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AMPK protects proximal tubular epithelial cells from lysosomal dysfunction and 
dedifferentiation induced by lipotoxicity
Louise Pierre a,b, Florian Juszczak b, Valentine Delmottea, Morgane Decarnoncle b, Benjamin Ledoux a, 
Laurent Bultot c, Luc Bertrand c,d, Marielle Boonen e, Patricia Renard a, Thierry Arnould a*, and Anne- 
Emilie Declèves b*

aLaboratory of Biochemistry and Cell Biology, Namur Research Institute for Life Sciences (NARILIS), University of Namur, Namur, Belgium; 
bLaboratory of Metabolic and Molecular Biochemistry, Faculty of Medicine and Pharmacy, Research Institute for Health Sciences and Technology, 
University of Mons, Mons, Belgium; cPole of Cardiovascular Research, Experimental and Clinical Research Institute (CARD), UCLouvain, Brussels, 
Belgium; dWELBIO Department, WEL Research Institute, Wavre, Belgium; eURPhyM, Intracellular Trafficking Biology, NARILIS, University of Namur, 
Namur, Belgium

ABSTRACT
Renal proximal tubules are a primary site of injury in metabolic diseases. In obese patients and animal 
models, proximal tubular epithelial cells (PTECs) display dysregulated lipid metabolism, organelle 
dysfunctions, and oxidative stress that contribute to interstitial inflammation, fibrosis and ultimately 
end-stage renal failure. Our research group previously pointed out AMP-activated protein kinase 
(AMPK) decline as a driver of obesity-induced renal disease. Because PTECs display high macroauto
phagic/autophagic activity and rely heavily on their endo-lysosomal system, we investigated the 
effect of lipid stress on autophagic flux and lysosomes in these cells. Using a model of highly 
differentiated primary PTECs challenged with palmitate, our data placed lysosomes at the corner
stone of the lipotoxic phenotype. As soon as 6 h after palmitate exposure, cells displayed impaired 
lysosomal acidification subsequently leading to autophagosome accumulation and activation of 
lysosomal biogenesis. We also showed the inability of lysosomal quality control to restore acidic 
pH which finally drove PTECs dedifferentiation. When palmitate-induced AMPK activity decline was 
prevented by AMPK activators, lysosomal acidification and the differentiation profile of PTECs were 
preserved. Our work provided key insights on the importance of lysosomes in PTECs homeostasis and 
lipotoxicity and demonstrated the potential of AMPK in protecting the organelle from lipid stress.

Abbreviation: ACAC: acetyl-CoA carboxylase; ACTB: actin beta; AICAR: 5-aminoimidazole-4-carbox
amide-1-β-D-ribofuranoside; AMPK: AMP-activated protein kinase; APQ1: aquaporin 1 (Colton blood 
group); BSA: bovine serum albumin; CDH16: cadherin 16; CKD: chronic kidney disease; CTSB: cathe
psin B; CTSD: cathepsin D; EPB41L5: erythrocyte membrane protein band 4.1 like 5; EIF4EBP1: 
eukaryotic translation initiation factor 4E binding protein 1; EMT: epithelial-to-mesenchymal transi
tion; FA: fatty acid; FCCP: carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone; GFP: green fluor
escent protein; GUSB: glucuronidase beta; HEXB: hexosaminidase subunit beta; LAMP: lysosomal 
associated membrane protein; LD: lipid droplet; LGALS3: galectin 3; LLOMe: L-leucyl-L-leucine methyl 
ester hydrobromide; LMP: lysosomal membrane permeabilization; LRP2: LDL receptor related protein 
2; LSD: lysosomal storage disorder; MAP1LC3/LC3: microtubule associated protein 1 light chain 3; 
MCOLN1: mucolipin TRP cation channel 1; MG132: N-benzyloxycarbonyl-L-leucyl-L-leucyl-L-leucinal; 
MmPTECs: Mus musculus (mouse) proximal tubular epithelial cells; MTORC1: mechanistic target of 
rapamycin kinase complex 1; OA: oleate; PA: palmitate; PIKFYVE: phosphoinositide kinase, FYVE-type 
zinc finger containing; PTs: proximal tubules; PTECs: proximal tubular epithelial cells; PRKAA: protein 
kinase AMP-activated catalytic subunit alpha; RFP: red fluorescent protein; RPS6KB: ribosomal protein 
S6 kinase B; SLC5A2: solute carrier family 5 member 2; SOX9: SRY-box transcription factor 9; SQSTM1: 
sequestosome 1; TFEB: transcription factor EB; Ub: ubiquitin; ULK1: unc-51 like autophagy activating 
kinase 1; VIM: vimentin
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Introduction

Proximal tubular epithelial cells (PTECs) are a primary site of 
metabolic injury because of high metabolic rates [1]. They 
require a large amount of ATP for active electrolyte- 

transporting processes, mostly provided by the mitochondrial 
free fatty acid (FA) oxidation [1]. Those are taken up in 
PTECs by endocytosis of albumin-bound FAs [2] or by 
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transporters such as SLC7A2/FATP2 (solute carrier family 27 
member 2) [3] and the translocase CD36 [4]. In diabetic 
chronic kidney disease (CKD), a tubulocentric view has 
emerged postulating that tubulopathy is the primary injury 
and a causative event in the development of the disease [5]. 
This concept emerged since some diabetic patients with renal 
failure present normoalbuminuria, and then was further sup
ported by the occurrence of tubule injuries (stress marker 
expression and tubular proteinuria) prior glomerular damage 
in animal models of diabetes [6,7]. Tubular biomarkers have 
thus gained paramount importance for early diagnosis of the 
disease. Diabetes-related kidney disease shared several patho
logical features with obesity-induced CKD. Indeed, obesity is 
now recognized as the second most predictive factor for end- 
stage renal disease, independently of diabetes and hyperten
sion [8]. Several studies showed the direct contribution of 
obesity on renal lipid metabolism dysregulation, defined as 
lipotoxicity [9–11]. In line with the tubulocentric view, PTECs 
of both patients and animal models with obesity-related CKD 
present ectopic lipid depositions associated with tubulointer
stitial inflammation and fibrosis [12–15]. Lipid droplet (LD) 
accumulation is concomitant with mitochondrial damage, 
autophagic and lysosomal marker changes in PTECs, which 
ultimately lead to brush border alterations and loss of polar
ity [13].

AMP-activated protein kinase (AMPK) was highlighted as 
a key mediator in the development and progression of obe
sity-induced CKD. The enzyme is abundantly expressed in 
kidneys, but its renal activity is decreased in response to 
metabolic stresses. Indeed, impaired AMPK activity is 
described in animal models of metabolic CKD induced by 
high fat diet [15] or diabetes [16] as well as in patients with 
diabetic nephropathy [17]. In contrast, we showed that its 
activation, by 5-aminoimidazole-4-carboxamide-1-β- 
D-ribofuranoside (AICAR) supplementation [11,13] or exer
cise training [14], protects renal function and structure in 
obese animals and prevents the development of CKD. In 
addition, the protection of obese female mice (over males) 
against the development of CKD was recently shown to be 
mediated by AMPK activity [18]. AMPK is a ubiquitous ser
ine/threonine kinase consisting of a catalytic PRKAA/α sub
unit and two regulatory PRKAB/β and PRKAG/γ subunits 
[19]. It is the master energy sensor of eukaryotic cells and is 
crucial in PTECs due to their elevated metabolic require
ments. Previous studies from our group highlighted a strong 
correlation between AMPK activation and reduced PTEC 
vacuolization [11,13,14,18]. In addition, lean mice deficient 
for the PRKAB1/β1 subunit display LD accumulation in 
PTECs specifically [20], reinforcing that impaired AMPK 
activity results in dysregulated lipid metabolism in PTECs.

