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A substantial body of evidence has established the contri-
butions of both mitochondrial dynamics and lipid metabolism
to the pathogenesis of diabetic kidney disease (DKD). However,
the precise interplay between these two key metabolic regula-
tors of DKD is not fully understood. Here, we uncover a link
between mitochondrial dynamics and lipid metabolism by
investigating the role of carbohydrate-response element-bind-
ing protein (ChREBP), a glucose-responsive transcription fac-
tor and a master regulator of lipogenesis, in kidney podocytes.
We find that inducible podocyte-specific knockdown of
ChREBP in diabetic db/db mice improves key biochemical and
histological features of DKD in addition to significantly
reducing mitochondrial fragmentation. Because of the critical
role of ChREBP in lipid metabolism, we interrogated whether
and how mitochondrial lipidomes play a role in ChREBP-
mediated mitochondrial fission. Our findings suggest a key
role for a family of ether phospholipids in ChREBP-induced
mitochondrial remodeling. We find that overexpression of
glyceronephosphate O-acyltransferase, a critical enzyme in the
biosynthesis of plasmalogens, reverses the protective pheno-
type of ChREBP deficiency on mitochondrial fragmentation.
Finally, our data also points to Gupat as a direct transcriptional
target of ChREBP. Taken together, our results uncover a
distinct mitochondrial lipid signature as the link between
ChREBP-induced mitochondrial dynamics and progression of
DKD.

Lipids play a central role in cellular energy production,
membrane structure, and signaling, and their dysregulated
metabolism has been recognized as a significant contributor to
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the pathogenesis of several pathologies, including diabetic
kidney disease (DKD) (1-4). However, the molecular mecha-
nisms underlying the link between lipid metabolism and the
pathogenesis of DKD remain incompletely understood.

A growing body of evidence suggests that the interplay be-
tween mitochondrial dynamics and lipid metabolism is a
crucial factor in the pathogenesis of metabolic diseases (5-9).
Indeed, both impaired mitochondrial dynamics and aberrant
lipid metabolism have been associated with DKD pathogenesis
and disease progression (4, 10—14). Mitochondrial dynamics is
a concept that describes the dynamic nature of mitochondrial
morphology and continuous changes in mitochondrial struc-
ture that ultimately controls mitochondrial function and is
tightly regulated by a tight balance among “mitochondrial
shaping” proteins that are involved in mitochondrial fission
(fragmentation) and fusion (15-17). Mitochondrial fission is
essential for mitochondrial transport and distribution within
the cell and elimination of damaged mitochondria, whereas
mitochondrial fusion is crucial for mitochondrial mixing and
enhanced oxidative phosphorylation (18, 19). But how mito-
chondrial dynamics is linked to lipid metabolism is largely
unknown. Recent studies have suggested that mitochondrial
dynamics is controlled not only by fusion-fission machinery
proteins but also by the cellular lipid milieu (5, 20-22).
However, little is known about the underlying molecular
mechanisms by which aberrant lipid metabolism impacts key
features of diabetes-induced mitochondrial dynamics that
could lead to the progression of DKD.

Here, we examined the interaction between lipid meta-
bolism and mitochondrial dynamics in progression of DKD
through interrogating the role of carbohydrate-response
element-binding protein (ChREBP), a whole-body glucose
sensor and one of the major transcription factors that regulate
both glycolysis and lipogenesis (23). Having previously showed
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ChREBP in diabetic kidney disease

that ChREBP expression is significantly increased in podocytes
induced by high glucose (HG) milieu (24), we now examine the
role of ChREBP onprogression of DKD in vivo and its role as a
link between mitochondrial dynamics and lipid metabolism by
generating an inducible podocyte-specific ChRREBP KO mouse
model on a diabetic db/db background. Our findings indicate
that diabetic mice with conditional ChREBP knockdown (KD)
in podocytes are protected against progression of DKD.
Importantly, this protective effect was associated with
decreased mitochondrial fission in podocytes. We also iden-
tified that altered peroxisomal-derived ether phospholipids
linked ChREBP to mitochondrial dynamics in DKD. These
findings also highlight a surprising role of ChREBP in coor-
dinating the HG-mediated crosstalk among different organ-
elles, including peroxisomes, endoplasmic reticulum (ER), and
mitochondria.

Results

Generation and characterization of mice with inducible
podocyte-specific ChREBP KD

We have previously found that ChREBP expression is
upregulated in podocytes under HG conditions (24). To vali-
date these results in vivo, we isolated primary podocytes from
diabetic db/db mice, an established experimental model of

type 2 diabetes, at 24 weeks of age and confirmed that ChREBP
expression was significantly increased in kidney podocytes
from db/db mice compared to nondiabetic dbm littermate
mice (Fig. S1, A-C). To gain further insights into the role of
ChREBP on podocyte homeostasis in vivo, we generated an
inducible podocyte-specific ChREBP KO mouse model by
crossing floxed ChREBP mice (ChREBP™¥1°%) with
tamoxifen-inducible Cre transgenic mice which carry a Cre
recombinase driven by human podocin gene promoter
(podocin-iCreERT2) previously established in our laboratory
(Fig. 1A) (25, 26). At 8 weeks of age, ChREBP1*¥/1°%; podocin-
iCreERT2 mice (referred herein as ChREBPT*4f) were
induced with tamoxifen as previously described (25). Robust
reduction of ChREBP in podocytes was confirmed by qPCR
and Western blot analysis of primary podocytes isolated from
ChREBP™**f mice (Fig. 1, B and C). Both isoforms of
ChREBP, ChREBPa and ChREBPp, were deleted in podocytes
from tamoxifen-induced ChRREBP % mice (Fig. 1D). We also
found multiple previously established downstream targets of
ChREBP, including lipogenic genes, such as Fasn (fatty acid
synthase), Acc (acetyl-CoA carboxylase), Elovl6 (elongation of
very long chain fatty acids protein 6), and redox regulator,
Txnip (thioredoxin-interacting protein), were also significantly
downregulated in podocytes from tamoxifen-induced
ChREBP"*4f mice (Fig. 1D). ChREBP™**¥f mice did not
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Figure 1. Generation of inducible podocyte-specific ChREBP KO mice. A, top, a representative image of ChREB

