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Ectopic lipid accumulation in renal tubules is closely
related to the pathogenesis of diabetic kidney disease
(DKD), and mitochondrial dysfunction is thought to play a
key role in lipid accumulation. Therefore, maintaining mi-
tochondrial homeostasis holds considerable promise as a
therapeutic strategy for the treatment of DKD. Here, we
report that the Meteorin-like (Metrnl) gene product medi-
ates lipid accumulation in the kidney and has therapeutic
potential for DKD. We confirmed the reduced expression
of Metrnl in renal tubules, which was inversely correlated
with DKD pathological changes in human patients and
mouse models. Functionally, pharmacological administra-
tion of recombinant Metrnl (rMetrnl) or Metrnl overexpres-
sion could alleviate lipid accumulation and inhibit kidney
failure. In vitro, rMetrnl or Metrnl overexpression attenu-
ated palmitic acid-induced mitochondrial dysfunction and
lipid accumulation in renal tubules accompanied by
maintained mitochondrial homeostasis and enhanced
lipid consumption. Conversely, shRNA-mediated Metrnl
knockdown diminished the protective effect on the kid-
ney. Mechanistically, these beneficial effects of Metrnl
were mediated by the Sirt3-AMPK signaling axis to
maintain mitochondrial homeostasis and through Sirt3-
uncoupling protein-1 to promote thermogenesis, conse-
quently alleviating lipid accumulation. In conclusion, our
study demonstrates that Metrnl regulated lipid metabolism
in the kidney by modulating mitochondrial function and is
a stress-responsive regulator of kidney pathophysiology,

ARTICLE HIGHLIGHTS

e Metrnl is expressed in renal tubules and is reduced
under diabetic conditions.

e The concentration of Metrnl in the kidney is correlated
with lipid accumulation and serum creatinine.

o Metrnl-specific overexpression in the kidney or re-
combinant Metrnl administration alleviates renal inju-
ries in diabetic mice.

o Metrnl regulates renal tubules lipid metabolism through
Sirt3-AMPK/UCP1 signaling axis—-mediated mitochon-
drial homeostasis.

which sheds light on novel strategies for treating DKD and
associated kidney diseases.

Patients with diabetic kidney disease (DKD) often have
lipid metabolism disorders, and dyslipidemia occurs dur-
ing all stages of the disease (1). Ectopic lipid deposition
refers to excessive accumulation of lipids, especially trigly-
cerides (TGs), in nonadipose tissues, such as kidney, liver,
heart, and pancreas (2,3), causing lipotoxic damage and
resulting in a series of pathophysiological changes. Incom-
plete fatty acid oxidation (FAO) and lipid peroxidation
cause oxidative stress, endoplasmic reticulum stress, and
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activation of proinflammatory processes (4,5). Recent evi-
dence indicates that during DKD, lipid accumulation oc-
curs in podocytes, mesangial cells, and proximal tubular
epithelial cells (6-8). The proximal tubules have a high en-
ergy demand; they have relatively little glycolytic capacity
and rely on mitochondrial B-oxidation of free fatty acids
to maximize ATP production (4,9). Mitochondrial integ-
rity is necessary for proper oxidative phosphorylation and
ATP production (10,11). Abnormalities in mitochondria
in proximal tubules have been found in patients with
DKD and in mouse models (12-14). Therefore, it is im-
portant to identify new therapeutic and preventive strate-
gies to support proximal tubule mitochondrial function
and alleviate ectopic lipid deposition by exploiting key
components in a network of cellular processes.

Meteorin-like (Metrnl) is a recently identified hormone
that is produced by skeletal muscle and adipose tissue in re-
sponse to exercise and cold exposure, respectively (15,16),
and exerts metabolic effects that improve glucose metabo-
lism and diabetes (17-19). Recently, it has been shown that
serum Metrnl concentrations are inversely correlated with
renal function and DKD (20). However, to our knowledge,
the role played by Metrnl in the kidney has not been ex-
plored. The observation of Metrnl expression in the kidney
prompted us to examine the role of Metrnl in the kidney.

In this study, we identified a cytokine, Metrnl, whose
function has not been reported in the kidney, to our knowl-
edge, as a potentially important regulator of kidney metabo-
lism to maintain cellular mitochondrial homeostasis and
lipid accumulation in DKD via Metrnl-Sirt3-AMPK/UCP1
signaling in renal tubular epithelial cells (RTECs). Moreover,
we found that Metrnl expression was remarkably reduced in
the kidney of patients with DKD and mice. Importantly,
pharmacological administration of recombinant Metrnl
(tMetrnl) or Metrml overexpression effectively alleviated lipid
accumnulation and kidney failure, suggesting that Metrnl may
be an attractive therapeutic candidate for DKD.

RESEARCH DESIGN AND METHODS

Human Renal Biopsy Samples

Characteristics of renal biopsy samples are described in
Supplementary Table 1. Our investigations were conducted
in accordance with the principles of the Declaration of
Helsinki and were approved by the Research Ethics Com-
mittee of Guizhou Medical University.

Animal Studies

All animal experiments were performed according to guide-
lines for the care of laboratory animals in strict compliance
with the regulations of the Guizhou Medical University In-
stitutional Animal Ethics Committee.

Establishment of High-Fat Diet- and Streptozotocin-
Induced Diabetic Mice and a db/db Mouse Model

Male C57BL/6 mice, 8 weeks old, were fed high-fat diets
(HFDs) (Dyets) for 4 months to induce obesity and insulin
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resistance. Then, streptozotocin (STZ) 55 mg/kg body
weight was administered intraperitoneally to the mice daily
for 3 days, and HFD diets or control diets (NCDs) were
maintained for another 3 months.

Male wild-type mice and db/db mice, 10 weeks old (Gem-
Pharmatech), were fed normal diets for another 30 weeks.
The physical and biochemical parameters of experimental
animals are listed in Supplementary Table 2.

rMetrnl Protein Intervention in Diabetic Mice
Endotoxin-free rMetrnl for mice (AtaGenix) was adminis-
trated at a dose of 0.3 mg/kg body weight to db/db mice
by tail vein injection every other day for 8 weeks beginning
at age 12 weeks; saline (vehicle) was the control. After
8 weeks of administration, all mice were then maintained
on the same diets for another 8 weeks.