Macroautophagy/autophagy is the process by which cyto
plasmic cargos are engulfed in a double-membrane structure, 
named a phagophore, that matures into an autophagosome, 
which delivers the cargo to lysosomes for degradation and 
recycling [21]. PTECs display high autophagic activity and 
thus rely heavily on lysosomal function [21]. Moreover, the 
degradation of filtered proteins after reabsorption by recep
tor-mediated endocytosis also occur in the lysosomes [22]. In 
PTs of obese mice, we [13,14] and others [12] showed the 

accumulation of enlarged lysosomes and dysregulation of 
autophagic markers, both prevented by AMPK activation. 
These changes may result from increased formation and/or 
decreased clearance of autophagic vacuoles and were thus 
hard to interpret. Activation of autophagy in response to 
lipotoxicity has been demonstrated in PTECs with a role in 
the degradation of cell components damaged by oxidative 
stress [12]. This elevated initiation is thought to finally place 
an important burden on lysosomal degradation leading to 
saturation. It is also known that autophagosome accumulation 
could result from defective fusion with lysosomes [23]. 
Recently, it was shown that cultured hepatocytes and cardio
myocytes exposed to FAs display direct lysosomal damage, in 
an autophagy-independent manner [24–26]. Interestingly, 
several evidence suggest a strong interaction between lyso
somes and AMPK as its non-canonical activation is regulated 
by the lysosomal V-ATPase-Ragulator complex [27]. 
Moreover, some of its downstream targets are involved in 
lysosomal biogenesis [28] and maintenance of lysosomal ion 
homeostasis [29]. Overall, the effects of lipid overload on 
lysosomes in PTECs need to be clarified, especially regarding 
the mechanisms of AMPK protection. Once damaged, lyso
somes might be either repaired, removed or replaced by 
several pathways to ensure cell homeostasis [30]. The activa
tion of these pathways remains to be determined in response 
to lysosomal stress induced by lipotoxicity. Moreover, given 
the importance of lysosomal homeostasis for PTECs, the effect 
of lipotoxicity on their function of protein endocytosis is of 
great interest.

In this work, using FA-exposed PTECs, we demonstrate 
that the inhibition of autophagic flux is a consequence of 
lysosomal dysfunction induced by FA overload. It leads to 
the activation of lysosomal quality control pathways and 
finally drives cell dedifferentiation. Interestingly, AMPK acti
vation maintains lysosomal homeostasis and is partly protec
tive against FA-induced PTECs dysfunction.

Results

Treatment with palmitate leads to autophagosome 
accumulation in mouse proximal tubular epithelial cells

Changes in autophagic activity secondary to lipid stress have 
been shown in various PTECs models even if conflicting 
results and interpretations remain [12–14]. To further inves
tigate how this pathway is affected upon lipid challenge, 
primary Mus musculus (mouse) PTECs (MmPTECs) were 
exposed to palmitate (PA), widely used to mimic lipotoxicity 
in vitro. Unlike other models of cultured PTECs, these cells 
display high differentiation state [22]. The concentration of 
300 µM PA was selected in this work as it induced LD accu
mulation but did not significantly impair cell viability (Figure 
S1). PA-treated cells displayed elevated LD number 
(Figure 1A,B) and LD size (Figure 1A,C) after 24 h when 
compared with cells treated with 0.4% bovine serum albumin 
(BSA) used as vehicle control.

After 6 and 24 h of PA treatment, the MAP1LC3/LC3 
(microtubule associated protein 1 light chain 3)-II:LC3-I 
ratio and SQSTM1/p62 (sequestosome 1) abundance were 
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Figure 1. PA induces the accumulation of autophagosomes in Mus musculus (mouse) proximal tubular epithelial cells (MmPTECs). (A) MmPTECs were treated with 
300 µM PA or 0.4% BSA for 6 or 24 h and stained with BODIPYTM 493/503 for 15 min. (B, C) Quantifications of lipid droplet (B) number and (C) size on 100 cells per 
condition by lipid droplets MRI tool. (D) Representative western blot and (E,F) quantitative densitometry analysis of LC3, SQSTM1 and ACTB/β-actin in MmPTECs 
treated with 300 µM PA or 0.4% BSA for 6 or 24 with or without 2 nM bafilomycin A1 for last 6 h. (G) Representative micrographs of MmPTECs expressing mRFP-GFP- 
LC3B and treated with 300 µM PA or 0.4% BSA for 6 or 24 h with or without 2 nM bafilomycin A1 for the last 6 h. GFP+ RFP+ (yellow) puncta indicate autophagosomes 
(neutral pH), and GFP− RFP+ (red) ones indicate acidic pH. Quantifications of the number of (H) GFP+ RFP+ and (I) GFP− RFP+ puncta on 30 cells per group. Data are 
represented as (B, C) means and quarters or as (E, F, H, I) means ± SEM of three independent biological experiments. Statistical analyses were performed by two-way 
ANOVA followed by (F, H, I) Dunnett’s or (B, C, E) Tukey’s post-hoc test.
*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001 versus corresponding BSA group; ##p ≤ 0.01; ###p ≤ 0.001 between PA groups. 
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significantly elevated (Figure 1D-F). Sqstm1 relative mRNA 
abundance was also significantly increased in PA-treated cells 
(Figure S2A) which make the interpretation of SQSTM1 
changes difficult in the context of autophagy. The LC3-II:-I 
ratio was not further increased upon the addition of bafilo
mycin A1, a lysomotropic compound inhibiting lysosomal 
acidification [31] (Figure 1D,F). This suggests an impairment 
of autophagosome turnover in PTECs exposed to PA. To 
confirm this hypothesis, we monitored the autophagic flux 
with a construct encoding a cDNA of LC3B fused with pH- 
sensitive green fluorescent protein (GFP) and pH-insensitive 
red fluorescent protein (RFP) [32]. In these cells, 6 and 24 h of 
PA treatment significantly increased the number of autopha
gosomes at neutral pH (GFP+ RFP+ puncta) (Figure 1G,H). 
Still, the addition of bafilomycin A1 had no effect on PA- 
treated cells. In contrast, the number of acidic autolysosomes 
(GFP− RFP+ puncta) was unchanged between PA- and BSA- 
treated cells (Figure 1G,I). Altogether, these data highlight 
that autophagosome degradation is quickly impaired in 
MmPTECs upon lipid challenge which is in accordance with 
the literature [12]. However, no change in the initiation was 
observed upon PA treatment. The phosphorylation of ULK1 
(unc-51 like autophagy activating kinase 1) at Ser555, 
a marker of autophagy activation [33], was not significantly 
affected by PA from 3 to 24 h in MmPTECs (Figure S2B,C). 
Absence of PA-induced initiation was reinforced by the simi
lar effect of BSA and bafilomycin A1, PA with and without 
bafilomycin A1 on the LC3-II:-I ratio (Figure 1D,F) and the 
number of GFP+ RFP+ LC3 puncta (Figure 1G,H).