PPod -f/f

mice with or without tamoxifen

induction. Scale bar represents 1 cm. Bottom, genotyping PCR detecting ChREBP” f homozygosity and Pod-iCreERT2 as indicated in the red box. B and C,
gPCR (B) and Western blot (C) analysis of ChREBP expression in isolated podocytes from tamoxifen-induced ChREBP™?"f and noninduced control mice.
D, qPCR analysis of indicated ChREBP target genes expression in isolated primary podocytes. E, urinary ACR analysis of tamoxifen-induced and noninduced
mice at 8 and 20 weeks. F, upper panel: representative images of kidney tissue sections from 20-week-old mice stained with PAS. Scale bar represents 50 pm.
Bottom panel: representative TEM micrographs from indicated groups. Scale bar represents 0.5 um. Results are presented as mean + SEMs. ***p < 0.001;
***%p < 0.0001; ACR, albumin to creatinine ratio; ChREBP, carbohydrate-response element-binding protein; NS, not significant; PAS, Periodic-Acid Schiff's;
TEM, transmission electron microscopy.
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show overall gross abnormalities (Fig. 14), and we did not
observe significant changes in the urinary albumin to creati-
nine ratio, kidney histology or podocyte morphology assessed
by Periodic-Acid Schiff’s staining, and transmission electron
microscopy (TEM) after tamoxifen induction at 20 weeks of
age (Fig. 1, E and F). These findings suggest that conditional
ChREBP KD in podocytes does not elicit major biochemical or
histologic consequences in the kidney in the absence of sig-
nificant metabolic stress.

Podocyte-specific ChREBP deficiency attenuates progression
of DKD

To investigate whether ChREBP deficiency in podocytes
confers protection against progression of DKD, we crossed
ChREBP™** mice with diabetic Lepr®* mice to generate
diabetic Lepr®®; ChREBP™*Y"f mice (hereafter referred to as
db/db; ChREBP"**"f). While podocytes obtained from non-
induced db/db; ChREBP**"" mice exhibited markedly
enhanced expression of ChREBP compared to dbm controls, a
significant reduction of ChREBP protein level was observed in
podocytes of tamoxifen-induced db/db; ChREBP™**"f mice
(Fig. 2A). ChREBP deficiency in podocytes did not significantly
affect body weight and blood glucose levels (Fig. 2, B and C).
However, ChREBP KD in podocytes of tamoxifen-induced db/
db; ChREBP*f mice markedly improved albuminuria (a
decline of ~50%, from 390.4 + 40.8 pug/mg to 203.0 + 29.0 g/
mg) as measured by albumin to creatinine ratio compared with
noninduced diabetic control mice at 20 weeks of age (Fig. 2D).

Histologically, tamoxifen-induced db/db; ChREBP"°4
mice displayed a significant reduction of mesangial matrix
expansion and restored expression of synaptopodin, a podo-
cyte marker, compared to noninduced diabetic controls at
20 weeks of age (Fig. 2, E-G). Consistent with these findings,
TEM revealed improved glomerular basement membrane
thickening and podocyte foot process effacement in
tamoxifen-induced db/db; ChRREBP *%f mice compared with
their noninduced diabetic controls (Fig. 2, E and H). Taken
together, these results suggest that podocyte-specific ChREBP
deficiency improves key features of DKD. However, the mo-
lecular mechanisms by which ChREBP contributes to the
pathogenesis of DKD remain unclear.

Plasmalogen phospholipids link ChREBP to mitochondrial
remodeling

Both lipid dysregulation and mitochondrial remodeling have
been shown to contribute to the development of DKD (11, 13,
27). However, the importance of the interplay between two key
processes in DKD pathogenesis remains largely unknown. A
possible link between lipogenesis and mitochondrial
morphology in several biological activities of the cell has been
recently proposed (5, 22, 28). Therefore, we examined whether
ChREBP, a master regulator of lipogenesis, impacts the
development of DKD by linking aberrant lipid metabolism
with mitochondrial remodeling in DKD. To this aim, we first
performed immunostaining of kidney tissue sections in our
experimental diabetic mice and observed that compared to
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noninduced diabetic controls, tamoxifen-induced diabetic db/
db; ChREBP™**"f mice had fewer lipid droplets in podocytes
(Fig. 3A). Importantly, when we examined TEM micrographs
using kidney tissues from diabetic mice, we found significant
improvement in mitochondrial fission, a key feature of mito-
chondrial dynamics, in the podocytes of tamoxifen-induced
diabetic db/db; ChREBP*! mice (Fig. 3, B-F) (11, 12, 26).
Specifically, we noticed that podocytes from tamoxifen-
induced db/db; ChREBP™*%f mice has more elongated
mitochondria with increased aspect ratio and form factor and
decreased circularity compared with mitochondria in podo-
cytes from noninduced diabetic controls as assessed by
quantitative analyses of TEM micrographs (Fig. 3, B—F). Taken
together, these data suggest that ChREBP deficiency in podo-
cytes from diabetic mice is associated with significant
improvement in lipid accumulation and mitochondrial fission.
However, the link between ChREBP-mediated lipogenesis and
mitochondrial fission in podocytes remained unknown.

