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Empagliflozin protects the kidney by reducing toxic ALB (albumin) exposure and
preventing autophagic stagnation in proximal tubules

Sho Matsui?, Takeshi Yamamoto? Yoshitsugu Takabatake?, Atsushi Takahashi?, Tomoko Namba-Hamano?,
Jun Matsuda?, Satoshi Minami?, Shinsuke Sakai? Hiroaki Yonishi?, Jun Nakamura?, Shihomi Maeda?,
Ayumi Matsumoto?, Isao Matsui®, Motoko Yanagita®<, and Yoshitaka Isaka®

2Department of Nephrology, Osaka University Graduate School of Medicine, Osaka, Japan; ®Department of Nephrology, Kyoto University Graduate
School of Medicine, Kyoto, Japan; “Institute for the Advanced Study of Human Biology, Kyoto University, Kyoto, Japan

ABSTRACT

The renoprotective effects of SLC5A2/SGLT2 (solute carrier 5 (sodium/glucose cotransporter), mem-
ber 2) inhibitors have recently been demonstrated in non-diabetic chronic kidney disease (CKD), even
without overt albuminuria. However, the mechanism underlying this renoprotection is largely
unclear. We investigated the renoprotective mechanisms of the SLC5A2 inhibitor empagliflozin
with a focus on ALB (albumin) reabsorption and macroautophagy/autophagy in proximal tubules
using wild-type or drug-inducible Irp2/Megalin or atg5 knockout mice with high-fat diet (HFD)-
induced obesity or 5/6 nephrectomy that elevated intraglomerular pressure without overt albumi-
nuria. Empagliflozin treatment of HFD-fed mice reduced several hallmarks of lipotoxicity in the
proximal tubules, such as phospholipid accumulation in the lysosome, inflammation and fibrosis.
Empagliflozin, which decreases intraglomerular pressure, not only reduced the HFD-induced increase
in ALB reabsorption via LRP2 in the proximal tubules (i.e. total nephron ALB filtration), as assessed by
urinary ALB excretion caused by genetic ablation of Lrp2, but also ameliorated the HFD-induced
imbalance in circulating ALB-bound fatty acids. Empagliflozin alleviated the HFD-induced increase in
autophagic demand and successfully prevented autophagic stagnation in the proximal tubules.
Similarly, empagliflozin decreased ALB exposure and autophagic demand in 5/6 nephrectomized
mice. Finally, empagliflozin reduced HFD-induced vulnerability to ischemia—reperfusion injury,
whereas LRP2 blockade and atg5 ablation separately diminished this effect. Our findings indicate
that empagliflozin reduces ALB exposure and prevents autophagic stagnation in the proximal
tubules even without overt albuminuria. Autophagy improvement may be critical for the renoprotec-
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tion mediated by SLC5A2 inhibition.

Introduction

The prevalence of kidney disease is escalating worldwide,
coinciding with the significant growth of aging populations
and the emergence of obesity- and lifestyle-related disorders
such as type 2 diabetes mellitus, dyslipidemia, and hyperten-
sion [1]. Despite the widespread use of renoprotective drugs
such as renin-angiotensin-aldosterone system (RAAS) inhibi-
tors, the incidence of chronic kidney disease (CKD) and
subsequent progression to end-stage renal disease (ESRD)
continues to increase. Therefore, preventing the development
of CKD and delaying its progression to ESRD have been
crucial objectives in the nephrology community.
SLC5A2/SGLT2 (solute carrier family 5 (sodium/glucose
cotransporter), member 2) inhibitors, originally developed as
hypoglycemic agents, have demonstrated potent renoprotec-
tive effects in patients with diabetic kidney disease (DKD) [2].
Furthermore, meta-analyses have suggested that SLC5A2 inhi-
bitors also exhibit beneficial effects in preventing acute kidney

injury (AKI) [3,4]. Recent trials such as DAPA-CKD and
EMPA-KIDNEY provided significant insights into the ability
of SLC5A2 inhibitors to protect against non-diabetic CKD
and advanced kidney disease, even without overt albuminuria
[5,6]. Several mechanisms contribute to this improved renal
prognosis, including a direct effect that reduces glucotoxicity
and ATP consumption in SLC5A2-positive proximal tubules,
a decrease in intraglomerular pressure resulting from restora-
tion of tubuloglomerular feedback, and a diuretic effect [7,8].
It is generally accepted that one of the most important
mechanisms is the suppression of glomerular hyperfiltration.
Nevertheless, the precise mechanisms through which this
confers renoprotection, even without overt albuminuria,
remain unclear. Additionally, its impacts on the integrity of
proximal tubular epithelial cells (PTECs) have not been fully
elucidated.

ALB (albumin) filtered through glomeruli is reabsorbed
primarily by the LRP2/megalin-CUBN (cubilin) receptor
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complex lining the brush border of PTECs [9]. After endocy-
tosis, ALB can undergo lysosomal degradation or transcytosis
[10-12]. Recently, the quantitative roles of the glomerular
filtration barrier and proximal tubule in the development of
albuminuria have been reevaluated, and multiple lines of
evidence now indicate that ALB filtration is more significant
than previously thought [10]. Under normal physiological
conditions, considerable amounts of plasma ALB pass
through glomeruli and are reabsorbed in the SI-2 segments,
resulting in undetectable albuminuria on urine dipsticks [13].
However, in the event of increased ALB filtration, the entire
proximal tubule, including the S3 segment, participates in
reabsorption, and albuminuria only develops when the capa-
city of all segments is exceeded [14]. Additionally, in the
contexts of DKD, obesity, and lifestyle-related diseases, fil-
tered ALB becomes more cytotoxic to PTECs exposed from
the apical side, as ALB is modified by advanced glycation end
products [15] and saturated fatty acids (FAs) [16,17]. These
ALB-bound toxins could be absorbed via LRP2 into the
PTECs and contribute to tubular damage, despite the absence
or low levels of albuminuria on urine dipsticks [18,19].