AMPK pharmacological activation prevents PA-induced 
autophagic flux inhibition in MmPTECs

Impaired AMPK activity is reported in different models of 
metabolic CKD as well as in patients presenting diabetic 
nephropathy [15–17]. In high fat diet-fed mice, we showed 
the contribution of this event to the development of CKD 
[13]. The present work aimed to assess the direct effect of FA 
overload on AMPK activity in PTECs. After a 6 h PA- 
treatment, AMPK activity was not affected as evidenced by 
unchanged activity (Figure 2A) and phosphorylation state of 
the enzyme on Thr172 (Figure 2B,C). AMPK-dependent 
phosphorylation of ACAC (acetyl-CoA carboxylase) on 
Ser79 was also comparable between PA- and BSA-treated 
mPTECs after 6 h (Figure 2B,D). However, the AMPK phos
photransferase activity became significantly impaired after 
24 h of a PA treatment (Figure 2E) while AMPK and ACAC 
phosphorylations were slightly decreased at that time in PA- 
treated cells (Figure 2F-H). These results suggested that 
MmPTECs exhibit reduced AMPK activity and signaling 
when exposed to PA for an extended period. AMPK has an 
inhibitory action on MTORC1 activity through phosphoryla
tion of RAPTOR and tuberous sclerosis complex 2 [34]. We 
thus analyzed MTORC1 activity by assessing the phosphor
ylation of substrates such as EIF4EBP1 (eukaryotic translation 
initiation factor 4E binding protein 1) on Thr37/46 and 
RPS6KB (ribosomal protein S6 kinase B) on Thr389. The 
phosphorylation states of these two proteins were significantly 
increased in PA-treated cells for 24 h (Figure S3). These data 

indicate that 24 h of PA-treatment impairs AMPK activity 
which is concomitant with elevated MTORC1 activity in 
MmPTECs.

Once activated, AMPK promotes autophagy by acting at 
multiple steps of the flux, from initiation to fusion between 
autophagosomes and lysosomes [35]. Therefore, its inhibition 
in PA-treated MmPTECs could contribute to the autophago
some accumulation observed in these cells. To test this 
hypothesis, we used two pharmacological AMPK activators, 
A769662 and AICAR [36]. We first validated their effect on 
AMPK activity and the phosphorylation of AMPK and its 
target ACAC. After 6 h, the ACAC phosphorylation was sig
nificantly elevated in the presence of AICAR in PA-treated 
cells (Figure 2D). After 24 h, the two activators significantly 
increased AMPK activity and ACAC phosphorylation in PA- 
treated cells while AMPK phosphorylation was significantly 
increased with AICAR (Figure 2E-H). These data highlighted 
that AMPK is activated in response to either A769662 or 
AICAR in PA-treated MmPTECs, an effect that is stronger 
after 24 h. Next, we analyzed whether the increase in LC3-II:-I 
ratio induced by PA treatment of 24 h could be corrected by 
AMPK activation, and found that it was (Figure 3A,C). 
However, AMPK activation did not modify the abundance 
of SQSTM1 in these experimental conditions (Figure 3A,B). It 
is likely explained by the PA-induced increased mRNA rela
tive expression as previously shown (Figure S2A). In accor
dance with the LC3-II:-I ratio, the number of autophagosomes 
with neutral pH (GFP+ RFP+ puncta) was also reduced in PA- 
treated cells in the presence of AMPK activators (Figure 3D, 
E). Again, the number of autophagosomes with acidic pH 
(GFP− RFP+ puncta) was unchanged in these conditions 
(Figure 3D,F). Notably, in MmPTECs exposed to both PA 
and the activators, bafilomycin A1 further increased the LC3 
ratio (Figure 3A,C) as well as the number of autophagosomes 
with neutral pH (GFP+ RFP+ puncta) (Figure 3D,E). 
Comparable results were obtained when MmPTECs were 
incubated with PA, AMPK activators and bafilomycin A1 for 
6 h (Figure S4). These results reveal that maintenance of 
AMPK activity in MmPTECs exposed to PA relieves the 
autophagic flux inhibition and prevents the accumulation of 
autophagosomes. In contrast, AMPK activators did not mod
ulate the phosphorylation of ULK1 in PA-treated cells 
(Figure 3G,H), suggesting that the protection is not mediated 
by an activation of the initiation of autophagy.

Accumulating autophagosomes in response to PA contain 
ubiquitin-positive aggregates

Targeted autophagy is the process by which autophagosomes 
engulf selectively damaged organelles and/or cell components 
after cargo recognition [37]. Several types of selective autophagy 
were studied in the present work in MmPTECs after lipid chal
lenge. Because PA was demonstrated to impair mitochondrial 
membrane potential in PTEC cell line [12], mitophagy was 
assessed by colocalizing LC3 with mitochondrial oxidative phos
phorylation (OXPHOS) markers. However, no change in coloca
lization percentages was detected between PA- and BSA-treated 
cells for 24 h (Figure S5A,C). Next, another type of selective 
autophagy targeting LDs, namely lipophagy, was assessed. The 
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impact of lipotoxicity on lipophagy is still controversial in the 
literature: some studies on cultured hepatocytes postulated that it 
is activated in response to PA [38,39] while contradictory findings 
on cultured β-cells were observed [40]. Lipophagy was assessed by 
colocalizing LC3 with PLIN2 (perilipin 2) and colocalization 
percentages were comparable between PA- and BSA-treated 
cells (Figure S5B,D).

Perez and collaborators nicely demonstrated that PA alters 
the endoplasmic reticulum by increasing the saturation of 
membrane FAs in fibroblast-induced renal epithelial cells 
[41]. This stress might lead to protein misfolding, which will 
translocate in the cytosol by the endoplasmic reticulum- 

associated protein degradation system. In addition, folded 
proteins might be directly damaged by toxic lipid intermedi
ates and/or elevated oxidative stress, two features of lipotoxi
city [42]. Cytosolic accumulation of aberrant proteins might 
form aggregates which, upon ubiquitination, are recognized 
by SQSTM1 to be engulfed in autophagosomes, a process 
named aggrephagy [43]. After 24 h, PA-treated cells showed 
significant higher number of ubiquitin (Ub) aggregates 
(>0.5 µm2) compared to BSA-treated cells (Figure 4A,B). The 
effect of PA was even higher than in the positive control 
where cells were starved and treated for 6 h with 10 µM of 
the proteasomal inhibitor N-benzyloxycarbonyl-L-leucyl- 

Figure 2. PA alters AMPK activity and signalization after 24 h in MmPTECs. (A, E) AMPK was immunoprecipitated by anti-PRKAA1/AMPKα1 and anti-PRKAA2/AMPKα2 
antibodies in lysates from MmPTECs previously treated for (A) 6 or (E) 24 h with 300 µM PA or 0.4% BSA with or without 100 µM A769662 or 2 mM AICAR. 
Phosphotransferase activity was assessed toward the AMARA peptide. Data are presented as the means of pi (pmol) incorporated per µg of proteins per min ± SEM. 
(B, F) Representative western blot of p-ACAC (Ser79), p-PRKAA (Thr172), ACAC, AMPK and ACTB in MmPTECs treated with 300 µM PA or 0.4% BSA with or without 
100 µM A769662 or 2 mM AICAR for (B) 6 or (F) 24 h. (C, D, G, H) Quantitative densitometry analysis of the p-PRKAA:PRKAA (C for 6 h, G for 24 h) and the p-ACAC: 
ACAC (D for 6 h, H for 24 h) ratios. Data are presented as means ± SEM of five independent biological experiments. Statistical analyses were performed by two-way 
ANOVA followed by Tukey’s post-hoc test.
*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001 in PA or BSA treatment groups; #p ≤ 0.05 between groups. 
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Figure 3. AMPK activation prevents PA-induced autophagosome accumulation in MmPTECs. (A) Representative western blot and (B, C) quantitative densitometry 
analysis of LC3, SQSTM1 and ACTB in MmPTECs treated for 24 h with 300 µM PA or 0.4% BSA, in the presence of 100 µM A769662 or 2 mM AICAR and with or without 
2 nM bafilomycin A1 for last 6 h. (D) Representative micrographs of MmPTECs expressing mRFP-GFP-LC3B and treated for 24 h in the same conditions. GFP+ RFP+ 