Mounting evidence suggests that lipid composition of
mitochondrial inner and outer membranes play important
roles in coordinating mitochondrial fission and fusion (20, 21,
29). Phospholipids, an important class of lipids, are mainly
responsible for the integrity of mitochondrial membranes (29).
The major phospholipids found in mitochondrial membranes
include phosphatidylethanolamine (PE), phosphatidylcholine
(PC), phosphatidylinositol, phosphatidylserine, phosphatidic
acid, phosphatidylglycerol, and cardiolipin (29). PC and PE are
the most abundant phospholipids in mitochondria, comprising
40 and 30% of total mitochondrial phospholipids, respectively
(30). Importantly, among different classes of phospholipids,
cardiolipin, phosphatidic acid, and plasmalogens, a special
subclass of PC and PE lipids, have recently been implicated in
the regulation of mitochondrial morphology (20, 21, 31).

We therefore reasoned that ChREBP-induced changes in
mitochondrial lipidomes could play a role in mitochondrial
remodeling in podocytes. To test this hypothesis, we first
examined the role of ChREBP on mitochondrial lipidomes
using an unbiased approach and then examined whether a
selective lipid species, downstream of ChREBP, could serve as
a link between aberrant lipogenesis and mitochondrial
remodeling in podocytes of diabetic mice. To develop an
in vitro model to test our hypothesis, we generated stable
ChREBP-knockdown (ChREBP-KD) in cultured podocytes
transfected with shRNA against ChREBP (shChREBP). We
found that shChREBP led to ~65% reduction in ChREBP
expression as compared to scramble shRNA (shCtrl) by
Western blotting (Fig. 44). Notably, we observed that while
mitochondrial network was fragmented in shCtrl-transfected
cultured podocytes under HG conditions (25 mM for 48 h),
downregulation of ChREBP in cultured podocytes restored the
tubular and elongated morphology of mitochondria, as evi-
denced by an increase in the mitochondrial aspect ratio (Fig. 4,
B and C). We also found that ChREBP-KD improved the effect
of HG on ATP and mitochondrial reactive oxygen species
(ROS) production in cultured podocytes (Fig. S2, A and B).
These results suggest that our ChREBP-KD cells recapitulate
some of the key metabolic features of diabetic mouse models
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Figure 2. Conditional deletion of ChREBP in podocytes confers protection against DKD. A, Western blot analysis and quantification of ChREBP
expression in podocytes isolated from tamoxifen-induced and noninduced dbm/ChREBPP* mice and db/db/ChREBPP°" mice. B-D, body weight (B),
blood glucose (C), and urinary ACR (D) of tamoxifen-induced dbm/ChREBP™°%*f mice (n = 7) and noninduced dbm controls (n = 5) and tamoxifen-induced
db/db/ChREBPP°* mice (n = 8) and noninduced db/db controls (n = 7) at different ages. E, representative micrographs of PAS-stained kidney tissue
sections, glomerular expression of synaptopodin, and TEM images showing podocyte morphology obtained from 20-week-old mice. Scale bars represent
50 pm in row 1 and 2; scale bar represents 0.5 um in row 3. F, quantification of mesangial matrix expansion. n = 4 mice per group. G, quantification of
synaptopodin-positive area per glomerulus. n=3 to 4 mice per group. H, quantification of GBM thickness. n = 3 or 4 mice per group. Results are presented as
mean + SEMs. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; NS, not significant. ACR, albumin to creatinine ratio; ChREBP, carbohydrate-response
element-binding protein; DKD, diabetic kidney disease; GBM, glomerular basement membrane; PAS, Periodic-Acid Schiff's; TEM, transmission electron

microscopy.

and could be used as an in vitro model to further investigate
the role of ChREBP on mitochondrial lipidome.

Using an unbiased ultrahigh liquid chromatography coupled
with mass spectrometry, we examined the impact of ChREBP
on mitochondrial lipidome using enriched mitochondrial
fractions from shCtrl- and shChREBP-transfected podocytes
treated with normal glucose (NG, 5 mM for 48 h) or HG
(25 mM for 48 h). The enrichment of mitochondrial fraction
and the purity of isolated mitochondria were first confirmed
(Fig. S3A). The untargeted mitochondrial lipidomic profiling
recovered major lipid classes in mitochondrial membranes, but

4 ] Biol. Chem. (2023) 299(9) 105185

only the abundance of PC and PE, the two most abundant
phospholipids in mitochondrial membranes, were significantly
changed with the abundance of PE significantly increased,
while PC abundance was significantly decreased in mito-
chondrial lipidomes in HG-treated podocytes relative to NG
(Fig. 4D). Notably, these HG-induced changes in mitochon-
drial lipidomes were reversed with ChREBP KD. (Fig. 4D).
PC and PE are made up of diacyl, alkyl (plasmanyl), and
alkenyl (plasmenyl, also known as plasmalogens) subclasses
(Fig. S3B) (32, 33). To examine exactly which subclass was
responsible for the overall changes observed in ChREBP and
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circularity. Results are presented as mean + SEMs. **p < 0.01; ***p < 0.001; ****p < 0.0001; ChREBP, carbohydrate-response element-binding protein; NS,

not significant; TEM, transmission electron microscopy.