Metrnl Overexpression Intervention in Diabetic Mice
Adeno-associated virus-9 expressing Metrnl (AAV9-Metrnl)
and control virus (AAV9-vector) were administered to db/db
mice via a tail-vein injection apparatus (Yiyan), and 100 L
of AAV9-Metrnl or AAV9-vector (1 x 10™ pfu/mL) was as-
pirated once with a 29G insulin syringe. To cause Metrnl-
specific overexpression in kidney through intrarenal pelvic
injection of AAV9-Metrnl into db/db mice, the mice were
anesthetized with isoflurane, the kidney was leaked by dis-
secting the back, and then the adeno-associated virus was
injected into the kidney through the renal pelvis.

Cell Culture and Treatments

Rat proximal tubule epithelial cells, NRK-52E, were ob-
tained from ATCC and cultured in DMEM (1.0 g/L glucose)
containing 10% FBS. rMetrnl was added to the medium at
a final concentration of 200 ng/mL and cells were exposed
to 0.25 mmol/L palmitic acid (PA) for 48 h. We obtained
293T cell lines from ATCC and cultured them in DMEM
(4.5 g/L glucose) containing 10% FBS.

Histological Analysis of Renal Tissues

Hematoxylin and eosin (H-E) staining and immunohisto-
chemistry (IHC) analysis were performed as described in
our previous study (21). Periodic acid Schiff (PAS) staining
was performed using a staining kit according to the manu-
facturer’s instructions (Solarbio). Tissue sections were pho-
tographed with an Olympus BX53 microscope. The staining
was quantified in positive areas using ImageJ Pro Plus 6.0
software (U.S. National Institutes of Health).

RNA Isolation and RT-gPCR

RNA of tissues or cells was extracted with TRIzol reagent,
and then reverse transcribed into cDNA using the Prime-
ScriptRT Master Mix. RT-qPCR was performed using SYBR
Green Master Mix. Fold change in gene expression normal-
ized to GAPDH was calculated by the comparative cycle
threshold method. The primers used in this study are listed
in Supplementary Table 3.
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Western Blot Analysis

Tissues or cell pellets were resuspended in Lysis Buffer con-
taining a protease inhibitor cocktail of phenylmethylsul-
fonyl fluoride and phosphatase inhibitor. Approximately
10-100 g of soluble supernatant of tissue lysates or pro-
teins from cell lysates were separated by SDS-PAGE. The
selected proteins were probed with the antibodies listed in
Supplementary Table 4.

Immunofluorescence Technique

Immunofluorescence staining was performed as described
previously (22). In brief, cell coverslips or tissue sections
(3 wm) were incubated with different primary antibodies and
subsequently incubated with secondary Alexa 488 or 555 con-
jugated antibody. The images were obtained by a FV3000 la-
ser-scanning confocal microscope system (Olympus).

Oil Red O Staining and Nile Red Staining

Frozen sections (8 wm) or cell coverslips were fixed in 4%
paraformaldehyde and stained with 0.3% Oil Red O dye so-
lution dissolved in 60% isopropanol for 10 min, after wash-
ing with PBS. They subsequently were counterstained with
hematoxylin and mounted with 50% glycerin. For Nile Red
staining, sections were stained with 0.01 mg/mL Nile red
solution for 1 h to visualize lipid droplets.

Lentivirus-Mediated Gene Expression and Interference
Metrml or Sirt3 overexpression was achieved by a pCDH-
CMV-MCS-EF1-Puro vector (OE-Metrnl or OE-Sirt3). The
silencing of the UCP1 or Metrnl gene was performed us-
ing a pLKO0.1-TRC-copGFP-Puro vector (sh-UCP1 or sh-
Metrnl), both mediated by a lentivirus expression system.
The sequences of shRNA oligonucleotides are listed in
Supplementary Table 3. A nicotinamide analog, 3-TYP,
was used as a Sirt3 inhibitor.

Spatial Transcriptomic Analysis

Spatial transcriptomic analysis was performed as described
(23). Briefly, samples were collected and embedded in opti-
mal cutting temperature compound then cryo-sectioned
and stained with 1% cresyl violet. Cells of interest were har-
vested by Cellcut Plus laser capture microdissection (LCM)
(MMI). Cells obtained were lysed for the first cDNA synthe-
sis, and a modified Smart2-sequencing protocol was per-
formed to amplify the cDNA. Next-generation sequencing
was conducted by the Haplox Genomics Center with Ilu-
mina NovaSeq6000.

Lipid Sample Preparation and Lipidomic Assay

Renal cortical tissues (50 mg) were subjected to liquid extrac-
tion. For untargeted lipidomics analysis, lipid extraction and
mass spectrometry-based lipid detection were performed by
Applied Protein Technology (Shanghai).

RNA-Sequencing Analysis
The library construction and sequencing were performed at
Beijing Novogene. The enrichment analysis was analyzed with
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Kyoto Encydopedia of Genes and Genomes (KEGG) database
(https://www.keggjp/) and gene ontology (GO) annotation
was performed with DAVID (https://david.ncifcrf.gov/tools
jsp). Genes were considered significantly differentially ex-
pressed if the adjusted P value was <0.05 as determined by
DESeq2.

MitoTracker Red CMXRos Assay and Mitochondrial
Membrane Potential Assay

MitoTracker Red CMXRos assay was detected by a kit from
Cell Signaling Technology. Mitochondrial membrane poten-
tial was detected using the JC-1 assay kit (Beyotime).

Seahorse Analysis
The Seahorse XF Extracellular Flux Bioanalyzer (Agilent)
was used to measure oxygen consumption rate (OCR). The
level of oxygen consumption was detected using a XFp Cell
Mito Stress Test Kit (Agilent) according to the manufac-
turer’s instructions.

mtDNA

The relative copy number of mtDNA was detected by RT-
gPCR assay. Total DNA was extracted with a genomic
DNA kit. mtDNA was amplified using primers for the mi-
tochondrial cytochrome ¢ oxidase subunit 2 (COX2) gene
and B-actin for nuclear DNA. The ratio of mtDNA to
B-actin was calculated and served as the mtDNA copy
number. The primers are listed in Supplementary Table 3.

Chromatin Immunoprecipitation Assay

A chromatin immunoprecipitation (ChIP) assay was per-
formed using a kit from Cell Signaling Technology. In brief,
DNA-protein complexes were cross-linked using 1% form-
aldehyde for 15 min. The cross-linked chromatin samples
were isolated by nuclease digestion. PGC-1lae was immuno-
precipitated using a PGC-la or IgG antibody, and then
DNA was extracted. For qPCR, ChIP DNA was amplified us-
ing primers of Sirt3 promoter (Supplementary Table 3) by
RT-qPCR. Values represent the percentage of input using
the comparative cycle threshold method.