Macroautophagy (hereafter autophagy) is a highly con-
served intracellular degradation system that regulates home-
ostasis [20]. Recently, “autophagic stagnation” in PTECs has
been identified as a common pathway for proximal tubular
toxicity in various chronic conditions, including aging and
obesity [16,21-23]. The basal autophagic activity is elevated in
the kidneys of age- and obesity-related CKD, compared to
control kidneys. However, autophagic activity cannot be suf-
ficiently induced in response to additional stress.
Mechanistically, age- and obesity-related stresses increase the
“autophagic demand” (the amount of substrates requiring
autophagic degradation to maintain cellular homeostasis),
and “autophagic flux” (the actual degradation rate of autopha-
gic substrates) rises in response to this heightened demand in
the kidneys of age- and obesity-related CKD. Importantly, this
increase in the autophagic demand does not always correlate
with autophagic flux: autophagic flux is limited by the “auto-
phagic capacity,” which is the maximum amount of intracel-
lular substrates that autophagy can degrade. Thus, autophagic
flux increases in parallel with the increase in autophagic
demand only if the demand does not surpass the autophagic
capacity; a prolonged increase in autophagic demand leads to
sustained transport of autophagic substrates into lysosomes,
resulting in lysosomal burden and dysfunction, which then
impairs autophagic flux. To be clinically significant, it has
recently been reported that increased autophagic demand is
closely linked to the pathogeneses of Alzheimer’s disease:
sustained autophagic demand results in autophagic stagnation
due to lysosomal burden, exacerbating the disease’s progres-
sion [24]. In age- and obesity-related CKD, further autophagic
activation, which would normally occur in response to addi-
tional stresses such as ischemia cannot be induced due to
autophagic stagnation caused by a prolonged increase in
autophagic demand [21,23]. Although several studies have
shown that SLC5A2 inhibitors exert their protective effects
by enhancing autophagy [25,26], these studies do not provide
detailed insights into the mechanisms of SLC5A2 inhibitor-
mediated autophagy activation.

On the basis of this information, we hypothesized that
SLC5A2 inhibitors may alleviate autophagic stagnation in
proximal tubules by modulating the quantity and quality of
filtered ALB. We examined the renoprotective mechanisms of
the SLC5A2 inhibitor empagliflozin, focusing on filtered ALB
and the autophagy-lysosomal system in the proximal tubules
of mouse models in which high-fat diet (HFD)-induced obe-
sity or 5/6 nephrectomy caused elevated intraglomerular pres-
sure without overt albuminuria.

Results

Empagliflozin reduces an HFD-induced phospholipid
accumulation in the PTEC lysosomes

To investigate the therapeutic efficacy of empagliflozin against an
HFD-induced phospholipid accumulation, eight-week-old wild-
type mice were fed with a normal diet (ND) or HED for 8 weeks,
and HFD-fed mice were treated with vehicle or empagliflozin
starting 6 weeks after initiation of the HFD. An HFD induced
the development of cytosolic vacuoles in PTECs, most of which
were colocalized with LAMP1 (lysosomal-associated membrane
protein 1), and also led to the formation of dots positive for
toluidine blue, which can detect not only lipid droplets but also
phospholipids (Figure 1A) [27]. Similarly, in HFD-fed mice,
PTECs exhibited many Nile red-positive dots, the majority of
which were merged with LAMP1 (Figure 1B and S1A). These data
suggest that an HFD induces the formation of enlarged lysosomes
that contain phospholipids. Importantly, empagliflozin signifi-
cantly decreased the number and size of these enlarged lysosomes,
and also reduced phospholipid accumulation (Figure 1A-D).
Electron microscopy revealed that empagliflozin diminished the
HED-induced formation of lamellar structures in lysosomes,
which correspond to accumulated phospholipids (Figure 1E).
Moreover, we assessed lysosomal biogenesis and function in
empagliflozin-treated HFD-fed mice. Lysosomal proteolytic
activity, as assessed by protein levels of mature CTSB (cathepsin
B) and mature CTSD (cathepsin D), showed no significant
differences among ND-fed, HFD-fed, and empagliflozin-
treated HFD-fed mice (Figure S1B). Lysosomal biogenesis, as
assessed by protein levels of LAMP1, was increased in HFD-fed
mice, which was attenuated by empagliflozin (Figure S1B). These
results indicate that empagliflozin reduces lysosomal burden
rather than increasing lysosomal function and biogenesis.
Furthermore, to investigate whether HFD-induced vacuole
formation is caused by LRP2-mediated endocytosis, we used
tamoxifen-inducible PTEC-specific Lrp2-deficient mice (Lrp2"
¥ Ndrgl [N-myc downstream regulated gene 1]-CreERT2, here-
after referred to as inducible Irp2 knockout mice, iLrp2KO).
Tamoxifen administration to ND-fed iLrp2KO mice decreased
the protein levels of LRP2 and the mRNA levels of Lrp2 (Figure
S2A, S2B). Low-molecular-weight proteins such as RBP (retinol
binding protein) and GC/VDBP (vitamin D binding protein)
were detected in urine from tamoxifen-treated iLrp2KO mice
but not from tamoxifen-treated Lrp2™" control mice (Figure
§2C). Urinary ALB excretion increased to 220 + 43 mg/day in
tamoxifen-treated ND-fed iLrp2KO mice (Figure S2D), suggest-
ing that a substantial amount of ALB that is filtered through the
glomeruli is reabsorbed in the proximal tubules, even under



physiological conditions. Eight-week-old Lrp2™* control mice
and iLRP2KO mice were fed an HFD for 8 weeks, and mice
received tamoxifen to induce the genetic ablation of Lrp2
4 weeks after initiation of the HFD. Immunohistochemical ana-
lysis demonstrated HFD-induced vacuole formation in the
PTECs of LrpZF/ F control mice, but this formation was decreased
in HFD-fed iLrp2KO mice (Figure S2E, S2F). Similarly, cilasta-
tin, a known LRP2 blocker [28,29], suppressed HFD-induced
vacuole formation in PTECs (Figure S2G). These data suggest
that the vacuolar formation is LRP2-dependent, in agreement
with a previous report.[30]
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Empagliflozin alleviates kidney injury in CKD mice

To investigate the long-term consequences of empagliflozin
treatment, we next monitored HFD-fed mice with or with-
out empagliflozin for up to 10 months. Eight-week-old
wild-type mice were fed a ND or HFD for 10 months,
and HFD-fed mice were treated with vehicle or empagli-
flozin starting 5 months after initiation of the HFD. HFD
induced tubulointerstitial fibrosis and ADGRE1/F4/80
(adhesion G protein-coupled receptor El)-positive macro-
phage infiltration in the kidneys, and these were suppressed
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Figure 1. Empagliflozin reduces an HFD-induced phospholipid accumulation in the PTEC lysosomes. (A and B) Images of PAS staining, LAMP1 immunostaining,
toluidine blue staining, and nile red staining of the kidney cortical regions in ND-fed, HFD-fed, and empagliflozin (EMPA)-treated HFD-fed mice. Sections were
coimmunostained for LRP2/MEGALIN, a marker of proximal tubules (blue) (A, middle) and counterstained with DAPI (blue) (B). (C and D) The vacuole scores from PAS
staining images (C) and the relative sizes and number (per proximal tubule) of nile red-positive puncta (D) are shown. The data in (D) were counted in at least
10 high-power fields (x600) (each high-power field contains 10-15 proximal tubules). (E) Electron micrographs of kidneys from the HFD-fed and EMPA-treated HFD-
fed mice showing lamellar structures in lysosomes (arrow) (n =3 in each group). Bars: 50 pm (A), 20 um (B), 5 um (E). Data are provided as means + SE. Statistically
significant differences (*p < 0.01) are indicated. All images are representative of multiple experiments.
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by empagliflozin (Figure 2A). Empagliflozin also alleviated
HFD-induced renal dysfunction (Figure 2B, Figure S3A).
Moreover, empagliflozin attenuated the increased oxidative
stress in HFD-fed mice, as assessed by 4-hydroxy-2-none-
nal (4HNE) and dityrosine (DT) (Figure 2C,D). We
furthermore examined the renoprotective effect of empagli-
flozin against 5/6 nephrectomy-induced CKD, which man-
ifests as low eGFR and renal fibrosis. [31] Eight-week-old
wild-type mice were sham-operated or 5/6 nephrectomized,
and 5/6 nephrectomized mice were treated with vehicle or
empagliflozin for 6 weeks after nephrectomy. Empagliflozin
reduced renal fibrosis, macrophage infiltration, oxidative
stress, and improved renal function (Figure S3B-E).
Collectively, empagliflozin alleviated kidney injury in
CKD mice.