(yellow) puncta indicate autophagosomes (neutral pH), and GFP− RFP+ (red) ones indicate acidic pH. (E, F) Quantifications of the number of (E) GFP+ RFP+ and (F) 
GFP− RFP+ puncta on 30 cells per group. (G) Representative western blot and (H) quantitative densitometry analysis of p-ULK1 (Ser555), ULK1 and ACTB in MmPTECs 
treated for 24 h with 300 µM PA or 0.4% BSA in the presence of 100 µM A769662 or 2 mM AICAR. Data are presented as means ± SEM of three or five independent 
biological experiments as indicated on the charts. Statistical analyses were performed by two-way ANOVA and Tukey’s post-hoc test.
*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001 in PA or BSA treatment groups; #p ≤ 0.05; ###p ≤ 0.001 between groups. 
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Figure 4. Autophagosomes in response to PA contain ubiquitin-positive aggregates in MmPTECs. (A) Representative micrographs of mPTECs treated for 24 h with 
300 µM PA, 0.4% BSA or for 6 h with 10 µM MG132 and 2 nM bafilomycin A1 (positive control), fixed and immuno-stained for ubiquitin (red) and SQSTM1 (green). (B) 
Quantifications of the number of ubiquitin puncta per nucleus on 30 cells per group. (C) Representative western blot and (D) quantitative densitometry analysis of 
ubiquitinylated proteins normalized by total proteins in MmPTECs treated with 300 µM PA or 0.4% BSA for 24 h. (D) Quantifications of the percentages of 
colocalization of ub with SQSTM1 calculated by Mander’s correlation coefficients on 30 cells per group. (F) Representative micrographs of MmPTECs treated for 24 h 
with 300 µM PA or 0.4% BSA in the presence of 100 µM A769662 or 2 mM AICAR with and without and 2 nM bafilomycin A1 for last 6 h, fixed and immuno-stained for 
ubiquitin (red) and SQSTM1 (green). (G, H) Quantifications of the number of (G) ubiquitin puncta and (H) ubiquitin- and SQSTM1-double-positive puncta per nucleus 
calculated with the objects-based method on 30 cells per group. Data are presented as (B, D, G, H) means ± SEM or as (E) means and quarters of three or four 
independent biological experiments as indicated on the charts. Statistical analyses were performed by (D) Student’s unpaired t-test, (B, E) one-way ANOVA followed 
by Dunnett’s post-hoc test or (G, H) two-way ANOVA followed by Tukey’s post-hoc test.
*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ###p ≤ 0.001 between groups. 
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L-leucyl-L-leucinal (MG132) and bafilomycin A1 (Figure 4A, 
B). The significant increase in ubiquitinated protein abun
dance in response to 24 h of PA treatment was confirmed by 
western blot analysis (Figure 4C,D). In addition, colocaliza
tion percentages between Ub and SQSTM1 were significantly 
higher in PA-treated cells compared to BSA-treated cells after 
24 h (Figure 4A,E). Comparable results were obtained after 
a period of PA incubation of 6 h (Figure S6). The detection of 
numerous Ub aggregates translates impairment of protein 
homeostasis in MmPTECs treated with PA. It is in accordance 
with previous report showing increased Ub staining in prox
imal tubules of obese mice [12]. The present work addresses 
the fate of these aggregates, that are delivered to the autopha
gy machinery for lysosomal degradation.

Given that AMPK activation protected against autophago
somes accumulation in PA-treated cells (Figure 3), we asked 
about its potential protection toward Ub-tagged aggregates. 
AMPK pharmacological activation in PA-treated cells was 
associated with significantly reduced number of Ub puncta 
(Figure 4F,G) and puncta positive for Ub and SQSTM1 staining 
after 24 h (Figure 4F,H). Because the reduction of both markers 
was abolished with bafilomycin A1 in these conditions, we can 

conclude that AMPK activation restore the autophagic degra
dation of these aggregates in PA-treated cells.

Lysosomal function is impaired by PA and protected by 
AMPK pharmacological activation in MmPTECs

We have shown so far that lipotoxicity inhibits the autophagic 
flux while the initiation might be unaffected in MmPTECs. In 
this regard, it is possible that the accumulation of autophago
somes in response to PA results from defective fusion with 
lysosomes as demonstrated for other cell types [23,44,45]. To 
test this hypothesis, fusion events were evaluated by the colo
calization percentages between LC3 and lysosomes through 
LAMP2 (lysosomal associated membrane protein 2) staining. 
After 6 and 24 h, the colocalization percentages were signifi
cantly higher in PA-treated cells compared with BSA-treated 
cells (Figure 5A,B). These results suggested that the autopha
gosomes observed in PA-treated cells are positive for the 
LAMP2 marker and are thus most likely autolysosomes. It is 
reinforced by the fact that Ub aggregates were engulfed in 
LAMP1-positive structures indicative of lysosomes 
(Figure 5C,D). Notably, lysosomes appeared enlarged in PA- 

Figure 5. PA does not alter the fusion between autophagosomes and lysosomes in MmPTECs. (A) Representative micrographs of MmPTECs treated for 6 or 24 h (only 
24 h is represented) with 300 µM PA or 0.4% BSA with and without 2 nM bafilomycin A1 for last 6 h, fixed and immuno-stained for LAMP2 (red) and LC3 (green). (B) 
Quantification of the colocalization percentages of LC3 with LAMP2 calculated by Mander’s correlation coefficients on 30 cells per group. (C) Representative 
micrographs of MmPTECs treated for 24 h with 300 µM PA or 0.4% BSA, fixed and immuno-stained for ubiquitin (red) and LAMP1 (green). (D) Quantification of the 
number of ub puncta surrounded by LAMP1 staining on 30 cells per group. Data are presented as (B) means and quarters or as (D) means ± SEM of three 
independent biological experiments. Statistical analyses were performed by (D) Student’s unpaired t-test or by (B) two-way ANOVA followed by Dunnett’s post-hoc 
test.
**p ≤ 0.01; ***p ≤ 0.001 between groups. 
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treated cells after 24 h (Figure 5C). Because the number and 
the size of autophagosomes (Figure 1G,H) and their colocali
zation with lysosomes (Figure 5A,B) were similar between 
PA-treated cells and those treated with BSA and bafilomycin 
A1, we postulated that PA might act similarly to bafilomycin 
A1 and inhibit lysosomal function. In this regard, autophago
some accumulation might be a consequence of defective lyso
somal degradation secondary to lipotoxicity in MmPTECs.

As acidic pH is crucial for lysosomal enzyme activity, this 
parameter was next monitored as a marker of organelle func
tion. The LysoSensorTM Yellow/Blue DND-160 dye was used 
in this purpose. It stains lysosomes and emits yellow fluores
cence in acidic condition (pH: 3–5) and blue fluorescence at 
neutral pH (6–8) [46]. After 6 and 24 h, the blue:yellow ratio 
was significantly elevated in PA-treated MmPTECs compared 
to BSA-treated cells (Figure 6A). In PA-treated cells, this 
parameter was not further affected by bafilomycin A1. In 
addition, PA-treated cells stained with acridine orange dye, 
which accumulates in lysosomes after protonation in this 
compartment [47], showed significantly less red fluorescence 
after 6 h. It is consistent with elevated lysosomal pH in these 
cells (Figure 6B,C). These observations indicated that PA 
impairs the lysosomal acidification from 6 h and thus likely 
the lysosomal function in MmPTECs. Because AMPK activa
tors protected against the inhibition of the autophagic flux in 
PA-treated cells, their effect on lysosomal pH was assessed. 
After 6 (Figure 6D) or 24 h (Figure 6E), the pharmacological 
activation of AMPK in PA-treated cells was associated with 
a normalization of the LysoSensorTM blue:yellow ratio. 
Bafilomycin A1 significantly increased this fluorescence ratio 

in these conditions (Figure 6D,E). Overall, AMPK activation 
protects PA-treated MmPTECs from autophagosome accu
mulation by preventing defective lysosomal acidification 
which maintains their degradation.