HG-induced PC and PE levels, we measured the abundance of
diacyl, plasmanyl, and plasmalogen subclasses in our samples.
We found that plasmalogen-PC abundance was significantly
increased by HG and reversed with ChREBP KD (Fig. 4E). A
similar trend was observed in plasmalogen-PE levels among
the three groups, albeit it did not reach a statistical signifi-
cance. Detailed analysis revealed that HG increased
plasmalogen-PC and PE with varied acyl side chain length in a
ChREBP-dependent manner, suggesting a possible modulatory

SASBMB

role of ChREBP on plasmalogen-PC and plasmalogen-PE
synthesis pathways (Fig. 4, F and G). Collectively, these re-
sults suggest that ChREBP plays an important role in HG-
mediated mitochondrial lipidomic remodeling, probably
through regulating plasmalogen synthesis. Importantly, we
found that these results were consistent among samples in
each group as evidenced by principal component analysis of
the lipidomes with multivariate clustering of top differentially
expressed PC- and PE-ether lipids revealing two distinct
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Figure 4. The abundance of plasmalogen phospholipids is increased in HG-induced podocytes and decreases with ChREBP-KD. A, Western blot
analysis and quantification of ChREBP expression levels in control cells treated with NG or HG and ChREBP-KD cells treated with HG. B, representative
immunofluorescence micrographs of podocytes stained with MitoTracker Red. Scale bar represents 10 um in row 1; scale bar represents 2 pm in row 2. C,
quantification of mitochondrial AR in each experimental condition. D, mitochondrial lipidome of control cells treated with NG (n = 3) or HG (n = 3) and
ChREBP-KD cells treated with HG (n = 4). Inset shows expanded y axis for clarification. E, lipidomic analysis showing relative abundance of PC and PE lipids.
F and G, heat map of mitochondrial PC (F) and PE (G) changes among three groups. p < 0.1. H, PCA of top differentially expressed PC and PE ether lipids
(n = 124). Results are presented as mean = SEMs. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. AR, aspect ratio; Cer, ceramide; ChREBP,
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lipidomic profiles with NG- and HG-treated podocytes,
whereas HG-treated ChREBP-KD podocytes exhibited a lip-
idomic shift back towards NG conditions (Fig. 4H).

Plasmalogens are basic components of mitochondrial
bilayer, whose biosynthesis initiates in peroxisomes but cul-
minates in the ER (Fig. 54) (33). Plasmalogens biosynthesis
begins with two key enzymes, glyceronephosphate O-acyl-
transferase (GNPAT) and alkyl-glyceronephosphate synthase
(AGPS). Plasmalogens are then translocated from peroxisomes
to mitochondria where they are incorporated into mitochon-
drial membrane where they play important roles in regulating
mitochondrial dynamics through their ability to modulate
physical properties of lipid bilayers (31, 34). Since plasmalogen
metabolism involves interaction among several subcellular
compartments, we reasoned that it could serve as a link be-
tween ChREBP-mediated lipogenesis and mitochondrial
fission. Therefore, we next focused on key enzymes involved in
plasmalogen synthesis that could be directly regulated by
ChREBP. To this end, we examined the expression of two key
enzymes in the biosynthesis of plasmalogens in the peroxi-
some, GNPAT, and AGPS (35) and found a significant increase
in the protein and mRNA expression of GNPAT in podocytes
treated with HG (Fig. 5, B and C). Interestingly, this increase
was reversed upon targeted KD of ChREBP. In contrast, the
protein and mRNA expression of AGPS enzyme remained
unchanged (Fig. 5, B and C). We then validated whether Gnpat
is a HG- and ChREBP-responsive gene in vivo. We found that
Gnpat expression is significantly higher in podocytes obtained
from db/db mice than in nondiabetic dbm mice (Fig. S4A).
However, Gnpat expression was significantly reduced in pri-
mary podocytes isolated from tamoxifen-induced ChREBPPY-
' mice compared to podocytes from noninduced ChREBPP*+
% control mice (Fig. S4B). These findings suggest that Gnpat
could be a HG- and ChREBP-responsive gene.

We next examined whether GNPAT couples ChREBP with
mitochondrial morphology. To this end, we generated a Gnpat-
overexpressing construct to rescue GNPAT expression in
ChREBP-KD-cultured podocytes (Fig. S5, A-C). As expected
and consistent with our previous observations (11), we
observed increased mitochondrial fission in HG-treated
podocytes transfected with a nontargeted shRNA (shCtrl)
(Fig. 5D). However, ChREBP-KD podocytes treated with HG
exhibited significantly less mitochondrial fission, whereas
concurrent overexpression (OE) of GNPAT in ChREBP-KD
podocytes (ChREBP-KD/Gnpat OE) resulted in enhanced
mitochondrial fission, with a morphology shift towards a more
fragmented network consistent with a higher proportion of
shorter and rounder mitochondria (Fig. 5, D—F). Importantly,
mitochondrial ROS as assessed by MitoSox fluorescence was
also significantly higher in ChREBP-KD/Gnpat OE—transfected
podocytes than in targeted ChREBP-KD podocytes when both
exposed to HG (Fig. 5G). Surprisingly, GNPAT OE did not
significantly affect the protective effect of ChRREBP-KD on ATP

ChREBP in diabetic kidney disease

production (Fig. 5H). Furthermore, while we observed that
ChREBP-KD effectively restored both the basal and maximal
oxygen consumption rate levels which were reduced by HG,
cells with GNPAT-OE exhibited no significant additional
impact beyond the levels obtained with ChREBP-KD (Fig. S6,
A-C).