Empagliflozin alleviates total nephron ALB filtration and
reabsorption

It is widely accepted that SLC5A2 inhibitors mitigate intraglo-
merular pressure. [32] To investigate whether empagliflozin
reduces intraglomerular pressure in HFD-fed mice, we evalu-
ated single-nephron glomerular filtration rate (SNGFR) using

A ND

HFD

COL1A1

s Trichrome

4HNE

HFD+EMPA

in vivo imaging. [8] Eight-week-old wild-type mice were fed
with a ND or HFD for 8 weeks, and HFD-fed mice were treated
with vehicle or empagliflozin starting 6 weeks after initiation of
the HFD, and the SNGFR was measured using multiphoton
microscope. SNGFR in HFD-fed mice was significantly higher
than in ND-fed mice, and this difference was reduced by
empagliflozin (Figure 3A), indicating that empagliflozin could
reduce intraglomerular pressure in HFD-fed mice.

Because filtered ALB is largely reabsorbed by LRP2, we
propose to name urinary ALB excretion values in iLrp2KO
mice as “total nephron ALB filtration”. Furthermore, “total
nephron ALB reabsorption” can be calculated by subtracting
urinary ALB excretion before tamoxifen from that after tamox-
ifen in iLrp2KO mice. We next evaluated the effect of empagli-
flozin on total nephron ALB filtration and reabsorption in
iLrp2KO mice, using an HFD-induced obesity model in which
intraglomerular pressure was increased in the absence of ele-
vated blood glucose. [33] Eight-week-old iLrp2KO mice were
fed a ND or HED for 10 weeks, and HFD-fed mice were treated
with vehicle or empagliflozin starting 6 weeks after initiation of
the HFD; tamoxifen was then administered at 16 weeks of age;
urine samples were collected before and 2 weeks after tamoxifen
treatment. [34] There were no differences in urinary ALB levels
between ND-fed, HFD-fed, and empagliflozin-treated HFD-fed

o ©
[N

COL1A1-positive area (%)
Cystatin C
(ug/mi)

ADGRE1/F4/80-
positive area (%)

D ND  HFD HFD+EMPA

- 48 kDa
DT

35kDa
.. ﬂ 25 kDa
- 48 kDa
4HNE 35 kDa
L S 25 kDa

Ll —
kidney lysate

Figure 2. Empagliflozin alleviates kidney injury in HFD-induced CKD mice. (A) Images of COL1A1 immunostaining, Masson’s trichrome staining, and ADGRE1/F4/80
immunostaining of kidney cortical regions in ND-fed, HFD-fed, and EMPA-treated HFD-fed mice (n=6-7 in each group). COLT1A1- or ADGRE1/F4/80-positive areas
were quantified in at least 10 high-power fields (x200). (B) Plasma cystatin C levels of the mice in ND-fed, HFD-fed, and EMPA-treated HFD-fed mice. (C) Images of DT
and 4HNE immunostaining of kidney cortical regions in ND-fed, HFD-fed, and EMPA-treated HFD-fed mice. (D) Western blots of DT and 4HNE in the kidneys of ND-
fed, HFD-fed, and EMPA-treated HFD-fed mice. Bars: 100 um (A, C). Data are provided as means + SE. Statistically significant differences (*p < 0.01, #P < 0.05) are

indicated. All images are representative of multiple experiments.
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Figure 3. Empagliflozin alleviates the HFD-induced increase in total nephron ALB filtration and tubular ALB reabsorption. (A) The evaluation of SNGFR of ND-fed,
HFD-fed, and EMPA-treated HFD-fed wild-type mice (n=8-12 in each group). (B) The daily urinary ALB excretion of ND-fed, HFD-fed, and EMPA-treated HFD-fed
iLrp2KO mice before tamoxifen and after tamoxifen (n = 5-7 in each group). Total nephron ALB filtration is estimated by urinary ALB excretion in iLrp2KO mice given
tamoxifen. (C) The estimated tubular ALB reabsorption. Subtraction of ALB excretion before tamoxifen from that after tamoxifen corresponds to estimated tubular
ALB reabsorption (n = 6-7 in each group). Data are provided as means =+ SE. Statistically significant differences (*P < 0.01, #P < 0.05, N.S. not significant) are indicated.

iLrp2KO mice just before tamoxifen. By contrast, 2 weeks after
tamoxifen treatment, we observed an increase in urinary ALB
excretion (ie., total nephron ALB filtration) in HFD-fed
iLrp2KO mice compared with ND-fed iLrp2KO mice, which
was significantly decreased by empagliflozin (Figure 3B).
Tubular ALB reabsorption was elevated in HFD-fed iLrp2KO
mice compared with ND-fed iLrp2KO mice, which was sup-
pressed in empagliflozin-treated HFD-fed iLrp2KO mice
(Figure 3C). These data indicate that empagliflozin reduces
total nephron ALB filtration and reabsorption via LRP2 in the
proximal tubules in HFD-fed obese mice.

Empagliflozin decreases proximal tubule exposure to
ALB, especially in S3 segments

To investigate the effect of empagliflozin on the fate of
bovine serum albumin (BSA) filtered through the glomer-
uli, we performed an in vivo pulse-chase experiment using
Alexa Fluor 555-conjugated BSA. When this compound
was injected intravenously, its reabsorption was rarely
detected in PTECs of iLrp2KO mice, indicating that filtered
BSA was reabsorbed into the tubules via LRP2 (Figure
S4A). Next, ND-fed, HFD-fed, and empagliflozin-treated
HFD-fed mice were intravenously injected with Alexa
Fluor 555-conjugated BSA. A greater number of Alexa

Fluor 555-positive dots was observed in all LRP2-positive
proximal tubular segments of HFD-fed mice compared to
ND-fed mice, and this difference was attenuated by empa-
gliflozin (Figure 4A,B). Similarly, empagliflozin decreased
proximal tubule exposure to ALB in 5/6 nephrectomized
mice (Figure S4B, S4C).