PA alters lysosomal membrane permeability in MmPTECs 
which is prevented by AMPK activation

As we previously showed that lysosomal alkalinization occurs 
upon PA treatment, we next investigated lysosomal mem
brane permeabilization (LMP) in PA-treated cells, as well as 
pathways of lysosomal quality control. Depending on the 
intensity and the duration of the stress, different pathways 
might be initiated [30]. For instance, upon a stress that 
induces LMP, intraluminal glycans become accessible and 
are detected by LGALS3 (galectin 3), which recruits compo
nents of an autophagy initiation machinery to mediate lyso
phagy [48]. LMP is of particular interest to our study as this 
event is associated with disruption of the lysosomal proton 
gradient. After 6 and 24 h, PA-treated cells displayed signifi
cant higher number of LGALS3-positive puncta compared to 
BSA-treated cells but to lesser extent than cells treated for 1 h 
with 1 mM of the lysosomal-membrane damaging agent 
L-leucyl-L-leucine methyl ester hydrobromide (LLOMe) 
(Figure 7A,B). However, damaged lysosomes were unlikely 
engaged in lysophagy in PA-treated cells because the coloca
lization percentages of LGALS3 with LC3 were similar 
between BSA- and PA-treated cells after 6 or 24 h 
(Figure 7A,C). Besides, there was a significant increase in 
the colocalization percentage in cells treated with LLOMe as 

Figure 6. PA impairs lysosomal acidification in MmPTECs which is prevented by AMPK activation. (A) Blue (neutral pH):yellow (acidic pH) fluorescence ratios from 
MmPTECs treated for 6 or 24 h with 300 µM PA or 0.4% BSA with or without 2 nM bafilomycin A1 for last 6 h and incubated with 5 µM LysoSensorTM yellow/blue 
DND-160 for 3 min. (B) Representative micrographs of MmPTECs treated for 6 h with 300 µM PA or 0.4% BSA and incubated with 2.5 µM acridine orange for 15 min. 
(C) Quantification of the red:green fluorescence ratios on 30 cells per group. (D, E) Blue (neutral pH):yellow (acidic pH) fluorescence ratios from MmPTECs treated for 
(D) 6 or (E) 24 h with 300 µM PA or 0.4% BSA in the presence of 100 µM A769662 or 2 mM AICAR with or without 2 nM bafilomycin A1 for last 6 h and stained with 
LysoSensorTM yellow/blue DND-160. Data are presented as means ± SEM of three independent biological experiments. Statistical analyses were performed by (C) 
Student’s unpaired t-test or by (A, D, E) two-way ANOVA followed by (A) Dunnett’s or (D, E) Tukey’s post-hoc test.
*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; #p ≤ 0.05; ##p ≤ 0.01; ###p ≤ 0.001 between groups. 
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Figure 7. PA alters lysosomal membrane permeability in MmPTECs while pharmacological AMPK activation is protective. (A) Representative micrographs of cells 
treated for 6 or 24 h with 300 µM PA, 0.4% BSA or with 1 mM LLOMe for 1 h (positive control), fixed and immuno-stained for LGALS3 (red) and LC3 (green). (B, C) 
Quantifications of (B) the number of LGALS3 puncta per nucleus and (C) their percentages of colocalization with LC3 on 30 cells per group. (D) Free enzymatic 
activities of CTSB, GUSB and HEXB (expressed as percentages of total activities) in MmPTECs treated for 24 h with 300 µM PA, 0.4% BSA or with 1 mM LLOMe for 1 h 
(positive control). (E) Representative micrographs of cells treated for 24 h with 300 µM PA in the presence of 100 µM A769662 or 2 mM AICAR, fixed and immuno- 
stained for LGALS3 (red). (F) Quantifications of the number of LGALS3 puncta per nucleus on 30 cells per group. Data are presented as (B, D, F) means ± SEM or as (C) 
means and quarters of three independent biological experiments. Statistical analyses were performed by (B, D) Student’s unpaired t-test (comparison between BSA 
and PA only) or by (C, F) one-way ANOVA followed by Dunnett’s post-hoc test.
*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001 between groups. 
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expected [49]. A consequence of LMP is the leakage of lyso
somal enzymes into the cytosol, where they may trigger 
apoptosis and other cell death pathways [30]. Consistent 
with the elevated number of LGALS3 puncta in PA-treated 
cells, incubation of homogenates with the fluorogenic sub
strates of either GUSB (glucuronidase beta) or HEXB (hex
osaminidase subunit beta) – two lysosomal acid hydrolases – 
revealed an increase of their free activities 24 h after treatment 
with PA (Figure 7D). Overall, these data showed that LMP 
occurs in MmPTECs upon PA-induced lipotoxicity, but it 
does not appear to induce lysophagy nor to modulate the 
viability of these cells (Figure S1E,F). Given that AMPK acti
vators protect PA-treated cells from lysosomal alkalinization, 
we next wondered about their potential benefits on LMP. In 
MmPTECs treated with PA, AMPK activation mediated by 
A769662 or AICAR significantly suppressed LGALS3 detec
tion after 24 h and thus prevented LMP (Figure 7E,F).

Lysosomal biogenesis is activated in response to 
PA-induced lysosomal damage in MmPTECs

Lysosomal biogenesis is another pathway of lysosomal qual
ity control which aim to replace the pool of damaged orga
nelles [30]. Interestingly, upregulation of lysosomal gene 
expression has been shown in kidneys of obese male mice 
[18]. We were thus interested to test whether it occurred 
following lipid stress in MmPTECs as well as to identify the 
molecular actors involved. To do so, the subcellular localiza
tion of TFEB (transcription factor EB), which regulates the 
expression of genes encoding the coordinated lysosomal 

expression and regulation/CLEAR network [50], was assessed 
in PA-treated MmPTECs. TFEB staining showed nuclear 
signal in PA-treated cells for 6 or 24 h while it displayed 
a cytosolic localization in BSA-treated cells (Figure 8A,B). 
PA-treated cells after 24 h showed significant upregulation of 
some TFEB-targeted genes including Ctsd (cathepsin D), 
Vps11 (VPS11 core subunit of CORVET and HOPS com
plexes) and Vps18 (Figure 8C, 6 h data shown in Figure S7A). 
It correlated with the stronger fluorescent signal for LAMP1 
observed in PA-treated cells after 24 h (Figure 8D, micro
graphs in Figure 5C). Interestingly, TFEB nuclear localization 
and expression of target genes were not modified by the 
addition of AMPK activators in PA-treated cells (Figure 
S8). These findings are not unexpected (given that AMPK 
promotes lysosomal biogenesis [28]) and suggest that the 
effect of PA on TFEB is independent of AMPK inhibition. 
Overall, these data demonstrated an induction of lysosomal 
biogenesis upon lipid challenge in MmPTECs which is likely 
mediated by TFEB.