Statistical Analysis

Statistical significance between two groups was assessed
using Student t tests or among multiple groups using
two-way ANOVA.

Data and Resource Availability
Data and resources are available from the corresponding
authors.

RESULTS

Reduced Expression of Metrnl in the Kidneys of
Diabetic Mice and of Patients With DKD

Metrnl was ubiquitously expressed in multiple adult tissues,
incduding the heart, liver, kidney, and pancreas (Supple-
mentary Fig. 1A4). Furthermore, according to The Human
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Figure 1—Reduced expression of Metrnl in the kidneys of diabetic mice and of patients with DKD. A and B: Representative IHC images
(A) and quantification (B) of Metrnl expression in human renal cortical tissues from normal kidney poles (n = 5) and patients with mild (class
IIl; n = 5), moderate (class lll; n = 6), or severe (class IV; n = 7) histopathological lesions of DKD. Scale bars: red, 500 n.m; black, 100 pm.
C and D: Correlation between Metrnl expression in human renal cortical tissues from patients with DKD and Scr (n = 18) (C) or serum TG
(n = 18) (D) in all patients. E: Representative H-E and IHC images indicating Metrnl protein expression of kidney in 40-week-old db/db
mice and STZ/HFD-induced diabetic mice. Scale bar: 100 um. F: The protein level of Metrnl measured by ELISA in the renal cortex from
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Protein Atlas database (https://www.proteinatlas.org), Metrnl
is highly expressed in renal tubules. Considering the specific
expression of Metrnl in the kidney, we examined the role
played by Metrnl in DKD. THC staining showed that the level
of Metrnl was obviously reduced in renal biopsy specimens
from patients with DKD. Moreover, Metrnl was mainly ex-
pressed in renal tubules and gradually decreased with the pro-
gression of DKD (Fig. 1A and B). Notably, the level of Metrnl
in renal tubules was negatively correlated with serum creati-
nine (Scr) levels (Fig. 1C). There was a negative correlation, al-
though not a significant one, between serum TG levels and
Metmml expression (Fig. 1D). In addition, serum levels of
Metrmnl were lower in diabetic mice than in control mice (Fig.
1D). THC staining and Western blot analysis revealed reduced
Metml expression in damaged renal tubules and in the kid-
neys of STZ/HFD-induced diabetic mice and db/db mice (Fig.
1E, L, and M). Reduced Metiml mRNA levels were observed in
the kidneys of the STZ/HFD-induced mice and db/db mice
(Fig. 1J and K), and also in the proximal renal tubules of db/db
mice, as captured by LCM (Fig. 2D). Similarly, a negative corre-
lation between the protein levels of Metrnl in the renal cortex
and the levels of serum TGs, as well as of Scr, was observed in
all db/db diabetic mice (Fig. 1F-H).

Because Metrnl was mainly located in the renal tu-
bules, the function of Metrnl was further examined in
RTECs. In vitro, the protein level of Metrnl was signifi-
cantly dose-dependently reduced in RTECs treated with
high glucose or PA (Fig. 1N and O). These results suggest
the reduction in Metrnl is closely associated with diabetic
kidney pathophysiology.

Lipid Deposition and Mitochondrial Dysfunction Are
Positively Correlated With DKD

To fully understand the mechanism of renal tubule injury in
diabetes, we used LCM technology to dissect a number of re-
nal tubule cells in situ to specifically harvest cells of interest
and obtain cells with known spatial information. The proxi-
mal renal tubules of 40-week-old db/db mice were captured
by LCM (Fig. 24), and the RNA was subjected to smart RNA
sequencing. Enrichment analysis of KEGG-related pathways
showed that differentially abundant components correlated
with oxidative phosphorylation (OXPHOS), thermogenesis,
and autophagy pathways (Fig. 2B and C, Supplementary Fig.
2A). Genes related to the pathways were further examined by
gPCR (Fig. 2D), and the results showed that the expression of
genes related to lipogenesis (namely, Scdl) was increased,
whereas expression of genes related to fatty acid B-oxidation
(namely, PGC-1a, Cptla), OXPHOS (Atp5Sb, Ndufal0), and
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mitophagy/autophagy (Rab7, PTEN-induced putative kinase
1 [Pink1], and Atg7) was downregulated in the proximal renal
tubules, suggesting that defects in mitochondrial function
may be an important cause of renal tubule injury in diabetic
mice.

Interestingly, results of Oil Red O or Nile red staining of
tissues from the HFD/STZ-induced diabetic nephropathy
mouse model showed plentiful lipid deposition in the kidney
tissue of mice, especially in the renal tubules (Fig. 2E and F).
The protein expression of perilipin-2, a lipid droplet-coating
protein, was significantly elevated, as determined by immu-
nofluorescence analysis and Western blotting (Fig. 2G and
H; Supplementary Fig. 2B and (). Similar results were ob-
served in renal biopsy samples from patients with DKD; per-
ilipin-2 expression was significantly increased in remnant
renal tubules, and immunofluorescence and IHC analysis
showed lipid deposition gradually increased with disease pro-
gression (Fig. 2I-K). These findings demonstrated that lipid
deposition and mitochondrial dysfunction were positively
correlated with pathophysiological alternation in DKD.