Then, we evaluated how the effect of empagliflozin on
ALB exposure differed between the SLC5A2-positive S1-2
and SLC5A2-negative S3 segments of PTECs (Figure 4C).
Notably, in HFD-fed mice, empagliflozin had a more pro-
minent impact on proximal tubule exposure to ALB in S3
segments than in S1-2 segments (Figure 4 D,E). This indi-
cates that in HFD-fed mice, the increase of glomerular ALB
filtration could induce the incomplete ALB reabsorption in
S1-2 segments and compensatory reabsorption in S3 seg-
ments, while empagliflozin may reduce the burden on S3
segments as well as S1-2 segments by decreasing glomeru-
lar ALB filtration.

Empagliflozin improves the metabolic status of HFD-fed
mice

To investigate the effect of empagliflozin on the metabolic
profiles of HFD-fed mice, 8-week-old wild-type mice were fed

a ND or HFD for 8 weeks, and HFD-fed mice were treated
with vehicle or empagliflozin starting 6 weeks after initiation
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Figure 4. Empagliflozin decreases proximal tubule exposure to albumin, especially in S3 segments. (A) Kidney cortical regions of mice injected with Alexa Fluor 555—
conjugated BSA (red) were stained with LRP2/MEGALIN (green) and counterstained with DAPI (blue). (B) The number of dots positive for Alexa Fluor 555-conjugated
BSA was counted in LRP2/MEGALIN-positive proximal tubules (n =3 in each group). (C) Schematic illustration of LRP2/MEGALIN and SLC5A2/SGLT2 staining patterns
in the S1-2 and S3 segments of the proximal tubules. (D) Kidney cortical regions of ND-fed, HFD-fed, and EMPA-treated HFD-fed mice injected with Alexa Fluor 555—
conjugated BSA (red) were stained with LRP2/MEGALIN (white) and SLC5A2/SGLT2 (green), and counterstained with DAPI (blue). (E) The numbers of dots positive for
Alexa Fluor 555-conjugated BSA dots were counted in SLC5A2/SGLT2-positive (S1-2 segments) and -negative (S3 segments) proximal tubules (n =3 in each group).

Bars: 50 um (A, D). Data are provided as means + SE. Statistically significant differences (*p < 0.01, # p< 0.05) are indicated. All images are representative of multiple
experiments.



of the HFD. Data are shown in Table 1. Empagliflozin
reduced plasma levels of cholesterol, triglycerides, and phos-
pholipids, but there were no significant changes in blood
pressure, blood glucose, or body weight (Table 1 and
Figure 5A). Interestingly, empagliflozin significantly
decreased white adipose tissue mass in the viscera but not
the epididymis (Table 1). Empagliflozin attenuated the
increases in cell size and number of infiltrating macrophages
(detected as crown-like structures) in the visceral fat of HFD-
fed mice (Figure 5B,C). In addition, to assess changes in FA
composition in detail, we measured plasma levels of 24 FA
fractions (Table 2). Plasma levels of saturated and monoun-
saturated FAs were increased and decreased, respectively, in
HFD-fed mice, with no changes seen following empagliflozin
treatment. Notably, empagliflozin ameliorated the HFD-
induced decreases in n3-polyunsaturated fatty acids
(PUFAs), such as docosapentaenoic acid and docosahexaenoic
acid, which are known to reduce the incidence of cardiovas-
cular events (Table 2). [35] Collectively, empagliflozin
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ameliorated the HFD-induced imbalance in circulating FAs
bound to ALB, suggesting that empagliflozin may improve the
lipoquality of reabsorbed ALB.

Empagliflozin reduces autophagic demand in PTECs

Next, we explored the mechanism whereby empagliflozin achieves
a renoprotective effect by decreasing proximal tubule exposure to
ALB (i.e., ALB reabsorption via LRP2) and improving the systemic
metabolic state. We focused on autophagy because HFD-induced
obesity burdens the lysosomal system, leading to autophagic stagna-
tion in PTECs. [16,21] First, we investigated the effect of empagli-
flozin on the HFD-induced increase in autophagic demand, using
tamoxifen-inducible PTEC-specific autophagy-deficient mice
(Atg5™"; Ndrgl-CreERT2, hereinafter referred to as inducible atg5
knockout mice, iAtg5KO). Eight-week-old Atg5”" control and
iAtg5KO mice were fed a ND or HFD for 11 weeks, and HFD-fed
mice were treated with vehicle or empagliflozin starting 6 weeks
after initiation of the HFD. Three weeks before euthanasia, mice

Table 1. Metabolic profiles of ND-fed, HFD-fed, and empagliflozin-treated HFD-fed mice.

Characteristic ND HFD HFD+EMPA
Food intake (kcal/day) 122+04 15.0+0.9° 15.0+0.7°
Systolic blood pressure (mmHg) 93.1+48 91.7 £ 4.1 97.6+£3.2
Kidney (mg) 1673 +4.3 183.8+10.7 169.8 +3.4
Liver (mg) 1226.3 £ 64.2 15121 £ 12217 1117.9 £51.2°
Visceral white adipose tissue (mg) 340.0 +47.2 1125.1+£211.0° 651.8+110.5°
Epididymal white adipose tissue (mg) 7023 +91.7 2479.6 +322.7° 2443.8 +347.5°
Plasma total cholesterol (mM) 247 £0.07 441 +0.29° 3.96 + 0.30°
Plasma triglycerides (mM) 0.89 +0.08 1.56 £0.14° 1.15+0.10°
Plasma phospholipids (mM) 243+0.23 3.26£0.16° 247+0.11°

Metabolic profiles were analyzed in the ND-fed, HFD-fed, and empagliflozin-treated HFD-fed mice (n = 6 in each group).
a, p<0.05 vs ND; b, p <0.05 vs HFD in each corresponding group.
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Figure 5. Empagliflozin improves the metabolic status of HFD-fed mice. (A) Changes in body weight and blood glucose levels during the experimental period. (B)
Images of HE staining and ADGRE1/F4/80 immunostaining of visceral white adipose tissue (n =6 in each group). (C) The relative cell size and ADGRE1/F4/80-positive
area were quantified in at least 5 high-power fields (x100). Bars: 100 um (B). Data are provided as means + SE. Statistically significant differences (*p < 0.01, #P < 0.05,
N.S. not significant) are indicated. All images are representative of multiple experiments.
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Table 2. Plasma levels of 24 FA fractions in ND-fed, HFD-fed, and empagliflozin-treated HFD-fed mice.