To further examine the effect of plasmalogens on mito-
chondrial remodeling, we next tested whether restoration of
plasmalogen levels by direct supplementation of alkylglycerols
(AG) could reverse the protective effect of ChREBP-KD on
mitochondrial phenotype in podocytes since AGs have previ-
ously been shown to enter the synthetic pathway of plasmal-
ogens, enhancing plasmalogen levels (36, 37). We treated
ChREBP-KD podocytes with two compounds containing
either 16- or 18-carbon AGs, 1-O-Hexadecyl-rac-glycerol
(16:0-AG) or 1-O-Octadecyl-rac-glycerol (18:0-AG) (31). We
observed that supplementation with either 16:0-AG or 18:0-
AG led to significantly enhanced mitochondrial fragmenta-
tion in ChREBP-KD podocytes cultured in HG. In contrast,
treatment with DL-a-palmitin, a control substance that con-
tains an acyl group instead of the ether group, had no effect on
mitochondrial morphology in ChREBP-KD podocytes (Fig. 5,
I-K).

ChREBP binds to Gnpat promoter and activates its
transcription

Finally, we examined whether GNPAT is a direct tran-
scriptional target of ChREBP. Consistent with our hypothesis,
we found one putative carbohydrate responsive element
(ChoRE) in the promoter of mouse Gnpat gene (Fig. 6A). We
then re-analyzed our ChIP-Seq data previously generated from
adipose tissue (38) identified a peak of ChREBP binding up-
stream of Gmpat promoter, which was absent in the input
control (Fig. 6B). To validate the ChIP-seq results in podo-
cytes, we performed chromatin immunoprecipitation and
qPCR using primers targeting various regions of the Gnpat
promoter. We found that ChREBP specifically interacts with a
proximal region of Gupat promoter that covers the putative
ChoRE region (Fig. 6C). To explore whether this interaction
could affect Gnpat promoter activity, we generated a luciferase
reporter construct driven by the mouse Gnpat proximal pro-
moter and assessed the promoter activity with transient
expression of ChREBP. We found that OE of ChREBP
increased the luciferase activity of Gnpat promoter in a dose-
dependent manner. Similarly, OE of Max-like protein (MLX), a
functional obligatory partner of ChREBP, also enhanced the
promoter activity of Gnupat (Fig. 6D). Furthermore, we
generated a ChoRE mutant construct to test whether it can
abolish ChREBP binding. Indeed, the mutant ChoRE failed to
show activation of Gumpat promoter activity (Fig. 6E). These
results strongly indicate that ChREBP directly regulates
transcription of Gnpat gene. Furthermore, our findings

carbohydrate-response element-binding protein; CL, cardiolipin; DG, diacylglycerol; HG, high glucose; KD, knockdown; LPC, lysoPC; LPE, lysoPE; NG, normal
glucose; PCA, principal component analysis; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PS, phosphatidylserine; PA, phosphatidic acid; PG,

phosphatidylglycerol; Pl, phosphatidylinositol.

SASBMB

J. Biol. Chem. (2023) 299(9) 105185 7



ChREBP in diabetic kidney disease

A \ ?5"%?
A Peroxisome B C RNV
$0°" ‘(\06 o 3
DHAP . _ _N;\gV(kDa)
ACVI'COA\iGNPAT P C_ING shCtrl GNPAT| - E
1-acyl-DHAP 2 s |7 HG shCtrl : —
Fatty alcohol
atty alco O\iAGPS E :% 3] HG shChREBP AGPS
1-alkyl-DHAP
oy Mitochondrion <z( L B-ACTIN
g * * NSNS
1-O-alkyl G3P. c _g 24 /e c
[l kel
PE plasal 2 E 2
pasgnaogen A 85 4 o
»PC plasmalogen & Z <
CDP-EtN-> diacyl PE )
(AR o
CDP-choline > diacyl PC 0 T T T 2
ChREBP  Gnpat Agps %
ER 4 GNPAT AGPS
D HG E F
NG shctrl shctrl shChREBP shChREBP+Gnpat-OE 4 = 25 e
. <aw e
2 23 5 20
® e g 15
's | B2 -
s i o -g 1.0
) k]
< 1 € 05
n=23 n=33n=30n=50 2 "
0 300
= 0@ O\«\ Qg,? o@ s
] & &
a R RCN o RN
R
QY
é\o
&©
G 220000 . o | shCtrl ShChREBP
e EtOH EtOH DL-o-palmitin 16:0-AG 18:0-AG
2 15000 c : . .
X
9]
@ 10000 (O]
2 T
=
< 50004
o
B
= 0-
& R £ & _
K\O\ (\\QSOQ’Q © T
©° Y\C’ Nl ®
o° Q;Q o
N &
%(\O
Q\O
NS
H 150 ek e J —_
X —r— €
5 1204 - s =
[ o vEN S £ 2.0
8 gl e =2
& g 5 3 1.5+
< B o 24 =
o 60 a £ 1.0
£ < 2
T 307 1- & 0.5-
&) 0 n=20 n=29 n=27 n=37 n=39 -S n=20 n=29 n=27 n=37 n=39
- r T 1 1 o
\ Q N2 0 T T T T T = 00 T T T T T
PO e RO = ROt (P SO 2O
O O F WO O OF 0% o F o™ oW
©° 7 0& o €O O oot g0 e® ¥ oV ot g0
L Q,Q’Q HG shCtl  HG shChREBP HG shCtrl HG shChREBP
(\

