukin-18 and interleukin-18.
Besides, FA could increase the mRNA levels of the inflammatory
markers F4/80 and MCP-1 (51). These results suggest that
accumulation of lipids induces renal tubular inflammation
(52). The intensity of adipose differentiation-associated protein
(ADRP) and SREBP-1 was markedly upregulated and positively
correlated with inflammation. It testified the potential role of
ectopic accumulation in renal tubular injury and inflammation
in DKD, and confirmed that excess lipids do promote an
inflammatory response (53). Macrophages infiltration into the
kidney, and monocyte and macrophage recruitment and the
circulation cytokine release culminate in inflammatory-related
morphological changes. Other cells such as mast cells also
infiltrate the tubule-interstitium and releases inflammatory
factors and proteolytic enzymes (54).

The Mechanism of Renal Tubular Injury by
Lipotoxicity

Mitochondrial Dysfunction by Lipotoxicity
Accumulating evidence suggests that mitochondrial damage and
dysfunction are major causes of CKD pathogenesis (55). It has
also been shown that abnormalities in tubular mitochondrial
structure and dysfunction may be the earliest manifestations of
renal disease. In DKD, mitochondrial fission and fragmentation
occur more often in proximal tubules. The accumulation of
lipid drops in mitochondrial could promote the loss of cristae
structure, mitochondrial swelling and degeneration, restraining
optimal energetic functioning (35). As early as 4 weeks after
experimental DM induction, evidence of impaired mitochondrial
ATP production and organelle fragmentation in TECs was found,
and these changes preceded increased excretion of proteinuria,
abnormal glomerular morphology, and even increased renal
injury molecule-1 (KIM-1), suggesting that they may be primary
abnormalities (56).
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Lipid is not only an important energy source, but also
an important part of mitochondrial membrane structure.
Unbalanced lipid metabolism can hinder mitochondrial
dynamics, leading to changes in mitochondrial lipids
and dysfunction (42). Lipids are also substrate of FAO in
mitochondria to meet the high energy demand of the kidney
(7). The dysregulated metabolism provides more albumin-
bound FAs transport to renal cells, leading to mitochondrial
overload. Persistent elevated levels of FAs constantly activate
mitochondrial dysfunction, leading to the occurrence of
incomplete FAO and the production of reactive oxygen species
(ROS) (23). In turn, dysregulated mitochondrial oxidation
and increased production of ROS further cause impaired
mitochondrial aptamer utilization, accumulation and finally
renal lipotoxicity (42). Compared with healthy kidneys, the genes
and enzymes involved in the renal FAO pathway in patients
with DKD have been revealed down-regulation, especially some
key transcriptional regulators, such as PPARa, and CPT1 (5).
Therefore, lipotoxicity and mitochondrial dysfunction can fall
into a vicious cycle.

Oxidative and ER Stress by Lipotoxicity

Oxidative stress (OS) is closely related to ROS generation
as the imbalance toward an increasing oxidative environment
(57). The production of ROS mainly includes two ways:
intercellular ROS in mitochondrial; renal ROS promoted by
NADPH oxidase (NOX). Production of ROS by lipotoxicity
may cause oxidative damage to the tubule by changing renal
pressure and blood pressure (50). Mitochondria are also a key
target for the destructive effects of ROS. Oxidative damage
leads to mitochondrial dysfunction and loss of mitochondrial
membranes, triggering mitochondrial permeability transition
(MPT) and/or release of proapoptotic proteins, such as
cytochrome c, to induce cell death (58).

The endoplasmic reticulum (ER) is an organelle important
for lipid metabolism regulation, protein synthesis, post-
translational modification, and trafficking (58). Dysregulation
of ER homeostasis is known as “ER stress”. Hai-Lu Zhao have
demonstrated that excessive ectopic fat deposition in the kidney
and lipid overload in intracellular organelles can lead to ER stress
(59). In addition, some related experiments have also shown that
dietary saturated fatty acids induce ER stress in the kidneys of
animal models and in cells cultured from the kidneys (60, 61).
ER stress is associated with many pathological conditions, such
as inflammation, apoptosis and metabolic disorders (21, 61, 62).

RENAL TUBULAR INJURY: CENTER FOR
THE DEVELOPMENT OF DKD

DKD as a common complication of type 1 and 2 DM, is the
main cause of CKD and characterized by glomerulosclerosis,
tubulointerstitial fibrosis, and renal vascular disease (63). In
tradition, the primary clinical symptom of DKD is increased
urinary albumin excretion (microalbuminuria: 30 mg/24 h—300
mg/24h) (64). In addition, studies have shown that absolute
ultra-physiological elevation of GFR is observed in the early stage