free fatty acids ND HFD HFD+EMPA
lauric acid (ug/ml) 0.52+0.06 0.40 +£0.03 0.40 +0.03
myristic acid (ug/ml) 84+12 6.5+05 6.6+0.2
palmitic acid (pg/ml) 4984 +27.1 572.1+16.3 617.9 + 13.4°
saturated fatty acid stearic acid (ug/ml) 173.7+8.0 366.5 + 13.8° 363.4+23.1%
arachidic acid (ug/ml) 7.0+0.6 8.0+04 8.7+0.1%
lignoceric acid (ug/ml) 54+0.8 46+0.5 49+0.1
behenic acid (ug/ml) 10.1+£0.7 21.4+09° 25.8+0.1%
myristoleic acid (ug/ml) 0.6+0.11 0.36 +0.09° 0.36 +0.02°
palmitoleic acid (ug/ml) 64.6 +10.8 328+1.6% 30.5+1.3%
oleic acid (ug/ml) 335.3+26.1 380.8 +26.7 388.7 +20.3
monounsaturated fatty acid eikosenoic acid (ug/ml) 11.6+0.6 58+0.5% 5.1+0.8°
5-8-11eikosatrienic acid (ug/ml) 28+04 9.9+0.6% 7.6 +0.5%°
erucic acid (ug/ml) 1.5+0.2 <1.0 <1.0
nervonic acid (pg/ml) 11.9+0.2 94+0.3% 8.8+0.8%
linoleic acid (ug/ml) 675.4+25.6 7045 +28.2 783.8 +26.7°
y-linolenic acid (ug/ml) 79+07 11.3+0.8° 13.6 +0.5%
n-6 polyunsaturated fatty acid docosatetraenoic acid (ug/ml) 2.7+0.1 5.9+0.2° 5.8+0.2°
arachidonic acid (ug/ml) 189.7+79 626.3 +59.9% 628.7 +£70.0°
dihomo-y-linolenic acid (ug/ml) 375+29 478+72 36.0 £ 4.1
eikosazienoic acid (pg/ml) 59+0.2 62104 5.82+0.2
docosapentaenoic acid (ug/ml) 13.54 +0.98 8.64 +0.20° 10.54 + 0.30?°
n-3 polyunsaturated fatty acid eicosapentaenoic acid (ug/ml) 445+38 14.1+1.1° 145+1.6"
docosahexaenoic acid (pg/ml) 194.1+£6.3 203.6 +8.3 2499 + 8.8%°
a-linolenic acid (ug/ml) 11.8+0.7 5.7 £0.5° 6.5+0.3%

Plasma levels of 24 FA fractions were analyzed in the ND-fed, HFD-fed, and empagliflozin-treated HFD-fed mice (n=5 in each group). a, p < 0.05 vs

ND; b, p <0.05 vs HFD in each corresponding group.

received tamoxifen to induce the genetic ablation of Atg5 (Figure
S5A). The accumulation of SQSTM1/p62 (sequestosome 1) and
ubiquitin represents the amount of substrate requiring degradation
during the preceding 3-week period. The ablation of autophagy
triggered more accumulation of SQSTM1/p62- and ubiquitin-
positive protein aggregates in HFD-fed iAtg5KO mice than in ND-
fed iAtg5KO mice. Notably, the accumulation of autophagy sub-
strates was decreased by empagliflozin in HFD-fed iAtg5KO mice
(Figure 6A). The protein levels of proteasome 20S af3 were not
increased by empagliflozin (Figure S5B), suggesting that SQSTM1/
p62 and ubiquitin could be evaluated as autophagy substrates.
Similar to HFD-fed mice, empagliflozin decreased autophagic
demand in the PTECs of 5/6 nephrectomized mice (Figure S5C).
Collectively, empagliflozin attenuated the increased autophagic
demand in the PTECs of mouse models with hyperfiltration.

Empagliflozin alleviates autophagic stagnation in PTECs

Next, we investigated whether empagliflozin can restore auto-
phagic flux in the kidney of HFD-fed mice. To evaluate how
basal and starvation-induced autophagic flux was altered by
empagliflozin, we used GFP-MAP1LC3B (green fluorescent pro-
tein-microtubule-associated protein 1 light chain 3 beta) trans-
genic mice. Chloroquine, an inhibitor of intralysosomal
acidification, was administered 6 hours before euthanasia, and
the number of GFP-positive puncta (which represent autopha-
gosomes) was compared with and without chloroquine admin-
istration. [22] As we previously reported, [16] the PTECs in ND-
fed mice exhibited low basal autophagic activity and high levels
of starvation-induced autophagy, while those in HFD-fed mice
exhibited high basal autophagic activity with autophagic stagna-
tion in response to starvation. Notably, empagliflozin lowered
basal autophagic activity, probably due to reduced autophagic
demand, and successfully restored autophagic flux during star-
vation (Figure 6B). Western blot analysis (MAPILC3-I,

MAPILC3-II and SQSTM1/p62) using whole kidney lysates
(Figure S6) confirmed this fluorescent study.

Empagliflozin reduces HFD-induced vulnerability to
Ischemia-reperfusion (IR) injury in an
autophagy-dependent manner

Although there is still concern that SLC5A2 inhibitors may
increase the risk of AKI caused by hemodynamic mechanisms,
clinical trials have shown that the incidence of AKI is rather low.
Moreover, we observed that empagliflozin reduced ALB expo-
sure, especially in S3 segments, which are susceptible to ische-
mia. Therefore, we subjected mice to IR injury to determine
whether autophagic flux restored by empagliflozin could reduce
HFD-induced vulnerability to ischemic stress, because autopha-
gy has a protective role against IR injury. Severe tubular injury
characterized by abundant sediment was observed in IR-injured
HFD-fed Atg5" control mice, and this injury was attenuated in
empagliflozin-treated HFD-fed Atg5"™" control mice (Figure 7A,
C). The number of terminal deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL)-positive tubular cells after IR injury
was significantly decreased in empagliflozin-treated HFD-fed
Atg5™" control mice compared to HED-fed Atg5™" control
mice (Figure 7B,D). The protein levels of SQSTM1/p62 were
increased in IR-injured kidneys of HFD-fed Atg5™" control
mice, and this increase was attenuated in empagliflozin-treated
HFD-fed AthF/ F control mice, indicating that empagliflozin
prevents HFD-induced autophagic stagnation during ischemic
AKI (Figure S7A). However, the protective effect of empagliflo-
zin was diminished by autophagy deficiency (Figure 7A-D). The
mRNA levels of the tubular injury marker Havcrl/Kim-1 and
HAVCRI1/KIM1-positive tubules paralleled the tubular injury
score (Figure 7E,F). Similarly, we used IR-injured mice to deter-
mine whether reduced reabsorption of toxic ALB by empagli-
flozin could reduce HFD-induced vulnerability to ischemic
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Figure 6. Empagliflozin alleviates the HFD-induced increase in autophagic demand and prevents autophagic stagnation in the proximal tubules. (A) Kidney cortical regions
of ND-fed, HFD-fed, and EMPA-treated HFD-fed (Atg5™" control and iAtg5KO) mice were immunostained for SQSTM1/p62 and ubiquitin after treatment with vehicle or
tamoxifen 3 weeks before euthanasia (n =4-5 in each group). Sections were coimmunostained for LRP2/MEGALIN, a marker of proximal tubules (blue). Magnified images
from the tamoxifen-treated iAtg5KO mice are also presented. The number of SQSTM1/p62- or ubiquitin-positive dots was counted in at least 10 high-power fields (x400). (B)
GFP-positive puncta formation was assessed in the proximal tubules of ND-fed, HFD-fed, and EMPA-treated HFD-fed GFP-MAP1LC3 transgenic mice that were either fed
a ND or HFD diet or subjected to 24 h of starvation, with or without chloroquine (CQ) administration 6 h before euthanasia. Kidney sections were immunostained for LRP2/
MEGALIN (red), and counterstained with DAPI (blue). The number of GFP-positive puncta per proximal tubule under each condition was counted in at least 10 high-power
fields (original magnification, x 600) (each high-power field contained 10-15 proximal tubules). Bars: 10 um (A, B). Data are provided as means + SE. Statistically significant
differences (*p < 0.01, N.S. not significant) are indicated. All images are representative of multiple experiments. CQ, chloroquine.