©
\?‘O

Figure 5. GNPAT and plasmalogen phospholipids link ChREBP to mitochondrial dynamics. A, biosynthetic pathway of plasmalogens. GNPAT catalyzes
the initial peroxisomal step by utilizing acyl-CoA to acylate dihydroxyacetone phosphate (DHAP) at the sn-1 position to form 1-acyl-DHAP. AG is the ether
lipid precursor and generated in the final peroxisomal step. B and C, gPCR (B) and Western blot (C) analysis of Gnpat and Agps expression level in control
cells treated with NG or HG and ChREBP-KD cells treated with HG. D, representative confocal micrographs showing MitoTracker red staining of control
podocytes treated with NG or HG and HG-induced ChREBP-KD podocytes with or without Gnpat overexpression. Scale bar represents 10 pm in row 1; scale
bar represents 2 pm in row 2. E and F, quantification of mitochondrial aspect ratio (E) and mitochondrial length (F) in cells described in (D). G and H,
mitochondrial function as assessed by MitoSox fluorescence intensity (G) and ATP production (H) in indicated cell lines. I, MitoTracker red staining of control
podocytes and ChREBP-KD podocytes treated with 0.05% ethanol (EtOH), DL-a-palmitin (DL-P), 16:0-AG, 18:0-AG in the presence of high glucose. Scale bar
represents 10 um in row 1; scale bar represents 2 um in row 2. J and K, mitochondrial morphology was quantitated from confocal micrographs as
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demonstrate that ChREBP-Gnpat—plasmalogen axis is a novel
regulator of mitochondrial dynamics in podocytes.

Discussion

This study identifies a novel role for the transcription factor
ChREBP in linking mitochondrial lipidomes with mitochon-
drial dynamics and the progression of DKD. Using podocyte-
specific ChREBP-deficient mice, we provide in vivo evidence
that the deletion of ChREBP in podocytes mitigates mito-
chondrial fission and improves key features of DKD.
Furthermore, we define plasmalogen phospholipids as the
mechanistic link between ChREBP-mediated lipid metabolism
and mitochondrial remodeling. We also identify GNPAT, a
critical enzyme in plasmalogen biosynthesis, as a direct tran-
scriptional target of ChREBP. Our findings underscore the
crucial role of ChREBP in mediating inter-organelle in-
teractions across multiple cellular compartments, revealing
ChREBP as a key regulator of cellular homeostasis. Specifically,
our study suggests that ChREBP functions as a link between
the HG environment and a coordinated response between
peroxisomes and the ER, ultimately regulating and controlling
mitochondrial morphology (Fig. 6F).

ChREBP has long been recognized to play a pivotal role in
cell response to carbohydrate and glucose cues from the
environment (23). While the impact of ChREBP global
knockout in the kidneys of diabetic streptozotocin mice has
been recently reported (39), the role of ChREBP KD in the
kidney cells and the underlying molecular mechanism of its
modulatory effect were unknown. Here, we demonstrate that
conditional deletion of ChREBP in podocytes significantly at-
tenuates albuminuria, mesangial matrix expansion, glomerular
basement membrane thickening, and podocyte effacement in
db/db diabetic mice. We found that these improvements are, at
least in part, associated with reduced lipogenesis and improved
mitochonderial fission in podocytes with ChREBP KD.

Recent advances in lipidomic technologies have empowered
a better understanding of the interplay between lipid meta-
bolism and mitochondrial dysfunction. For instance, several
reports have recently suggested that the lipid composition in
mitochondrial membranes may play a critical role in regulating
and maintaining mitochondrial shape and function (29, 34,
40). However, the link between lipids and mitochondrial
function in podocytes and its role in the progression of DKD
remain poorly understood. In the present study, we used ultra-
high-performance liquid chromatography coupled with high
resolution mass spectrometry to demonstrate that mitochon-
drial plasmalogen phospholipids are differentially regulated by
ChREBP. Notably, we found that elevated levels of plasmal-
ogens in podocytes, achieved either through OE of GNPAT or
by direct supplementation of plasmalogen precursors, could
reverse the protective effect of ChREBP KD on mitochondrial
fission in the diabetic milieu.

ChREBP in diabetic kidney disease

A key finding of this study is the identification of ChREBP as
a novel transcriptional regulator of GNPAT expression. We
provide evidence supporting the potential binding of ChREBP
to Gnpat promoter and activating its transcription. Our find-
ings indicate that ChREBP transcriptionally activates Gnpat
expression in response to HG, resulting in increased plas-
malogens content in mitochondrial lipidome.

Taken together, our results indicate that the transcription
factor ChREBP links lipid metabolism with mitochondrial
dynamics and the progression of DKD. We also identify the
key role of plasmalogens, a vinyl-ether subclass of glycer-
ophospholipids, in mediating ChREBP-induced mitochondrial
remodeling in the diabetic environment. These findings sup-
port previously published work suggesting that plasmalogens,
as major lipid components of biological membranes, play
important roles in the lipid composition of mitochondrial
membranes (31, 33, 34), and changes in their abundance are
associated with mitochondrial membrane remodeling (31, 34,
41). Based on our findings, we propose that HG induces
ChREBP expression and promotes its nuclear translocation
and binding to the ChoRE element present on the promoter of
Gnpat gene (Fig. 6F). Elevated expression of GNPAT results in
the accumulation of peroxisomal-derived plasmalogens, which
are transported to mitochondria and incorporated into mito-
chondrial membranes. The subsequent changes in the plas-
malogen content could trigger mitochondrial membrane
remodeling by several mechanisms as previously suggested,
importantly by altering the biophysical properties of mito-
chondrial membrane, leading to increased mitochondrial
fission (31, 41). Furthermore, our data suggests that targeting
plasmalogen content by pharmacological approaches may
present a novel therapeutic approach in DKD.

Experimental procedures
Tissue culture

Conditionally immortalized mouse podocytes were cultured
as previously reported (11, 42). Podocytes were treated with
20 pM of DL-a-palmitin (Sigma-Aldrich), 1-O-Hexadecyl-rac-
glycerol (16:0-AG, Santa Cruz), 1-O-Octadecyl-rac-glycerol
(18:0-AG, Sigma-Aldrich), or 0.05% ethanol (vehicle) for 48 h.
Human embryonic kidney fibroblast 293T cells (CRL-3216)
were obtained from American Type Culture Collection and
cultured according to the instructions.