of diabetes in 10-67% and 6-73% of patients with type 1 and type
2 DM, respectively (65), and this hyperfiltration phenomenon is
associated with the development and progression of DKD (66).
Therefore, in clinical practice, the earliest and obvious features
of DKD are microalbuminuria and increased GFR, which are
generally used as early diagnostic markers of DKD. Both of them
are also considered as markers of glomerular damage, so research
on the pathogenesis of DKD has been focused on glomerular
injury. Although there is no doubt that glomerular injury is
a major factor in DKD, there is recently increasing evidence
that renal tubules underlie the early pathogenesis of DKD
(67). Urinary neutral gelase-associated lipoprotein (NGAL), a
marker of tubulointerstitial damage, has been showed increased
expression in DM patients with normal microalbuminuria,
suggesting that tubular injury may precede glomerular disease
(68). In addition, some studies have suggested that tubular injury
may cause abnormal glomerular function (69), implying that
tubular lesions may be the center of DKD development.

Tubular Injury Precedes Glomerular Injury
Microalbuminuria Due to Tubular Injury

For a long time, microalbuminuria test has been used as a
standardized means of early DKD detection (10). Generally,
the mechanisms underlying microalbuminuria in the early
stages of DKD are attributed to increased glomerular filtration
due to hyperfiltration or glomerular barrier injury, or a
combination of both (70). However, Hanet reported that
while urinary albumin increased, urinary concentrations of N-
acetylp-D-glucosaminidase (NAG), a marker of tubular injury,
also increased (71), suggesting that urinary albumin excretion
correlates well with markers of tubular dysfunction. Wagner
found that tubular cells could increase absorbtion of albumin
after an increase in glomerular endogenous albumin leakage. It
showed that tubular cells are able to cope with acute albumin
overload. These results suggest that renal tubules can regulate
the albumin excretion rate (72). In addition, some researchers
have proposed that proteinuria can also occur in nephrotic states
with no change in glomerular permeability (73). Study on the
glomerular phenotype in 15 mice with congenital nephrotic
syndrome, some of them died after 5 weeks and alive mice have
shown essentially no change in glomerular permeability, but
over 100-fold increase in proteinuria (74). Animal nephrotoxicity
studies have also shown that albuminuria is a highly sensitive
marker of early tubular toxicity in the absence of glomerular
pathology (75). The above results indicate that the glomerular
effect on proteinuria may be indirect, and albuminuria may be
mainly controlled by renal tubules (74, 76).

Glomerular Hyperfiltration by Tubular Injury

Despite difficulties in precise definition or thresholds, elevated
GFR as a marker of glomerular hyperfiltration occurs early in
the clinical course of DKD and is considered as an important
factor in the development and progression of renal damage
(66, 70). Increased GFR is generally thought to be due to
increased intraglomerular pressure (causing barotrauma) and
renal blood flow, resulting from an imbalance of vasoactive
humoral factors that control tension in the pre-post-glomerular
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arterioles (65). But now an increasing number of studies have
shown that the pathogenesis of glomerular hyperfiltration is
complex and proposed that tubular function plays an important
role in regulating glomerular filtration in DM (77, 78).

A study exploring the effect of glomerular hyperfiltration
on tubular dysfunction reported that two markers of tubular
injury, NGAL and KIM-1 were excreted in the urine of patients
with glomerular hyperfiltration and positively correlated with
GFR (79). The results suggest that glomerular hyperfiltration
is associated with changes in tubular function in patients with
DM. Besides, similar results have been found. Treatment with
empagliflozin, an inhibitor of the sodium-glucose transporter
(SGLT2), in T1DM patients under hyperfiltration results in
reductions in GFR independent of its effect on plasma glucose
levels over 8 weeks (80). The above findings all demonstrate that
tubular events may dominate in diabetes.

In recent years, there have also been some views proposing
the “tubular theory” of hyperfiltration to describe diabetes-
related abnormalities with close interaction between glomeruli
and tubules. That is enhanced tubular sodium (and glucose)
reabsorption, tubular growth, and up-regulation of tubular
sodium-glucose cotransporters (SGLTs) and sodium-hydrogen
exchanger (NHE), all of which are associated with tubular factors,
and can have some effects on GFR (75). Clues related to this have
been proposed in 1994, and a study in diabetic rats indicated
that tubular reabsorption may be key to the development of
hyperfiltration in DM patients. Besides, K. M Hallow uses a
comprehensive mathematical model of the renal vascular system,
tubular Na and fluid handling, and systemic blood volume
regulation to explore the potential mechanisms of acute and
chronic GFR responses to increased tubular Na reabsorption
in diabetic patients, which demonstrated that primary tubular
hyperabsorption and tubular transport dysregulation determine
diabetic glomerular hyperfiltration (81). It was pointed out
that tubular cells are able to affect the results and function of
glomeruli through alterations in SGLT2, adenosine, ATP, etc.
(63). Therefore, tubular function plays an important role in
glomerular hyperfiltration, and glomerular hyperfiltration may
be secondary to primary tubular injury.