stress. Cilastatin was administered to block ALB reabsorption via  Discussion

LRP2. Empagliflozin exhibited protective effects in vehicle-

treated HFD-fed mice (Figure S7B-G), and these were abrogated
by the cilastatin-mediated blockade of LRP2. These data suggest
that empagliflozin counteracts kidney injury at least partly by
decreasing proximal tubule exposure to ALB and improving
autophagy.

In this study, we elucidated the mechanisms underlying empa-
gliflozin’s renoprotective effects even in conditions without overt
albuminuria. Mechanistically, empagliflozin not only amelio-
rates metabolic dysfunction but also reduces proximal tubule
exposure to ALB (i.e., filtered ALB that should be reabsorbed via
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significant) are indicated. All images are representative of multiple experiments.

LRP2 in proximal tubules) even in conditions without overt
albuminuria. Empagliflozin alleviated autophagic demand, ame-
liorated lysosomal phospholipid accumulation and autophagic
stagnation. Consequently, empagliflozin reduced the vulnerabil-
ity to ischemia-reperfusion injury in conjunction with the
LRP2-autophagy axis. A schematic diagram illustrating these
mechanisms is presented in Figure 8.

We performed in vivo experiments designed to specifically
investigate the effects of SLC5A2 inhibition on the proximal
tubules in non-diabetic models with elevated intraglomerular
pressure in the absence of overt albuminuria. Overall, the

renoprotective effects of empagliflozin were consistent and sig-
nificant in our models. Furthermore, LRP2 blockade and abla-
tion of proximal tubular autophagy showed that these effects
were dependent on the effects of LRP2 and autophagy, probably
due to upstream improvement in glomerular hemodynamics.
Our findings may explain the essential mechanism underlying
renoprotection mediated by SLC5A2 inhibition, not only in
albuminuric DKD but also in nonalbuminuric advanced CKD,
as recently reported in the EMPA-KIDNEY trial [6].

Among the theories explaining SLC5A2 inhibition—
mediated renoprotection, one based on glomerular
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Figure 8. Schematic illustration of this study. Increased glomerular pressure caused by HFD or 5/6 nephrectomy induces tubular reabsorption of toxic ALB via LRP2,
leading to increased autophagic demand and stagnation of autophagy flux, which can increase vulnerability to IR injury. Empagliflozin reduces intraglomerular
pressure and ameliorates metabolic dysfunctions, thereby improving the quantity and quality of filtered ALB and alleviating autophagic stagnation in PTECs. This
prevention of autophagic stagnation can eventually improve the integrity of PTECs, thus leading to renoprotection.

hemodynamics is the most well developed and widely
accepted. There is mounting evidence that SLC5A2 inhibition
mitigates hyperfiltration by reducing the reabsorption of fluid
and NaCl by the proximal tubules, thereby evoking
a tubuloglomerular feedback response [7,8]. Indeed, we
revealed that empagliflozin reduced ALB reabsorption via
LRP2 in the proximal tubules (i.e., total nephron ALB filtra-
tion) in mouse models of increased intraglomerular pressure.
From the viewpoint of reducing hyperfiltration, RAAS inhi-
bitors and SLC5A2 inhibitors may share similar anti-
albuminuric mechanisms. However, we found that empagli-
flozin improved several aspects of metabolic syndrome,
including the quality of FAs bound to circulating ALB, espe-
cially n-3 PUFAs such as docosahexaenoic acid. Notably, toxic
ALB that is transported to lysosomes undergoes lysosomal
degradation, which may burden lysosomes, while most reab-
sorbed nontoxic ALB undergoes tubular transcytosis and is
recycled [10,12]. Empagliflozin’s ability to improve the quality
of filtered ALB may therefore prove pivotal in distinguishing
it from RAAS inhibitors.

A reduction in ALB reabsorption via LRP2 May play a key
role in the protective function of empagliflozin. The contribu-
tion of LRP2 to the development of tubulointerstitial injury or
AKI is still a controversial matter [36,37]. Nonetheless, accu-
mulating evidence suggests that LRP2 is involved in the pro-
gression of CKD [38-40], and genetic LRP2 ablation

ameliorates tubular lysosomal overload in HFD-induced obe-
sity and nephropathic cystinosis, supporting an endocytosis-
based mechanism [30,34,41]. Therefore, pharmacological
LRP2 blockade is a promising method for preventing kidney
injury [29,41,42]; however, its long-term side effects remain
unknown, which is an important consideration given that
LRP2 reabsorbs essential molecules. Empagliflozin was able
to reduce ALB reabsorption without LRP2 blockade by redu-
cing glomerular pressure.

Attempts have been made to treat diseases by pharmaco-
logically modulating autophagy activity. Indeed, empagliflo-
zin has been reported to attenuate diabetic tubulopathy by
enhancing autophagy [25,26]. However, considering that
a HFD activates autophagy and at later stages causes auto-
phagic stagnation, simply inducing autophagy can place
a greater burden on the lysosomal system. A compelling
aspect of our proposed mechanism is that proper autophagy
enhancement against additional stressors could account for
the reduced risk of AKI associated with SLC5A2 inhibitors
in clinical trials. Moreover, empagliflozin may represent
a promising therapeutic approach to other kidney condi-
tions, such as kidney aging, DKD, and phosphate toxicity,
in which autophagic stagnation is also observed [22,43,44].
Proximal tubule-specific deletion of Atg5 in mice resulted in
significant kidney function deterioration, tubular atrophy,
and fibrosis [22,23]. With increasing age, the kidney is
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more reliant on autophagy for the removal of damaged
proteins and organelles, suggesting that compromised auto-
phagy itself accelerates kidney damage, whereas empagliflo-
zin may protect the kidney from disease progression and
slow kidney aging. Thus, empagliflozin may be a safe therapy
for elderly CKD patients.