Animal work

All animal experiments were conducted in accordance with
the “Principles of Laboratory Animal Care” (NIH publication
No. 85023, revised 1985) and the guidelines of the IACUC of
The University of Texas MD Anderson Cancer Center. Dia-
betic db/db mice and their control littermates dbm (Strain
#000642, BKS.Cg-Dock7™"*Lepr®) were obtained from the

mitochondrial aspect ratio (J) and mitochondrial length (K) in cells described in (/). Scale bar represents 10 pm. Results are presented as mean + SEMs.
*p < 0.05 **p < 0.01; **p < 0.001; ****p < 0.0001; 1-O-alkyl-G3P (AG), 1-O-alkyl-2-hydroxylsn-glycerol-3-phosphate; AG, alkylglycerols; ChREBP,
carbohydrate-response element-binding protein; GNPAT, glyceronephosphate O-acyltransferase; HG, high glucose; KD, knockdown; NG, normal glucose; NS,

not significant.
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Jackson Laboratory. Conditionally, ChREBP-targeted mice
were described previously (43). The ChREBP-floxed mice were
backcrossed ten generations on C57BLKS background.
Podocin-iCreERT2 transgenic mice were previously generated
in our laboratory (44). Mice were genotyped by PCR analysis of
tail DNA with primers listed in Table S1. Mice with appro-
priate genotypes were administered 4 mg/d tamoxifen (Sigma-
Aldrich, T5648) dissolved in sesame oil intraperitoneally for
10 days. Urinary albumin was measured using a mouse albu-
min ELISA kit (Excocell). Urinary creatinine concentration
was measured using QuantiChrom Creatinine Assay Kit
(BioAssay Systems).

Primary podocytes isolation

Primary podocytes were isolated from mouse kidneys as
previously described (45). In brief, podocytes were ex vivo
selected by biotin-labeled anti-Kirrel3 and podocalyxin anti-
bodies (R&D Systems BAF4910 and R&D Systems BAF1556,
respectively), then isolated using magnetic, streptavidin-
labeled Dynabeads (Thermo Fisher Scientific).

Kidney histopathology

Formalin-fixed, paraffin-embedded tissues were sectioned at
5 um. Periodic-Acid Schiff’s staining was performed according
to manufacturer’s instructions (Sigma Aldrich). At least 30
glomeruli were examined per mouse.

Transmission electron microscopy

Kidneys removed from anesthetized mice were immediately
trimmed, fixed, and processed as previously described (12).
Digital images were obtained using AMT Imaging System
(Advanced Microscopy Techniques). Glomerular basement
membrane thickness was analyzed using Image] Software
(version 1.53 g; National Institutes of Health; https://imagej.
nih.gov/ij/download.html).

Mitochondrial morphology assessment

Mitochondrial shape in TEM micrographs were analyzed by
Image] as previously described (11, 12). The morphology of at
least 80 mitochondria was determined for each condition.

Immunofluorescence

Podocytes were plated at 5 x 10° seeding density on BioCoa
Collagen I 22 mm coverslips in 6-well plates. After treatment,
cells were incubated with 100 nM MitoTracker Red CMXRos
(Life technologies) for 15 min. Cells were washed with DPBS,
then fixed with ice-cold 1:1 methanol/acetone (v/v) and
mounted. Images were acquired on a FV1200 confocal mi-
croscope (Olympus), with a x60 immersion objective.

Immunohistochemistry

Immunostaining of paraffin-embedded kidney sections was
performed as previously described (12). Primary and sec-
ondary antibodies applied in this study were listed in
Table S2. Images were acquired on a FV1200 confocal
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microscope (Olympus) with the same settings for each
channel. Synaptopodin expression levels were determined
using Image] software.

Mitochondrial ROS, ATP, and oxygen consumption rate

Podocytes were incubated with HBSS buffer containing
3 uM MitoSox (Life Technologies) for 20 min at 37 °C in a
non-CO, incubator. MitoSox fluorescence was analyzed by
flow cytometry with help from UT-MDACC FCCICF Core, as
previously described (25). Cellular ATP levels were measured
using the CellTitre-Glo Luminescent Cell Viability Assay Kit
(Promega). ATP levels were normalized by DNA concentra-
tion in each well. DNA concentration was measured using
CyQUANT Cell Proliferation Assay Kit (Molecular Probes).
Oxygen consumption rate was measured using Seahorse
XFe96 Analyzer (Agilent) as previously described (25) and
subsequently normalized using the CyQUANT Cell Prolifer-
ation Assay Kit for DNA concentration.

Western blot analysis

Western blotting and quantitative analyses were performed
as previously described (25). The primary antibodies and
secondary antibodies used for Western blotting were listed in
Table S2.

RNA extraction and RT-qPCR

RNA extraction and RT-qPCR were performed as previously
described (25). We calculate fold changes in gene expression
normalized to Hprt or Actb using 2"**“" method. The specific
primers for target genes in this study are listed in Table S1.

Chromatin immunoprecipitation and qPCR

ChIP assay was conducted using the SimpleChIP Enzymatic
Chromatin IP Kit (Cell Signaling Technology). Briefly, mouse
podocytes were crosslinked with 1% formaldehyde for 10 min
and quenched by 5 min incubation with 200 mM glycine.
Nuclei were harvested and chromatin was digested by micro-
coccal nuclease to release nucleosome. Chromatin size and
concentration were determined before incubation with ChIP-
grade anti-ChREBP antibody (Novus, NB400-135) at 4 °C
overnight. The next day ChIP-grade protein G magnetic beads
were added to each reaction and incubated for 4 h with
rotation. After a series of low salt and high salt wash, chro-
matin was eluted, and crosslink was reversed. DNA was then
purified by spin column and quantitated by qPCR using spe-
cific primers spanning the putative ChREBP-binding elements
in Gnpat promoter. Primers sequences used for ChIP-PCR are
listed in Table S1.