The PA-induced lysosomal dysfunction drives MmPTEC 
dedifferentiation while AMPK activation is protective

Despite the emergence of tubulocentric view in metabolic 
CKD, the effects of lipotoxicity on PTEC differentiation phe
notype remain largely unknown. It is likely explained by the 
inability of main in vitro models to recapitulate in vivo PTEC 
features such as polarity, transporter expression and receptor- 
mediated endocytosis [22]. Here, we showed that PA-treated 
cells for 6 or 24 h displayed significantly less cytosolic 

Figure 8. Lysosomal biogenesis is activated in response to pa-induced lysosomal stress in MmPTECs. (A) Representative micrographs of cells treated with 300 µM PA 
or 0.4% BSA for 6 or 24 h, fixed and immuno-stained for TFEB (green). (B) Quantification of the percentages of cells showing nuclear TFEB staining on more than 100 
cells per group. (C) Relative mRNA expression of tfeb-targeted genes on MmPTECs treated for 24 h with 300 µM PA or 0.4% BSA. (D) Quantification of LAMP1- 
fluorescence intensities per nucleus by the integrated density tool on 30 cells per group (micrographs in Figure 5C). Data are presented as means ± SEM of three 
independent biological experiments. Statistical analyses were performed by (C) Student’s unpaired t-test, or two-way ANOVA followed by (B) Sidak’s or (D) Tukey’s 
post-hoc test.
*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001 versus corresponding BSA group; ##p ≤ 0.01 between PA groups. 
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fluorescence intensity after BSA-488 uptake (Figure 9A,B). It 
translated alterations in protein reabsorption secondary to 
lipid overload in MmPTECs and thus cell dysfunction. After 
24 h of PA, cells showed significantly decreased expression of 
differentiation markers including Lrp2/megalin (LDL receptor 
related protein 2), the receptor involved in protein endocyto
sis, transporters (Aqp1 [aquaporin 1 (Colton blood group)] 
and Slc5a2 [solute carrier family 5 member 2]) as well as 
genes encoding proteins of tight junctions and desmosomes 
(Cdh16 [cadherin 16] and Epb41l5 [erythrocyte membrane 
protein band 4.1 like 5]) (Figure 9C). It was concomitant 
with an upregulation of some injury and mesenchymal 

markers (Sox9 [SRY-box transcription factor 9], Vim [vimen
tin] and Cd44) (Figure 9D). No change in the expression of 
these markers was observed after 6 h of PA treatment (Figure 
S7B,C). These results suggested that PA alters the differentia
tion phenotype of MmPTECs and that endocytic alterations 
occur prior to the modifications in gene expressions. Protein 
endocytosis relies on the availability of receptors at the apical 
site, effective endocytosis and intracellular trafficking for 
ligands/proteins to be degraded in lysosomes [51]. We thus 
used bafilomycin A1 to determine whether impaired lysoso
mal acidification by itself might modify this process. Control 
cells treated with bafilomycin A1 for 6 h displayed 

Figure 9. PA-induced lysosomal dysfunction drives MmPTEC dedifferentiation. (A) Representative micrographs of MmPTECs treated with 300 µM PA or 0.4% BSA for 6 
or 24 h, incubated with 100 µg/mL BSA-488 for 30 min at 37°C and fixed. (B) Quantification of BSA fluorescence intensities per nucleus by the integrated density tool 
on more than 100 cells per group. (C, D) Relative mRNA expression of (C) differentiation and (D) dedifferentiation markers on MmPTECs treated with 300 µM PA or 
0.4% BSA for 24 h. (E) Representative micrographs of MmPTECs treated for 6 or 24 h with 300 µM PA or 0.4% BSA with or without 2 nM bafilomycin A1 for last 6 h, 
incubated with 100 µg/mL BSA-488 for 30 min at 37°C and fixed. (F) Quantification of BSA fluorescence intensities per nucleus by the integrated density tool on more 
than 100 cells per group. Data are presented as means ± SEM in three or four independent biological experiments as indicated on the charts. Statistical analyses were 
performed by (C, D) Student’s unpaired t-test or by (B, F) two-way ANOVA followed by Dunnett’s post-hoc test.
*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001 versus corresponding BSA group. 
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a significant decrease in the uptake of BSA-488 (Figure 9E,F). 
Again, this suggested an impairment in protein reabsorption 
and underlined the need for effective lysosomal function in 
this endocytic pathway. The insensitivity of PA-treated cells to 
bafilomycin A1 clearly demonstrated the contribution of lyso
somal dysfunction on the phenotype of impaired endocytosis 
in PA-treated MmPTECs.

Finally, as we showed that AMPK activators protected 
from lysosomal dysfunction in PA-treated cells (Figure 6), 
their potential in the maintenance of protein endocytosis 
was assessed. AMPK activation in PA-treated cells signifi
cantly increased the cytosolic BSA-488-related fluorescence 
(Figure 10A,B). This protection was alleviated by bafilomycin 
A1 which strengthened the importance of lysosomal home
ostasis. The protective effect of AMPK activators on protein 
endocytosis was, however, relatively transient after 24 h 
(Figure 10A,C). However, the benefits of AMPK activation 
to counteract the deleterious effect of PA on MmPTEC ded
ifferentiation after 24 h were highlighted. Indeed, the addition 
of A769662 or AICAR significantly increased the expression 
of differentiation markers such as Lrp2, Aqp1 and Slc5a2 in 
PA-treated cells after 24 h (Figure 10D).

Discussion

Although the impact of lipotoxicity on autophagic flux has 
been studied in PTECs, conflicting results and interpretations 
remained prior to our study. Recent studies on non-renal cells 
show that autophagic changes secondary to FA excess result 
from direct lysosomal injury. In this study, we placed lyso
somes at the cornerstone of PTECs physiology and lipotoxic 
phenotype. Indeed, impaired acidification was shown in 
PTECs exposed to PA, subsequently leading to the accumula
tion of autophagosomes and cell dedifferentiation. We also 
confirmed the protection of AMPK activation against lipo
toxicity previously demonstrated by our group [13] and 
brought the underlying molecular mechanisms. In PTECs, 
AMPK prevented PA-induced defective lysosomal acidifica
tion, autophagosomes accumulation, and cell 
dedifferentiation.

One of the main findings of the present study is that 
saturated FAs such as PA impaired lysosomal acidification 
in PTECs. Autophagy did not seem to be induced upon 
lipid challenge, which is in accordance with decreased 
AMPK activity and MTORC1 activation. Elevated number 
of autophagosomes observed in PA-treated cells thus mainly 
resulted from an absence of lysosomal degradation. After 
refuting the hypotheses of mitophagy and lipophagy, we 
showed that autophagy targeted Ub-tagged aggregates in 
response to PA which are ultimately found in lysosomes. 
The lysosomal dysfunction highlighted in the present work 
is of physiological relevance knowing that lysosome enlarge
ment and accumulation were described in proximal tubules of 
obese male mice [13,18]. Notably, we showed that lysosomal 
dysfunction is an early event of lipotoxicity as it occurred as 
soon as 6 h after PA exposure. At that time point, the mito
chondrial network was not modified, and LDs were barely 
detectable. Several mechanisms have been proposed to explain 
FA-mediated lysosomal alkalinization. While lysosomal 

calcium homeostasis alterations have been proposed to play 
a role [25,52], several studies directly demonstrated the invol
vement of the lysosomal V-ATPase [53]. An inhibition of this 
pump has been shown upon lipotoxicity due to excessive 
disassembly of the soluble hydrolytic V1 domain from the 
membrane-associated V0 as a result of its palmitoylation 
[54,55] or oxidative denaturation [26]. The relevance of 
these mechanisms in our experimental conditions remains to 
be determined. Lysosomal alkalinization was concomitant 
with LMP in PTECs exposed to PA; both are tightly inter
connected as the rupture of lysosomal membranes dissipates 
the proton gradient. Several studies have shown that the 
disruption of lysosomal pH in control conditions by lysoso
motropic drugs is not sufficient to trigger LMP despite caus
ing lysosomal enlargement and inhibition of degradative 
capacity [56–58]. On the one hand, it suggests that additional 
mechanisms occur and alter the permeability of lysosomal 
membranes in PA-treated cells. On the other hand, we 
showed that lysosomes are highly solicited in conditions of 
lipotoxicity in PTECs, their alkalinization leads to accumula
tion of substrates at higher rates (notably Ub aggregates) 
which may induce LMP due to excessive expansion. Finally, 
because many degradative pathways converge to lysosomes, 
their alkalinization exacerbate cell function decline secondary 
to lipotoxicity. It is perfectly illustrated by studies using lyso
somal acidifying nanoparticles. Upon lipid challenge, lysoso
mal delivery of protons restores cathepsin L activity, 
autophagic flux but also cell homeostasis and function in 
cultured hepatocytes and β-cells [59]. One step further, acid
ifying nanoparticles injected in HFD-fed animals reverse dys
lipidemia, hyperglycemia, hepatic steatosis and inflammation 
[60]. In this regard, we pointed out AMPK as another valuable 
target to protect lysosomes against the deleterious effect of 
lipotoxicity.