This study has some limitations. First, receptor-mediated
ALB reabsorption other than LRP2 was not investigated. In
addition to LRP2, CUBN and AMN (amnionless) are involved
in ALB reabsorption in PTECs. Lrp2 and CUBN interact for
the coordinated uptake of ALB [9], but CUBN-dependent
ALB reabsorption is also reported in mice and humans
[45,46]. Moreover, AMN plays a role in ALB reabsorption
by delivering CUBN to the membrane [47]. Although our
study focused on LRP2-mediated ALB reabsorption, CUBN-
or AMN-mediated pathways could also be involved in the
pathogenesis, which we did not investigate. Second, although
empagliflozin reduces the burden on S3 segments as well as
S1-2 segments probably because of decreasing glomerular
ALB filtration (Figure 5), the mechanisms underlying the
reduction in ALB reabsorption remain to be fully elucidated.
It is possible that SLC5A2 might have a role in promoting
ALB reabsorption in the S1-2 segment, which could explain
the results of empagliflozin’s suppressing ALB reabsorption in
S1-2 segments. There are reports that empagliflozin has direct
effects on proximal tubules. For example, one recent paper
demonstrates SLC5A2 inhibitors suppress early proximal
tubule glucotoxicity and broadly downregulate the apical
uptake transport machinery [48].

In conclusion, we describe a novel link between SLC5A2
inhibition, reabsorption of toxic ALB via LRP2, and autopha-
gic stagnation in PTECs. Our findings may explain the
mechanisms underlying the renoprotective effects of
empagliflozin.

Materials and methods
Mice

GFP-MAPILC3 transgenic, Atg5"'"; Ndrgl-CreERT2, and
Lrp2"'F; Ndrgl-CreERT2 mice, were used as described pre-
viously. [16,22,34,49,50] Eight-week-old mice were fed
a normal diet (12.8% of kcal from fat: 5% fat, 23% protein,
and 55% carbohydrate; Oriental Yeast, OYC2103800) or
HFD (62.2% of kcal from fat: 35% fat, 23% protein, and
25% carbohydrate; Oriental Yeast, OYC 2,900,100) for 2 or
10 months. Empagliflozin (10 mg/kg/day; provided by
Boehringer Ingelheim) diluted in 0.5% (w:v) methylcellu-
lose was orally administered. For an IR injury examination,
empagliflozin was administered for 2 weeks before ischemia
induction. Empagliflozin was administered for 2 weeks
before injection of Alexa Fluor 555-conjugated BSA
(Invitrogen, A34786). Empagliflozin was administered for
2 weeks before tamoxifen injection for Atg5 deletion in 5/6
nephrectomized mice. For a long-term examination, empa-
gliflozin was mixed into the HFD at 0.03% (wt:wt). [51]
For the induction of atg5 or Irp2 deletion, tamoxifen
(Sigma-Aldrich, T5648; 1mg/10g body wt) dissolved in
corn oil (Sigma-Aldrich, C8267) was injected at

a concentration of 10mg/ml 3 d a week or 2 d a week,
respectively. Cilastatin (Wako Pure Chemicals, QA-2867)
dissolved in saline was injected at a concentration of 300
mg/kg daily for 7 days before ischemia induction. In the
experiment assessing autophagic flux in vivo, chloroquine
(Sigma-Aldrich, C6628; 50 mg/g body weight) was injected
intraperitoneally 6 h before euthanasia. [22] For the study
of 5/6 nephrectomized mice, firstly, the upper and lower
poles of left side kidney were removed with the adrenal
gland reserved. Seven days later, the right side of kidney
was fully removed. Sham control mice were subjected to
the same surgical procedures at the same time. [31] Kidney
ischemia was induced, and tubular injury and kidney func-
tions were assessed, as described previously. [16] All animal
experiments were approved by the Animal Research
Committee of Osaka University (01-042-018) and con-
formed to the Japanese Animal Protection and
Management Law (No.25).

Antibodies and reagents

We used the following antibodies; LRP2/MEGALIN (gifted
by Dr. Michigami, Department of Bone and Mineral
Research, Osaka Medical Center and Research Institute for
Maternal and Child Health, Japan, or BiCell Scientific
31,012), COL1A1 (Abcam, ab34710), SQSTM1/p62 (Medical
and Biological Laboratory [MBL], PM045 for western blot-
ting, Progen, GP62C for immunostaining), ubiquitin (Cell
Signaling Technology, 3936), ATG5 (MBL, PMO050),
MAPILC3 (Cell Signaling Technology, 2755 for western
blotting, MBL, PM036 for immunostaining), ACTB (Sigma-
Aldrich, A5316), ADGREI1/F4/80 (BIO-RAD, MCAA497),
CTSB (CST 31,718), CTSD (CST 88,239), LAMP1 (BD
Biosciences 553,792), 4HNE (Japan Institute for the Control
of Aging, MHN-020P), DT (Japan Institute for the Control
of Aging, MDT-020P), PSMA7/proteasome 20S af (abcam,
ab22673), HAVCRI/KIM1 (R&D Systems, AF1750),
SLC5A2/SGLT2 (Abcam, ab85626), RBP (Dako, A0040),
GC/VDP (Novus Biologicals, NBP1-88027), biotinylated sec-
ondary antibodies (Vector Laboratories, BA-1000 [anti-rabbit
IgG], BA-2001 [anti-mouse IgG], BA-4000 [anti-rat IgG],
BA-7000 [anti-guinea pig IgG]), horseradish peroxidase-
conjugated secondary antibodies (DAKO, P0448 [anti-rabbit
IgG], P0447 [anti-mouse IgG], and P0450 [anti-rat IgG]),
and Alexa Fluor-conjugated secondary antibody (Invitrogen,
A11034 [anti-rabbit Alexa Fluor 488], A11006 [anti-rat Alexa
Fluor 488], A27039 [anti-rabbit Alexa Fluor 555], and
A21247 [anti-rat Alexa Fluor 647]).

Histological analysis

Histological analysis was performed as described previously
with modifications. [16] For evaluation of PAS-stained
sections, tubular vacuolation was graded semiquantitatively
from 0 to 10 according to the percentage of vacuolated
tubules. [17] Antigen retrieval on paraffin-embedded sec-
tions, double staining for SQSTM1/p62 (ubiquitin or
LAMPI1) and LRP2/MEGALIN, quantification of the per-
centage of the COL1A1 (or ADGRE1/F4/80)-positive area,



electron microscopy analysis, toluidine blue and Nile red
staining, and assessment of the kidney injury were per-
formed as described previously. [16,52] TUNEL staining
was performed using the ApopTag Peroxidase In Situ
Apoptosis Detection Kit (EMD Millipore Corporation,
$7100). Masson’s trichrome staining was performed using
a standard procedure.