Metrnl Negatively Regulates Lipid Accumulation in the
Kidneys of Mice With DKD

Here, we observed that Metrnl expression in RTECs was
greatly downregulated by PA stimulation compared with
high-glucose stimulation. Moreover, the protein level of
Metrnl in renal tubules (Fig. 1B) was negatively correlated
with perilipin-2 expression (Fig. 2K) in renal biopsy samples
from patients with DKD, as measured by correlation analysis
(Supplementary Fig. 34), suggesting that Metrnl may play an
important role in lipid metabolism. To examine the effect of
Metrnl on lipotoxicity under PA stimulation, we constructed
lentivirus-mediated stable cell lines with Metrnl overexpres-
sion and knockdown (Supplementary Fig. 3B and C) and
found that silencing Metrnl resulted in lipid accumulation,
as confirmed by increased levels of Oil Red O staining in PA-
treated RTECs (Fig. 34). Conversely, Metrnl overexpression
significantly reduced lipid accumulation (Fig. 3B). Moreover,
Oil Red O staining showed the reduced lipid deposition in
the kidneys of db/db mice, which were administered rMetrnl
(Fig. 3C), and further experiments confirmed that lipid depo-
sition was reduced in mice overexpressing AAV9-Metrnl
(Supplementary Fig. 3D). Reduced expression of perilipin-2
was also observed at the protein level in db/db mice overex-
pressing Metrnl and those treated with rMetrnl (Fig. 3D and
E). In vitro, Metrnl overexpression or exposure to exogenous
rMetrnl significantly inhibited perilipin-2 expression in PA-
treated RTECs compared with the control (Fig. 3F and G),

db/db diabetic mice (wild type [WT], n = 14; db/db, n = 15). F-H: Correlation between Metrnl expression (F) and serum TG (G) or Scr (H)
in db/db diabetic mice (WT, n = 14; db/db, n = 15). I: The serum level of Metrnl measured by ELISA in STZ/HFD-induced diabetic mice
(n = 12) and NCD-fed mice (n = 12). J and K: gPCR analysis of Metrnl mRNA levels in the renal cortex of db/db diabetic mice (WT, n = 4;
db/db, n = 8) (J) and STZ/HFD-induced diabetic mice (NCD, n = 5; STZ/HFD, n = 5) (K). L and M: Representative Western blot and quantifi-
cation of Metrnl expression in the kidney from STZ/HFD-induced diabetic mice (L) and 40-week-old db/db mice (M), compared with
NCD-fed mice and WT mice, respectively. N and O: Representative Western blot and quantification of Metrnl expression in NRK-52E cells
exposed to PA (0.1, 0.15, 0.2, and 0.25 mmol/L) (N) or high concentration of glucose (HG) (15, 30, 45, and 60 mmol/L) (O) for 48 h. Data are

reported as mean = SD. *P < 0.05, **P < 0.01. Ctrl, control.
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whereas Metrnl knockdown enhanced the expression of
perilipin-2 (Fig. 3H).

The beneficial effect of rMetrnl on DKD mice was verified
by quantifying lipid species by liquid chromatography-mass
spectrometry-based lipidomics analysis, and we observed
changes in different kinds of lipids, such as sphingomyelin
(SM), phosphatidylethanolamine (PE), diglyceride (DG), and
cardiolipin (CL) (Fig. 3I-L). Notably, the results showed that
levels of CL, a phospholipid that is uniquely distributed in
the inner mitochondrial membrane (24,25) and participates
in OXPHOS and ATP synthesis, were significantly increased
after rtMetrnl treatment. PE is the second most abundant mi-
tochondrial phospholipid, and it can modulate ATP produc-
tion (24,26). Some species of PE were also increased after
rMetrnl treatment. SM is one of the major phospholipids in
membrane microdomains and plays a key role in lipid uptake
and glucose homeostasis (24). The accumulation of SM in
the renal cortex inhibits AMPK activity and contributes to
lipid deposition (27). We found that SM and DG levels in the
renal cortex were significantly reduced after rMetrnl treat-
ment. In addition, TG levels were also dramatically reduced
in the kidney of rMetrnl-treated db/db mice (Supplementary
Fig. 3E). These results suggest that rMetrnl treatment may
modulate CL and SM levels, which are responsible for main-
taining of mitochondrial membrane homeostasis against dia-
betes and reducing lipid deposition.

Changes in Metrnl Expression Are Associated With
Changes in Mitochondrial Homeostasis

On the basis of the observation that Metrnl is closely re-
lated to lipid accumulation during DKD progression, we ex-
amined the mechanism of lipid accumulation by Metrnl.
Gene expression in cells treated with PA or cells treated
with PA plus Metrnl was analyzed by RNA sequencing, fol-
lowed by gene ontology and KEGG enrichment analyses.
The results showed that signaling pathways involved in the
regulation of lipid accumulation were significantly enriched,
including the thermogenesis and OXPHOS, which are pri-
marily performed by mitochondria (Fig. 4A). Therefore, we
hypothesized that Metrnl may play an important role in
regulating mitochondrial function.

As expected, rMetrnl effectively attenuated the PA-
induced decrease in mitochondrial membrane potential,
which is an indicator of mitochondrial activity (Fig. 4B). PA
treatment increased the percentage of fragmented mitochon-
dria in RETCs, and Metrnl overexpression significantly
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inhibited PA-induced fragmentation of mitochondria (Fig.
4C). Conversely, the effect was exacerbated in Metrnl-knock-
down RTECs (Fig. 4D). We further found that Metrnl overex-
pression or rMetrnl treatment significantly inhibited PA-
induced mitochondrial fission machinery dynamin-1-like
protein (Drpl) expression and remarkably restored the ex-
pression of mitofusin-1 (Mfn1) (Fig. 4E, Supplementary Fig.
4A). Notably, in vivo, rMetrnl treatment or overexpression
of Metrnl attenuated Drpl expression increase and Mfn1 ex-
pression decrease in db/db mice (Fig. 4F, Supplementary Fig.
4B), which were imbalanced in the mitochondrial dynamics
of DKD mice (Supplementary Fig. 4C). Conversely, the dysre-
gulation of mitochondrial fission and fusion were exacerbated
by Metrnl knockdown of in RTECs (Fig. 4G). Moreover,
Metrnl overexpression significantly increased the mRNA level
of PGC-1ae and TFAM (Supplementary Fig. 4D) and attenu-
ated the PA-induced dedline of the ratio of mitochondrial
to nuclear DNA in RTEC cells (Supplementary Fig. 4E), indi-
cating that Metrnl maintains mitochondrial dynamics and
biogenesis.

In addition, we observed that rMetrml treatment or
Metrnl overexpression increased the levels of E3 ubiquitin-
protein ligase Parkin (Park2) and Pink1 in the renal cortex
of diabetic mice (Fig. 4H, Supplementary Fig. 4F). In vitro,
Western blot analysis showed that exposure to PA mark-
edly decreased Pinkl and Park? expression in RTECs, and
intriguingly, these effects were reversed by Metrnl overex-
pression (Fig. 4I). Conversely, Metrnl knockdown markedly
diminished Pinkl and Park? expression in RTECs treated
with or without PA (Fig. 4J). Likewise, by using double im-
munostaining for MitoTracker and LC3, which are markers
of mitochondria and autophagosomes, respectively, we ob-
served increased colocalization of mitochondria and autopha-
gosomes in Metrnl-overexpressing RTECs under PA conditions
(Fig. 4K), although inhibiting autophagy with bafilomycin and
NH,(Cl significantly reversed the decrease in LC3-II in rMetrnl-
treated RTECs (Fig. 4L, Supplementary Fig. 4G), indicating that
Metrnl could promote mitophagy by increasing the formation
of mitophagosomes.