Tubular Injury Leads to Glomerular
Damage

For a long time, DKD has been mainly considered as a diabetic
glomerulopathy. However, there is increasing evidence that
tubular injury is a key cause of chronic kidney injury (82, 83),
which is closely related to the progression of DKD and is superior
to glomerular injury as a predictor of DKD progression (84, 85).

Recently, many studies have shown that tubular injury may
lead to glomerular disease. Studies have demonstrated that
nicotinamide mononucleotide (NMN) released from proximal
tubular epithelial cells under high glucose conditions is able to
spread to the glomeruli and induces podocyte (PCs) foot process
effacement (86). Chunmei Xu has found that tubular Bim is able
to mediate tubular-podocyte crosstalk and induces cytoskeletal
dysfunction in PCs through activated T cell nuclear factor 2

(NFAT?2). Bim is a pro-apoptotic factor involved in the crosstalk
between TECs and PCs (87).

Studies have demonstrated that tubular injury not only leads
to podocyte disease, but also leads to more extensive glomerular
injury. A mouse model of renal injury was established using
Six2-Cre-LoxP technique to selectively activate the expression of
monkey diphtheria toxin (DT) receptor in tubular epithelial cells.
By adjusting the time and dose of DT, a highly selective tubular
injury model was created, and this was used to observe the
consequences of tubular injury. It was found that after repeated
administration of DT, the mice developed maladaptive repair
with interstitial capillary loss, fibrosis and glomerulosclerosis.
And the degree of glomerulosclerosis is closely related to the
degree of tubular injury (88). It demonstrated that tubular injury
causes glomerular abnormalities.

The role of renal tubular injury in DKD is getting more
and more attention. On the one hand, abnormal elevation
of tubular injury markers already occurs before the onset of
microalbuminuria in DKD patients, indicating that tubular
lesions precede glomerular injury in DKD. On the other hand,
renal tubules are more accurate than glomeruli in predicting
renal function in DKD, and many studies have also indicated
that tubular injury can cause secondary glomerular damage. The
study of tubular lesions in DKD provides a new direction to
investigate the pathogenesis of DKD.

WHETHER TUBULAR LIPOTOXICITY CAN
BE USED AS AN INDICATOR FOR EARLY
PREDICTION OF DKD?

Researchers have made great efforts in understanding the
mechanisms of progressive renal decline and developing
prognostic tests in DM patients with impaired renal function
(89). However, about early renal impairment with DM patients,
little is known about the mechanisms, and it lacks early reliable
markers. The test of microalbuminuria has been used as the
main way to detect early DKD (93), but it has recently been
challenged. It has been found that some patients with DM may
develop DKD even if the urinary albumin levels are within the
normal range (90). Therefore, the accuracy and prognostic value
of albuminuria in the early stage of DKD are limited. Therefore,
there is need to find biomarkers that more accurately predict
DKD and its progression in early stage during course.

Whether metabolic disorders are precursors of renal tubules
has been proposed. As early as 1982, Moorhead proposed the
hypothesis of “lupus nephrotoxicity”, suggesting that abnormal
metabolism of lupus may contribute to the progression of renal
insufficiency (6). Through metabolic analysis in clinical studies
and animal models, it has been shown that alterations in lipid
metabolism, TCA cycle, and FAO are the main pathways affecting
DKD (91). In addition, the relationship between epithelial
transition (EMT) and lipotoxicity in DKD was studied in
human proximal tubular cells, and it was found that at 48h,
there was lipid droplet deposit, with more triglycerides, more
malonyl-CoA, and lower fatty acid $-oxidation rate, but without
morphological change under high glucose conditions. At 96 h,
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tubular cells became more elongated, less adherent, and lost
their apical to basal polarity accompanying with more lipid
accumulation (92). These results suggest that FAs deposition
has emerged before the induction of EMT phenotype and
morphological changes by high glucose. It demonstrated that the
progression of lipotoxicity is involved in the development of early
DKD before EMT.

A mouse model lacking carnitine acetyltransferase (CRAT)
in the tubule was developed to simulate mitochondrial lipid
overload. The results showed that mice developed tubular
disease, including tubular dilatation, proteinosis, fibrosis, and
secondary glomerulosclerosis. When CRAT-null mice were fed
a high fat diet, tubular pathological changes occurred 6 months
earlier and were more severe than in mice lacking CRAT
alone. These results suggest that lipid metabolism disorders may
cause changes in kidney functions by affecting the work of
mitochondria and promote the progression of DKD (93). Some
studies have indicated that mitochondrial dysfunction may be
the earliest manifestation of kidney disease, and mitochondrial
injury can be used as a marker of tubular injury (94, 95). We have
discussed that lipid toxicity can cause mitochondrial dysfunction,
which gives us two hints: tubular lipotoxicity may occur before
mitochondrial dysfunction and is an earlier event in DKD;
tubular lipotoxicity may be an indicator for early prediction
of DKD.
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