AMPK activity has been previously shown to be impaired 
in the kidneys of mice [15,16] and patients [17] with meta
bolic CKD. The present study demonstrated the direct effect 
of PA on the diminution of AMPK activity in PTECs, likely as 
part of a nutrient stress response. Indeed, PA uptake is asso
ciated with higher β-oxidation rates, reduced AMP:ATP and 
higher NADH production [1]. Emerging evidence also 
describes a role for lysosomes in the regulation of energy- 
sensor pathways. Starvation is sensed by the lysosomal 
V-ATPase-Ragulator complex which facilitates AMP- 
dependent STK11/LKB1-mediated AMPK activation [27]. In 
conditions of high energy, STK11 is sequestered by AXIN in 
the cytosol preventing AMPK activation while the V-ATPase- 
Ragulator complex activates MTORC1. This signaling path
way relies on precise regulations, and we might extrapolate 
that the loss of acidification observed secondary to PA in 
PTECs contributes to AMPK and MTORC1 activity changes. 
It is reinforced by evidence showing MTORC1 sequestration 
to lysosomes and hyperactivation in various lysosomal dys
function and lysosomal storage disorders (LSDs) [61–63].

AMPK activation, either by AICAR or A769662, protected 
PTECs against the defective lysosomal acidification observed 
upon lipotoxicity. Restoration of lysosomal pH strongly 
reduced the number of autophagosomes, Ub aggregates, and 
prevented LMP in PA-treated cells. As expected, AMPK 
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Figure 10. AMPK activation protects MmPTECs from pa-induced dedifferentiation. (A) Representative micrographs of cells treated for 6 or 24 h with 300 µM PA or 
0.4% BSA in the presence of 100 µM A769662 or 2 mM AICAR with and without 2 nM bafilomycin A1 for last 6 h, incubated with 100 µg/mL BSA-488 for 30 min at 
37°C and fixed. (B, C) Quantification of BSA fluorescence intensities per nucleus by the integrated density tool after (B) 6 and (C) 24 h on more than 100 cells per 
group. (D) Relative mRNA expression of differentiation markers (Cdh16, Lrp2, Aqp1 and Slc5a2) on MmPTECs treated for 24 h with 300 µM PA in the presence of 
100 µM A769662 or 2 mM AICAR. Data are presented as means ± SEM in three independent biological experiments. Statistical analyses were performed by (D) one- 
way ANOVA followed by Dunnett’s post-hoc test or by (B, C) two-way ANOVA followed by Tukey’s post-hoc test.
*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001 in BSA or PA treatment groups; ###p ≤ 0.001 between treatment groups. 
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activation was associated with stronger phosphorylation of 
ACAC, but no change was observed regarding the phosphor
ylation of ULK1, and the reason behind remains to be deter
mined. However, this finding supports our conclusion that 
autophagosome accumulation mainly resulted from defective 
lysosomal degradation. The AMPK protection against the 
deleterious effect of lipotoxicity on lysosomes is also in line 
with our previous study showing that AICAR administration 
is associated with reduced lysosomal enlargement in proximal 
tubules of mice with obesity-induced CKD [13]. AMPK was 
found to be necessary for basal lysosomal function. The sup
pression of the two AMPK catalytic units (prkaa1 [protein 
kinase AMP-activated catalytic subunit alpha 1] prkaa2 dou
ble knockout) in mouse embryonic fibroblasts leads to defec
tive lysosomal catalytic activity, loss of acidification and 
elevated calcium concentration [29]. Mechanistically, how 
AMPK pharmacological activation prevents PA-induced 
defective lysosomal acidification remains to be determined. 
The kinase activates PIKFYVE (phosphoinositide kinase, 
FYVE-type zinc finger containing) which catalyzes the 
phosphatidylinositol-3,5-bisphosphate synthesis needed for 
proper activity of MCOLN1 (mucolipin TRP cation channel 1) 
and lysosomal homeostasis [64]. Suppression of this pathway 
due to AMPK or PIKFYVE inhibition is associated with 
lysosomal dysfunction [65]. Additionally, AMPK has been 
shown to promote the two V-ATPase subunit assembly and 
subsequently the pumping activity in HEK293T cells [66]. 
These pathways provide hypotheses to decipher the under
lying events behind AMPK protection in PA-treated PTECs 
which will be assessed in future studies.

The importance of lysosomal quality control in PTECs 
has been recently shown with the activation of TFEB- 
mediated biogenesis and lysophagy in these cells of mice 
suffering from crystal nephropathy [67]. Injured lysosomes 
are observed in all renal tubular cells in the disease, but 
these pathways are only activated in proximal tubules. The 
present work characterized how these pathways are affected 
in PTECs in response to lysosomal stress due to lipotoxicity. 
First, the engagement of damaged organelles in lysophagy 
was not observed, and the reason behind the absence of 
recruitment of core autophagy regulators in response to 
LGALS3 remains to be determined. However, it raises the 
question about the fate of these altered organelles. 
Interestingly, no cell death was observed in PA-treated cells 
despite evidence of LMP. Lysosomal exocytosis is an uncon
ventional secretion process where lysosomes translocated 
from perinuclear area to fuse with plasma membrane thus 
releasing their content in the extracellular space [68]. This 
pathway was shown to be stimulated upon TFEB activation 
[69], and activated in renal cells in a model of LSD [70] and 
is thus interesting to study in PTECs upon lipid challenge. In 
contrast to lysophagy, TFEB-mediated lysosomal biogenesis 
was highlighted in PA-treated PTECs which likely aim to 
replace the pool of dysfunctional organelles. It is in line with 
data of our group showing enhanced expression of lysosomal 
genes in kidneys of obese male mice [18] and with the 
observation of TFEB translocation in macrophages of obese 

mice and in vitro upon PA treatment [52]. The present work 
showed that after 24 h, new lysosomes were formed in PA- 
treated PTEC as evidenced by increased mRNA expression 
and LAMP1 protein abundance, but pH ratio indicated neu
tral lysosomal pH at that time, suggesting that these lyso
somes did not display acidic pH and were thus likely 
unfunctional.