Because mitochondrial function is closely related to FAO,
we examined the expression of FAO-pathway and OXPHOS-
related genes. Transcription of the FAO-related genes PPARa,
Cptla, Acadl, and PGC-1a, and the OXPHOS-related genes
ATP5b and NdufalO were markedly increased in the renal
cortex of rMetrnl-treated db/db mice (Fig. 40). Notably,
Metrnl overexpression reversed the decrease of ACOX1 and

Cpt1a), OXPHOS (Atp5b, Ndufa10), mitophagy/autophagy (Rab7, Pink1, and Atg7), and Metrnl in the proximal renal tubules of 40-week-
old db/db mice in situ, which were normalized to that of GAPDH (n = 3/group). E and F: Representative images showing lipid deposition
by Oil Red O staining (E) and Nile red staining (F) in kidney from STZ/HFD-induced diabetic mice, compared with mice fed an NCD. Scale
bars: red, 100 pm; black, 50 um; white, 50 pm. G: Immunofluorescence staining of perilipin-2 in kidney tissue of STZ/HFD-induced dia-
betic mice compared with mice fed an NCD. Scale bar: 50 um. H: Representative Western blot of perilipin-2 expression in the renal cortex
of 40-week-old db/db mice and STZ/HFD-induced diabetic mice compared with WT and NCD mice, respectively. | and J: Immunofluores-
cence (/) and IHC staining (J) images of perilipin-2 in human renal cortical tissues from patients with DKD (class Il, n = 5; class Ill, n = 6;
class IV, n = 7), compared with normal kidney poles (n = 5). Scale bars: red, 100 um and white, 20 um (/); red, 500 wm and black, 100 pm
(). K: Quantification of perilipin-2 expression (in J) in human renal cortical tissues from patients with DKD. Data are reported as mean +

SD. *P < 0.05, **P < 0.01.
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Figure 3—Metrnl negatively regulates lipid accumulation in the kidneys of mice with DKD. A and B: Representative images of Oil Red O
staining in sh-Metrnl (A) and OE-Metrnl (B) stable NRK-52E cells under PA stimulation for 48 h. Scale bar: 20 pm. C: Representative im-
ages of Oil Red O staining of kidney in db/db mice treated with rMetrnl. Scale bars: black, 100 um; red, 50 pm. D and E: Representative
Western blot and quantification of perilipin-2 expression in renal cortex of db/db mice after rMetrnl treatment (D) and Metrnl overexpres-
sion (E) (n = 3 blots). F~H. Representative Western blot and quantification of perilipin-2 expression in OE-Metrnl (F) and sh-Metrnl (H) sta-
ble NRK-52E cells, and rMetrnl-treated NRK-52E cells (G) under PA stimulation for 48 h (n = 3 blots). /-L: Levels of representative
individual lipid species in the kidney of db/db mice receiving rMetrnl treatment or control db/db mice (n = 6/group). Data are reported as
mean + SD. *P < 0.05, **P < 0.01. Ctrl, control; Vec, vector.

CPT1a expression (both are key rate-limiting enzymes that  suggesting that Metrnl may activate FAO pathways and
regulate FAO) (Supplementary Fig. 4H) and alleviated the thus reduce lipid deposition. Taken together, these results
impairment in mitochondrial respiration, as indicated by suggest that Metrnl plays a key role in mitochondrial ho-
increased OCR (Fig. 4M and N) in RTECs exposed to PA, meostasis by sustaining mitochondrial dynamics and
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Figure 4—Changes in Metrnl expression associated with changes in mitochondrial homeostasis. A: Pathway enrichment analysis in PA-
treated or PA-treated plus rMetrnl-cultured NRK-52E cells for 48 h, based on RNA-sequencing data (n = 3/group). B: Representative mi-
croscopic and quantification images of the mitochondrial membrane potential by JC-1 staining in NRK-52E cells after rMetrnl treatment
with PA, cultured for 48 h (n = 6/group). Scale bar, 100 um. C and D: Representative microscopic images and quantification of the frag-
mented mitochondria in Metrnl-overexpression (C) and Metrnl-knockdown (D), stable NRK-52E cells by MitoTracker (red) staining with
PA, cultured for 48 h (n = 6/group). Scale bar, 5 um. E: Representative Western blot and quantification images of the mitochondrial fission
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promoting mitophagy and biogenesis in diabetic patho-
physiological conditions.

Metrnl Maintains Mitochondrial Homeostasis by
Upregulating Sirt3-Mediated AMPK Activity

To understand the molecular mechanism of Metrnl in mi-
tochondrial homeostasis, we further analyzed the lipido-
mics data of kidneys from rMetrnl-treated db/db mice.
Here, we focused on how SM and its accumulation may in-
hibit AMPK activity, which regulates mitochondrial homeo-
stasis, optimizing OXPHOS and lipid deposition (24,28,29).
The Western blot results showed that Metrnl overexpression
or rMetrnl treatment induced AMPK activation (Fig. 54,
Supplementary Fig. 5A). Conversely, Metrnl knockdown
prominently suppressed the activation of AMPK in RTECs
exposed to PA (Fig. 5B). Furthermore, inhibiting AMPK ex-
pression (Supplementary Fig. 5B) disturbed Metrnl-mediated
restoration of mitophagy, induding the expression of Pinkl
and Park2 (Fig. 5C), suggesting that Metrnl accelerated mi-
tophagy by activating the AMPK pathway.

AMPK is a downstream target of Sirt3 that promotes
lipid mobilization in adipocytes (30). In this study, we ob-
served that Sirt3 positively regulated AMPK activation
(Fig. 5D and E) in Sirt3-overexpressing or Sirt3-inhibited
RTECs (Supplementary Fig. 5C and D). In addition, we an-
alyzed the protein levels of various sirtuin members
(namely, Sirtl through Sirt7), which are important meta-
bolic regulators (28) in response to Metrnl. The results
showed that the expression of Sirtl, Sirt3, Sirt4, Sirt5,
and Sirt6 was partly restored by the overexpression of
Metrnl in RTECs (Fig. 5F).