Biochemical parameters

Blood samples were collected from mice under anesthesia.
Plasma was obtained after centrifugation (15min, 845xg,
4°C) and concentrations of cystatin C, creatinine, urea nitro-
gen, glucose, total cholesterol, TGs, and phospholipids were
measured using the cystatin C (mouse) ELISA kit
(BioVendor, RD291009200R), QuantiChrom™ Creatinine
Assay  Kit  (DICT-500), BUN-Test-Wako  (Wako,
279-36201), Glucose ClII-test (Wako, 439-90901),
Cholesterol E-test (Wako, 439-17501), Triglyceride E-test
(Wako, 432-40201), and Phospholipid C-test (Wako,
433-36201), respectively. All kits were used in accordance
with the manufacturer’s instructions.

Measurement of 24 free fatty acid fractions

The serum levels of 24 FA fractions were measured as per
a method described previously (The Japan Institute for the
Control of Aging). [53] In brief, serum lipids were extracted
using Folch procedure. [54] Next, using tricosanoic acid
(C23:0) as an internal standard, fatty acids were methylated
using boron trifluoride and methanol, and the methylated
fatty acids were analyzed using a capillary gas chromatograph
(GC-2010; Shimadzu Corporation) and a BPX70 capillary
column (0.25 mm ID 30 m; SGE International Ltd).

Analyses of ALB reabsorption in proximal tubules

To investigate renal reabsorption of glomerular-filtered ALB,
mice were intravenously injected with Alexa Fluor 555-
conjugated BSA (10 pg/kg body wt, dissolved in 0.1 ml of
phosphate-buffered saline (pH 7.4; composed of 137 mm
NaCl [Wako, 191-01665], 8mm Na,HPO, [Wako,
196-02835], 2.7 mm KCl [Nacalai tesque 28,514-75], 1.5 mm
KH,PO, [Wako, 169-04245]). Ten minutes after injection,
mice were briefly perfused with phosphate-buffered saline,
and the left kidney was removed and fixed with 4% PFA.
Kidney sections were then stained with LRP2/MEGALIN or
SLC5A2/SGLT2, and images were acquired by confocal
microscopy (FV1200; Olympus)

Measurement of urinary ALB

Urine samples were collected over the course of 24 h using
metabolic cages in which mice were able to freely access food
and water. Collected urine samples were centrifuged to
remove debris. Clear supernatants of urine samples were
used to measure ALB concentrations using a Mouse
Albumin ELISA Kit (Bethyl Laboratories, E99-134) according
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to the manufacturer’s instructions. Urinary ALB levels are
reported as 24 h urinary ALB for 24 h urine.

Quantitative RT-PCR and Western blot analysis

Quantitative RT-PCR and western blot analyses were per-
formed as per a method described previously. [55] The
sequences of the primers used, except Lrp2, have been
described previously. [22,52,56] The sequences of the Lrp2
primer were as follows: Lrp2-F, 5’- tgcccaagctgecaaget —3;
Lrp2-R, 5’- cacaccgatgtccatgttcaca —3".

Multiphoton In Vivo Imaging

The animals were anesthetized with an intraperitoneal injection
of medetomidine, midazolam, and butorphanol. A catheter was
inserted into the right carotid artery for reagent infusion. The left
kidney was exteriorized through a flank incision and the animal
placed on a cover glass. The microscope stage had a heater to
keep the body temperature at 36-38°C. Another heater main-
tained the temperature inside the microscope cover at 36-38°C.
The images were acquired using a Nikon A1R-MP multiphoton
microscopy (Japan) equipped with ax20 water-immersion
objective lens. Multiphoton imaging was used with 820-nm
laser excitation and detection of lucifer yellow (LY; Invitrogen,
L453) through 593/46 nm bandpass filters. LY was injected in
bolus to measure SNGFR (20 ul of a 100 pg/ml stock in intrave-
nous bolus).

Measurement of SNGFR

Ater detecting a superficial glomerulus and subsequent proximal
tubule that could be observed for a minimum optical section of
100 pm, the freely filtered LY was injected into the carotid artery,
and transit of filtered LY downstream of the proximal tubule was
visualized. SNGFR was calculated by measuring the fluorescence
intensity change of LY within 2 regions of interest (ROIs) = 100
to 200 pm apart in the early proximal tubule segment, internal
diameter, and length of the tubule. SNGFR = [tubular fluid
volume]/[transit time of filtrate], [tubular fluid volume] =

[length of between the two ROIs x (internal diameter/2)*xn],
[transit time of filtrate] =LY transit time between the two
ROIs, which was calculated at the peak of each ROIs. Images
were collected in a time (xyt, 60 hz) series.

Statistical analysis

All results have been presented as means * standard error
(SE). Statistical analyses were conducted using the JMP soft-
ware (SAS Institute). Multiple-group comparisons were per-
formed using analysis of variance with post-testing using the
Tukey-Kramer test. The difference between two experimental
values was assessed using the Student’s t-test when appropri-
ate. Statistical significance was defined as p < 0.05.
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4-HNE 4-hydroxy-2-nonenal

ACTB actin, beta

ADGRE1/F4/80 adhesion G protein-coupled receptor E1
AKI acute kidney injury

ATG autophagy related

BSA bovine serum albumin

CKD chronic kidney disease

COLI1Al collagen, type I, alpha 1

CTSB cathepsin B

CTSD cathepsin D

DT dityrosine

DKD diabetic kidney disease

ESRD end-stage renal disease

FA fatty acid

GAPDH glyceraldehyde-3-phosphate dehydrogenase
GFP green fluorescent protein

HFD high-fat diet

HAVCRI1/KIM1 hepatitis A virus cellular receptor 1
iAtg5KO inducible atg5 knockout

iLrp2KO inducible Irp2/Megalin knockout

IR ischemia-reperfusion

LAMP1 lysosomal-associated membrane protein 1

LRP2/megalin low density lipoprotein receptor-related protein 2

MAPI1LC3B/LC3 microtubule-associated protein 1 light chain 3 beta

ND normal diet

PAS periodic-acid schiff

PTEC proximal tubular epithelial cell

PUFA polyunsaturated fatty acids

RAAS Renin-angiotensin-aldosterone system

SLC5A2/SGLT2  solute carrier family 5 (sodium/glucose cotranspor-
ter), member 2

SNGFR single nephron glomerular filtration rate

SQSTM1/p62 sequestosome 1

TUNEL terminal deoxynucleotidyl transferase dUTP nick

end labeling
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