Luciferase reporter assay

The 0.5kb proximal promoter of murine Gnpat gene
(-400 nt to +101 nt relative to TSS) was amplified from
genomic DNA of C57BL/6] mouse by PCR (Table S2). The
501 bp PCR product was subcloned between Kpnl and Xhol
sites of a promoter-less luciferase reporter pGL4.10 [luc2]
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(Promega). Site-directed mutagenesis was carried out with
QuickChange II Site-Directed Mutagenesis Kit (Agilent). The
putative carbohydrate responsive element (ChoRE) in Gnpat
promoter (CTCCAGGAGACCACGTG) was mutated into
CTCCAGGAACCACGTG, where the 5-nt spacer (under-
lined) between the two E-boxes was shortened to 4-nt as
previously described (24). HEK293T cells were seeded in
12-well plates and transfected with firefly luciferase report,
pGL4-luc vector or pGL4-Gnpat-luc promoter construct, and
Renilla luciferase internal control pRL-TK (Promega), together
with pcDNA3.1-ChREBP (24), or pcDNA3.1-MLX (24), using
Lipofectamine 2000 (Thermo Fisher Scientific). Firefly-to-
Renilla luciferase activities were assessed using a Dual-
Luciferase Assay System (BPS Bioscience).

Reverse phase liquid chromatography

Mitochondria were isolated from mouse podocytes using
Mitochondria Isolation Kit (Thermo Fisher Scientific). Mito-
chondria were pelleted by centrifugation at 3000g for 15 min at
4 °C, flash-frozen, and stored at —80 °C until use. Two hun-
dred microliters of ethanol containing 1% 10 mM butylated
hydroxytoluene in methanol and 2% Avanti SPLASH LIP-
IDOMIX Mass Spec Standards, pre-cooled to -80 °C, was
added to each mitochondria sample. The tubes were vortexed
for 10 min, placed on ice for 10 min, then centrifuged at 4 °C
for 10 min at 17,000g. The supernatants were then collected
for LC-MS analysis. Mobile phase A was 40:60 acetonitrile:
0.1% formic acid in 10 mM ammonium formate. Mobile phase
B (MPB) was 90:9:1 isopropanol: acetonitrile: 0.1% formic acid
in 10 mM ammonium formate. The chromatographic method
included a Thermo Fisher Scientific Accucore C30 column
(2.6 um, 150 x 2.1 mm) maintained at 40 °C, a mobile phase
flowrate of 0.200 ml/min, and a gradient elution program as
follows: 0 to 3 min, 30% MPB; 3 to 13 min, 30 to 43% MPB;
13.1 to 33 min, 50 to 70% MPB; 33 to 48 min, 70 to 99% MPB;
48 to 55 min, 99% MPB; 55.1 to 60 min, 30% MPB.

Mass spectrometry

A Thermo Fisher Scientific Orbitrap Fusion Lumos Tribrid
mass spectrometer with heated electrospray ionization source
was operated in data-dependent acquisition mode, in both
positive and negative ionization modes, with scan ranges of
150 to 827 and 825 to 1500 m/z. An Orbitrap resolution of
120,000 (FWHM) was used for MS1 acquisition, and spray
voltages of 3.6 kV and -2.9 kV were used for positive and
negative ionization modes, respectively. For MS2 and MS3
fragmentation, a hybridized HCD/CID approach was used.
Each sample was analyzed using 4 x 10 pl injections making
use of the two scan ranges, in both ionization modes. Data
were analyzed using Thermo Scientific LipidSearch software
(version 5.0.63; https://www.thermofisher.com/us/en/home/
industrial/mass-spectrometry/liquid-chromatography-mass-
spectrometry-lc-ms/lc-ms-software/multi-omics-data-analysis/
lipid-search-software.html) and R scripts written in house. The
intensity of each peak was normalized to total lipid signal and
to the internal standard.

12 J Biol. Chem. (2023) 299(9) 105185

shRNA and OE experiments

The coding region of Gupat gene was amplified from a
mouse Gnpat ¢DNA clone (Origene MC205395,
NM_010322) by PCR (Table S1). The PCR product was
inserted into CMV enhancer/promoter-driven vector Zeo-
pT-MCS-GFP-T2A-Puro, a modified PiggyBac transposon
system. An engineered miR-30-based ChREBP KD construct
was assembled by PCR using previously validated ChREBP
shRNA clone (24), followed by an optimized miR-E backbone
(46), into Zeo-pT-MCS-GFP-IRES-BSD, another PiggyBac
transposon system. Stable podocyte cell lines with ChREBP
KD, or with ChREBP KD/Gnpat OE, were generated by
cotransfection of above-mentioned constructs, together with
PiggyBac transposase. After selection with 0.5 pug/ml of blas-
ticidin alone or in combination with 1 pg/ml puromycin,
GFP-positive cells were sorted by FACS, and the top 30%
population were collected.

Statistical analysis

Group data are expressed as mean + SEM. Comparisons of
multiple groups were performed using one-way ANOVA fol-
lowed by post hoc Tukey’s test. Comparisons between two
groups were performed using two-tailed student’s t test. A
p value of less than 0.05 was considered statistically significant.
Statistical analyses were performed with GraphPad Prism
version 8.0 (GraphPad; https://www.graphpad.com/features).

Data availability

The lipidomic data generated in this study have been
deposited to Metabolomics Workbench data repository with
project identifier PR001359.
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