Because Sirt3 specifically increases mitochondrial function
and cellular respiration, we next focused on the potential role
of Metrnl in regulating Sirt3 expression in mitochondrial ho-
meostasis. We found that the expression of Sirt3 was signifi-
cantly abated in renal biopsy samples from patients with
DKD, especially from those with end-stage DKD (Fig. 5G and
H), and the expression of Sirt3 was significantly positively
correlated with the level of Metrnl in renal biopsy samples
from patients with DKD (Fig. 5I). Metrnl overexpression or
rMetrnl treatment visibly increased the expression of Sirt3 in
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RTECs (Fig. 5A, Supplementary Fig. 5E). Conversely, Metrnl
deficiency inhibited Sirt3 expression in RTECs exposed to PA
(Fig. 5B). In addition, we found that Sirt3 overexpression in-
hibited PA-induced Drp1 expression and remarkably restored
Mfnl expression (Supplementary Fig. 5F) and that these
effects were reversed by Sirt3 knockdown (Supplementary
Fig. 5G). Importantly, an inhibitor of Sirt3 abolished AMPK
activation induced by Metrnl overexpression and counter-
acted the protective effects of Metrnl on mitochondrial dy-
narnics in RTECs (Fig. 5J).

These findings suggested that Metrnl maintains mito-
chondrial homeostasis by upregulating the Sirt3-mediated
AMPK signaling pathway, thus ameliorating lipotoxicity-
induced damage in RTECs under metabolic stress.

Metrnl Promotes Thermogenesis via Sirt3-Mediated
UCP1 to Alleviate Lipid Accumulation

KEGG analysis showed that the thermogenesis pathway
was enriched in Metrnl-treated RTECs (Fig. 4A), promot-
ing us to consider whether there was another pathway by
which Metrnl reduces lipid accumulation. UCP1 is a key
factor in thermogenesis and directly regulates lipid accu-
mulation in acute kidney injury (AKI) (31), but, to our
knowledge, the role of UCP1 has not been examined in
DKD. Here, we found that UCP1 expression was de-
creased in the kidneys of DKD mice (Supplementary Fig.
6A and B), and further experiments revealed that UCP1
negatively regulated perilipin-2 expression (Fig. 6A and B)
in RTECs treated with the UCP1 agonist CL316243 or by
shRNA-mediated UCP1 knockdown (Supplementary Fig. 6C
and D). Moreover, lipid accumulation was significantly re-
duced by the UCP1 agonist (Supplementary Fig. 6E), and exac-
erbated lipid accumulation was observed in UCP1-knockdown
RTECs after Oil Red O staining (Supplementary Fig. 6F), sug-
gesting that UCP1 regulates lipid deposition and is closely as-
sociated with DKD progression.

We found that UCP1 expression was upregulated by
Metrnl overexpression (Fig. 6C), whereas Metrnl deple-
tion reduced UCP1 expression in RTECs (Fig. 6D). Consis-
tent with the in vitro findings, UCP1 upregulation was
observed in the kidneys of rMetrnl-treated or Metrnl-

machinery Drp1 and Mfn1 expression in Metrnl-overexpression NRK-52E cells (n = 3 blots). F: Representative Western blot and quantifica-
tion images of Drp1 and Mfn1 expression in renal cortex of db/db mice after rMetrnl treatment (n = 3 blots). G: Representative Western
blot images and quantification of Drp1 and Mfn1 expression in Metrnl-knockdown, stable NRK-52E cells (n = 3 blots). H: Representative
Western blot and quantification of Park2 and Pink1 expression in renal tissue of db/db mice after rMetrnl treatment (n = 3 blots). / and J:
Representative Western blot and quantification of Park2 and Pink1 expression in Metrnl-overexpression (/) and Metrnl-knockdown (J)
stable NRK-52E cells with PA, cultured for 48 h (n = 3 blots). K: Representative confocal microscopic images and quantification of double
immunofluorescence staining for LC3 (green) and MitoTracker (red), markers for autophagosome and mitochondria individually, in Metrnl-
overexpression NRK-52E cells with PA cultured for 48 h and DAPI staining for nuclei (n = 12 cells/group). Scale bars: red, 20 um; white,
5 wm. L: Representative Western blot and quantification of LC3 II/l expression in Metrnl-overexpression NRK-52E cells under lysosomal
acidifier NH4ClI (25 mmol/L) stimulation for 48 h (n = 3 blots). M and N: An analysis of oxygen consumption in Metrnl-overexpression NRK-
52E cells cultured with PA or not for 48 h. Those cells then were sequentially added to oligomycin (oligo) 1.5 wm), carbonyl cyanide-p-tri-
fluoromethoxyphenylhydrazone (FCCP) (1.0 wm), rotenone/antimycin A (Rot/AA) (0.5 um) to determine different parameters of mitochon-
drial functions according to the manufacturer’s instructions (n = 3 per group). Graphical representations of proton leak OCR, basal OCR,
ATP production, spare respiration capacity, and maximal OCR. O: Relative mRNA levels of genes related to fatty acid g-oxidation and OX-
PHOS in renal cortex of db/db mice after rMetrnl treatment (n = 3 per group). Data are reported as mean + SD. *P < 0.05, **P < 0.01. Ctrl,
control; Vec, vector.
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Figure 5—Metrnl maintains mitochondrial homeostasis by upregulating Sirt3-mediated AMPK activity. A and B: Representative Western
blot and quantification (p-AMPK/AMPK) of the protein levels of AMPK and Sirt3 in Metrnl-overexpression (A) and Metrnl-knockdown (B)
stable NRK-52E cells under PA stimulation for 48 h (n = 3 blots). C: Representative Western blot and quantification of Park2 and Pink1 ex-
pression in Metrnl overexpression, and of AMPK inhibitor (AMPKi)-treated (Dorsomorphin, 10 umol/L) NRK-52E cells in different groups (n
=3 blots). D and E: Representative Western blot and quantification (p-AMPK/AMPK) of the protein levels of AMPK in Sirt3-overexpression
(D) and Sirt3 inhibitor (iSirt3) treatment (3-TYP; 2 umol/L) (E) NRK-52E cells under PA stimulation for 48 h (n = 3 blots). F: Representative
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overexpressing db/db mice (Fig. 6E and F). Interestingly,
Sirt3 overexpression obviously upregulated UCP1 and
perilipin-2 expression, whereas the Sirt3 inhibitor de-
creased UCP1 and perilipin-2 expression in RTECs cultured
with or without PA (Fig. 6G and H). Furthermore, Oil Red
O staining showed that inhibiting UCP1 or Sirt3 expression
in PA-treated RTECs disturbed Metrnl-mediated ameliora-
tion of lipid accumulation (Fig. 6I). Moreover, Sirt3 inhi-
bition abolished Metrnl-induced UCP1 upregulation and
downregulation of perilipin-2 in RTECs (Fig. 6J). These
results indicated that Metrnl upregulates Sirt3-mediated
UCP1 expression to alleviate lipid accumulation in RTECs.

Next, we focused on elucidating how Metrnl regulates
the expression of Sirt3. Our in vivo results indicated that
Metrnl overexpression or rMetrnl treatment significantly
enhanced PGC-1a expression (Fig. 6E and F), which regu-
lates key mitochondrial genes and is a key transcriptional
coactivator of Sirt3 (29). Similar results were determined
by Western blot analysis in Metrnl-overexpressing RTECs
(Fig. 6C). Conversely, Metrml knockdown downregulated
the expression of PGC-1a in RTECs (Fig. 6D). Additionally,
exogenous rMetrnl treatment strikingly promoted the tran-
scriptional activation of PGC-1a and Sirt3 in the kidney tis-
sues of db/db mice (Fig. 6K). Importantly, the ChIP-qPCR
results clearly demonstrated that PGC-1a binds to the pro-
moter region of Sirt3, and this binding was notably increased
by Metrnl overexpression in RTECs (Fig. 6L). Taken together,
these findings suggest that Metrnl regulates Sirt3 expression
through the transcriptional coactivator PGC-lae and that
Metrnl mediates Sirt3-UCP1 signaling to alleviate lipid accu-
mulation by promoting thermogenesis.

Exogenous Metrnl Ameliorates Renal Injury in Mice
With DKD

We tried to assess the pharmacological effect of exogenous
Metrnl on DKD. Because Metrnl is a secretory protein, we
chronically administered rMetrnl to db/db mice (Fig. 7A and
B). Furthermore, we constructed an Metrnl-overexpression
animal model by tail vein injection of AAV9-Metrnl (Sup-
plementary Fig. 7A and B). The body weight gains and
plasma glucose levels of db/db mice after fasting were de-
creased by rMetrnl treatment or Metrnl overexpression (Fig.
7C and D, Supplementary Fig. 7C and D). Levels of Scr, blood
urea nitrogen (BUN), and urine albumin decreased in rMetrnl-
treated mice or AAV9-Metrnl mice (Fig. 7E-H, Supplementary
Fig. 7E and F). H-E and PAS staining revealed improvements
in renal morphology and renal tubular damage, indicating a
strong reduction in the degree of renal tubular damage after
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an increase in Metml (Fig. 7I); epithelial-mesenchymal transi-
tion (EMT)- and extracellular matrix (ECM)-related proteins in
kidney tissues of db/db mice were reduced after rMetrnl treat-
ment and AAV9-Metrnl expression (Fig. 7J and K). However,
the level of serum insulin was increased after rMetrnl treat-
ment, which may be associated with the protection of islets
(Fig. 7L).

To observe the effect of overexpression in the kidney
alone, we created a Metrnl-specific overexpression mouse
model through intrarenal pelvic injection of AAV9-Metrnl
into db/db mice; the Western blot analysis showed that
Metrnl was mainly upregulated in the kidney but rarely upre-
gulated in the liver, skeletal muscle, and heart tissues (Sup-
plementary Fig. 7G and H). H-E and PAS staining revealed im-
provements in renal tubular damage (Supplementary Fig. 7I).
In addition, EMT- and ECM-related proteins in kidney tissues
of db/db mice were reduced after Metrnl-specific overexpres-
sion (Fig. 7M). Levels of Scr and BUN decreased in AAV9-
Metrnl mice (Fig. 7N and O); however, the fasting blood glu-
cose level was almost unchanged (Fig. 7P), suggesting that
Metrnl overexpression in the kidney alone also has a protec-
tive effect of on kidney under DKD conditions. Therefore,
Metrnl-specific overexpression in the kidney or rMetrnl can
alleviate DKD progression and may be potential therapeutic
candidates for chronic kidney diseases.

DISCUSSION

Proximal tubules have abundant mitochondria and tend
to mainly use free fatty acids as their energy sources,
which are heavily dependent on FAO for fuel (32). DKD is
associated with abnormal FAO and lipid uptake, which
leads to intracellular lipid deposition and kidney failure
(33). We also found that patients with DKD and DKD
mice have enriched lipid accumulation, especially in the
renal tubule. Therefore, therapeutic strategies to address
mitochondrial function and lipid deposition may be im-
portant promising treatments for DKD.

In this study, we characterized Metrnl as a renoprotec-
tive cytokine. Exogenous rMetrnl protein administration or
Metrnl-specific overexpression effectively alleviated kidney
damage, although the effect of rMetrnl may be linked to the
changes at a distal tissue site (i.e., skeletal muscle or fat) as a
consequence of lower blood glucose level or increased insulin
sensitivity. From another perspective, Metrnl may be an attrac-
tive therapeutic candidate with multiple organ effect for diabe-
tes mellitus or chronic kidney disease, which both display
pathophysiology in multiple tissues and organs of body. We

Western blot and quantification of the protein levels of various sirtuin members (Sirt1 through Sirt7) in Metrnl-overexpression stable NRK-
52E cells with PA cultured for 48 h (n = 3 blots). G and H: Representative IHC images (G) and quantification (H) of Sirt3 expression in hu-
man renal biopsy tissues from patients with DKD (class I, n = 5; class Ill, n = 6; class IV, n = 7), compared with normal kidney poles (n = 5).
Scale bars: red, 200 um; black, 100 wm. I: Correlation between Metrnl expression (Fig. 1B) and Sirt3 expression (H) in human renal cortical
tissues from patients with DKD and compared with normal kidney poles in all patients (n = 23). J: Representative Western blot and quantifi-
cation protein levels of p-AMPK/AMPK, the mitochondrial fission machinery Drp1 and Mfn1 in Metrnl overexpression, and Sirt3 inhibitor-
treated (iSirt3, 3-TYP; 2 umol/L) NRK-52E cells under PA stimulation for 48 h (n = 3 blots). Data are reported as mean + SD. *P < 0.05, **P

< 0.01. Ctrl, control; Vec, vector.
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Figure 6 —Metrnl promotes thermogenesis via Sirt3-mediated UCP1 to alleviate lipid accumulation. A and B: Representative Western blot and
quantification of the protein levels of perilipin-2 in UCP1 agonist treatment (CL316243; 2 umol/L) (A) or UCP1 knockdown (sh-UCP1) (B) NRK-
52E cells for 48 h in different groups (n = 3 blots). C and D: Representative Western blot and quantification of UCP1 and PGC-1a expression in
Metrnl overexpression (C) and Metml-knockdown (D) stable NRK-52E cells with PA cultured for 48 h (n = 3 blots). E and F: Representative West-
ern blot and quantification of the protein levels of PGC-1a, UCP1, and Sirt3 in renal tissue of db/db mice after rMetrnl treatment (E) or AAV9-
Metrnl overexpression (F) (n = 3 blots). G and H: Representative Western blot and quantification of the UCP1 and perilipin-2 expression in Sirt3
inhibitor (iSirt3)-treated (3-TYP; 2 umol/L) (G) or Sirt3 overexpression (H) NRK-52E cells under PA stimulation for 48 h (n = 3 blots). /: Representa-
tive images of Oil Red O staining in UCP1-knockdown or iSirt3, with rMetrni-treated NRK-52E cells in different groups. Scale bars: red, 20 um;
black, 5 pm. J: Representative Western blot and quantification of UCP1 and perilipin-2 expression in Metml overexpression and with iSirt3-
treated (3-TYP; 2 umol/L) NRK-52E cells under PA stimulation for 48 h (n = 3 blots). K: RT-gPCR analysis of Sirt3 and PGC-1a mRNA levels in
rMetrni-treated db/db mice (n = 3 blots). L: RT-gPCR analysis of Sirt3 mRNA levels with PGC-1a antibody or IgG antibody by ChIP assay in
Metrnl-overexpression or control NRK-52E cells (n = 3). Data are reported as mean + SD. *P < 0.05, **P < 0.01. Ctrl, control; Vec, vector.
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Figure 7 —Exogenous Metrnl ameliorates renal injury in mice with DKD. A and B: Endotoxin removal mouse rMetrnl (A) and schematic of
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confirmed that Metrnl was mainly expressed in renal tubules,
levels of Metrnl were significantly reduced in the kidney of dia-
betic mice and of patients with DKD, and that Metrnl expres-
sion was significantly downregulated in response to high
glucose levels or PA, suggesting that Metrnl is pathologically re-
lated to DKD. One of the most important findings was the role
of Metrnl in maintaining mitochondrial homeostasis by regu-
lating of mitophagy and mitochondrial dynamics (fission and
fusion) and biogenesis. Mitochondrial fusion and fission facili-
tate mitochondrial quality control, and defective mitochondria
are recycled via mitophagy, which removes damaged mito-
chondria and inhibits apoptosis (34,35). Mitophagy is regu-
lated by a Park2/Pinkl mechanism that tags mitochondria
for degradation (36). Collectively, our results elucidate a role
for Metrnl in maintaining mitochondrial homeostasis in
RTECs by selectively eliminating dysfunctional mitochondria
through mitophagy and maintaining dynamics of mitochon-
dria and biogenesis.

Mechanistically, we found that Sirt3 plays a pivotal role in
linking Metrnl to mitochondrial homeostasis and lipid depo-
sition. Sirt3 localizes to the mitochondrial matrix and plays
an important role in regulating mitochondrial metabolism,
including the tricarboxylic acid cycle, FAO, OXPHOS, and mi-
tochondrial dynamics (37). We found Sirt3 expression was
significantly reduced in the kidneys of diabetic mice and pa-
tients with biopsy-verified DKD. However, the expression of
Sirt3 was markedly restored in RTECs in response to PA
treatment and in mouse model of DKD with rMetrnl treat-
ment or Metrnl overexpression. We found that Metrnl-Sirt3
signaling regulates the activity of AMPK, which plays an im-
portant role in mitophagy via a Park2/Pinkl mechanism to
protect against mitochondrial dysfunction and RTEC injury in
response to metabolic stress. In addition, Metrnl-Sirt3 signal-
ing upregulates UCP1, which is located in the inner mitochon-
drial membrane, promotes mitochondrial inner membrane
proton conduction, and decouples ATP synthesis from cellular
respiration, ultimately consuming lipids to generate heat
(38,39). Recently, UCP1 was shown to play a critical role in
the lipid metabolism in renal clear cell carcinoma and AKI
(31,40). Overall, Metrnl not only promotes lipid FAO by
maintaining mitochondrial function but can directly con-
sume lipids to promote thermogenesis through mitochon-
drial UCP1, thereby reducing renal lipotoxicity.

Numerous studies have established a clear link between
mitochondrial health and renal resilience to AKI and chronic
kidney disease (41). Key regulators of mitochondrial health,
such as AMPK, sirtuins, and PGC-1a, are emerging as prom-
ising therapeutic targets (42,43). Thus, targeting the energy
pathways of renal tubule cells may be beneficial for treating
an array of kidney diseases, and Metrnl can target these key
regulators; thus, Metrnl has promise for modulating energy
metabolism to renal pharmacology. Although a recent study
showed Metrnl promotes heart repair through endothelial
KIT receptor tyrosine kinase (44), more research is needed to
identify the cellular receptor that mediates the effects. Our
observation that Metrnl induces PGC-la in the kidney
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in vivo and in vitro, which, in turn, binds to the Sirt3 pro-
moter to stimulate Sirt3 transcription, is consistent with the
known role of PGC-1a as a protective factor in the kidney.

In summary, the results of our study appear to have uncov-
ered a novel function of Metrnl, which alleviates lipid accu-
mulation through maintaining mitochondrial homeostasis in
RTECs. Mechanistically, as shown in Fig. 7Q, Metrnl not only
activates Sirt3-AMPK signaling to maintain mitochondrial
health and promote FAO, consequently alleviating lipid accu-
mulation, it also directly consumes lipids to generate heat
through Sirt3-UCP1. Because Metrnl is pathophysiologically
related to diabetes mellitus, this work provides a new thera-
peutic strategy: altering Metrnl or administering Metrnl as a
treatment to protect RTECs against injury in DKD.
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