In view of the inability of the biogenesis to restore lysoso
mal acidification secondary to PA, we wondered about the 
effect on PTEC function. We showed that PA exposure 
quickly altered protein endocytosis, which is a direct conse
quence of lysosomal alkalinization, as bafilomycin A1 itself 
recapitulated the phenotype. Other factors might nevertheless 
contribute because PA-treated PTECs displayed a down reg
ulation of Cubn and Lrp2 after 24 h, so receptors might 
become limiting. Reduced protein endocytosis might be seen 
as a protective mechanism to avoid putting additional burden 
on ineffective lysosome and/or might be a manifestation of 
a broader event such as PTEC fate change. Indeed, epithelial 
cells might undergo dedifferentiation characterized by the loss 
of apico-basal polarity markers [71]. Alterations of gene 
expression that determine the PTEC profile were highlighted 
secondary to PA with reduced expression of Lrp2, Aqp1, 
Slc5a2, Cdh16 and Epb41l5 after 24 h. Interestingly, impaired 
protein endocytosis and some of these expression changes are 
reported in LSD (genetic Ctns [cystinosin, lysosomal cystine 
transporter] deletion) on cultured PTECs and validated in 
mice [63]. This disease is associated with 
MTORC1 hyperactivation while rapamycin reverses PTEC 
dedifferentiation. It is in line with data of this study showing 
that AMPK activation prevented PA-induced defective pro
tein reabsorption (by maintaining lysosomal acidification) 
and preserved differentiation marker expression such as 
Lrp2, Aqp1 and Slc5a2. Epithelial fate changes have long 
been associated with external factors including pro- 
inflammatory mediators [72]. In accordance with literature, 
we showed that lysosomal dysfunction is a kind of injury able 
to modulate epithelial cell destiny. Even if the underlying 
mechanisms are far for being understood, AMPK and 
MTORC1 dysregulations should be considered in this context.

Proteinuria refers to elevated and persistent proteins in 
urines and might be secondary to glomerular filtration barrier 
alterations and/or defective reabsorption by PTECs [73]. In 
metabolic CKD, proteinuria is told to result from filtration 
barrier permeabilization. Protein leakage thus increases the 
reabsorption burden and shear stress on PTECs, which will 
activate compensatory mechanism at first, while it finally 
mediates injury [74]. However, our results highlighted the 
direct effect of dysregulated lipid metabolism on these cells. 
Loss of differentiation markers in tubular proteinuria were 
observed in obesity and diabetic CKD animal models [7,75]. 
These two features were recapitulated in this work in PTECs 
upon increased uptake of saturated FAs. It reinforces the 
tubulocentric view which postulate the crucial role of tubulo
pathy upon metabolic stress [76]. Another evidence support
ing this concept is the demonstration that lipotoxicity of 
PTECs is associated with injury marker upregulation such as 
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Sox9 and Cd44. Even if SOX9 expression is needed for repair 
after acute injury [77], elevated SOX9 was found in CKD 
biopsies and correlated with the severity of tubulointerstitial 
fibrosis and tubular cell damage [78]. In the same line, CD44 
is expressed in renal tubules during maladaptive repair and 
interstitial fibrosis [79]. In addition, the significant upregula
tion of Vim in response to PA, in parallel to loss of epithelial 
markers, translates epithelial-to-mesenchymal transition 
(EMT) [80]. EMT is of great importance in renal diseases as 
it provides one third of fibroblasts in conditions of tubulo- 
interstitial fibrosis [71], a feature commonly associated with 
end-stage renal disease. In obesity-induced CKD, low-grade 
interstitial fibrosis is commonly reported but the underlying 
mechanisms remain to be understood. Because we showed 
that PTECs undergo EMT, they might play a role upon 
metabolic injury in the occurrence of tubulo-interstitial fibro
sis, which need to be further addressed.

In conclusion, our data highlighted the importance of 
lysosomal homeostasis for PTEC physiology. Increasing 
recent evidence on several cell types point out lysosomes as 
direct target of injury upon excess of saturated FAs. The 
present study reinforced this hypothesis; lysosomal acidifica
tion was shown in response to PA which led to loss of both 
PTEC function and differentiation profile. In addition, we 
highlighted the potential of lysosomal function maintenance 
as a valuable therapeutic strategy to counteract the effect of 
lipotoxicity in PTECs and further demonstrated the benefits 
of AMPK activation in this context.

Material and methods

Antibodies

The following antibodies were used for immunofluorescence 
(IF) or western blot analysis (WB): EIF4EBP1 (Cell Signaling 
Technology, 9644S; WB, 1:1000); phospho-EIF4EBP1 (Thr37/ 
46; Cell Signaling Technology, 2855S; WB, 1:1000); ACAC 
(Cell Signaling Technology, 3676; WB, 1:1000); phospho- 
ACAC (Ser79; Cell Signaling Technology 11,818; WB, 
1:100); PRKAA/AMPKα (Cell Signaling Technology, 2532; 
WB, 1:1000); phospho-PRKAA/AMPKα (Thr172; Cell 
Signaling Technology, 2535; WB, 1:1000); ACTB (Sigma- 
Aldrich, A5441; WB, 1:5000); cleaved-CASP3 (Cell Signaling 
Technology, 9661; WB, 1:1000); LGALS3 (Santa Cruz 
Biotechnology, sc -23,938; IF, 1:100); LAMP1 
(Developmental Studies Hybridoma Bank, 1D4B-C; IF, 
1:100); LAMP2 (Developmental Studies Hybridoma Bank, 
ABL93; IF, 1:100); LC3 (Sigma-Aldrich, L7543; WB, 1:1000; 
IF, 1:100); OXPHOS cocktail, (abcam, ab110413; IF, 1:500); 
PLIN2 (Progen, GP40; IF, 1:100); SQSTM1 (Cell Signaling 
Technology, 23214S; WB, 1:1000; IF, 1:100); RPS6KB (Cell 
Signaling Technology, 2708; WB, 1:1000); phospho-RPS6KB 
(Thr389; Cell Signaling Technology, 9234; WB, 1:1000); TFEB 
(Bethyl Laboratories, A303-673A; IF, 1:100); ubiquitin (Santa 
Cruz Biotechnology, sc -166,553; WB, 1:1000; IF, 1:100); 
ULK1 (Cell Signaling Technology, 8054; WB, 1:1000) and 
phospho-ULK1 (Ser555; Cell Signaling Technology, 5869; 
WB, 1:1000).

Reagents

When indicated and for referred incubation times, cell culture 
media were supplemented with: 100 µM A769662 (Sigma- 
Aldrich, SML2578); 2 mM 5-aminoimidazole-4-carboxamide- 
1-beta-D-ribofurasonide (AICAR; Toronto Research 
Chemicals, A611700); 2 nM bafilomycin A1 (Sigma-Aldrich, 
B1793); 10 µM camptothecin (Merck, PHL89593); 10 µM of 
carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone 
(FCCP, MedChemExpress, HY-100410); 1 mM lysosomal- 
membrane damaging agent L-leucyl-L-leucine methyl ester 
hydrobromide (LLOMe, Sigma-Aldrich, L7393); 10 µM 
N-benzyloxycarbonyl-L-leucyl-L-leucyl-L-leucinal (MG132; 
Sigma-Aldrich, M7449) or 300 µM oleate (OA; Cayman 
Chemical 29,557).

Primary MmPTEC isolation and culture

The study conformed to the APS Guidelines for the Care and 
Use of Animals and was approved by the Animal Ethics 
Committee of the University of Namur. The kidneys were 
harvested from 4- to 6-week-old wild type C57Bl/6J mice 
and proximal tubule (PT) segments were recovered as pre
viously reported [63,81]. Fresh PT were seeded in 15 µg/mL 
FN1 (fibronectin 1)-coated (R&D Systems, 1030-FN) 6-well 
plates and cultured at 37°C in a humid atmosphere containing 
5% CO2 in medium composed of DMEM/F12 (Thermo Fisher 
Scientific 21,041–025) supplemented with 5% (vol:vol) heat- 
inactivated fetal bovine serum (HIS; Dulis, 500105N1N), 
15 mM HEPES (Thermo Fisher Scientific 15,630,056), 
0.55 mM sodium pyruvate (Sigma Aldrich, P2256), 0.1 ml/L 
non-essential amino acids (Sigma Aldrich, M7145), hydrocor
tisone, human EGF, epinephrine, insulin, triiodothyronine, 
transferrin, and gentamicin+amphotericin (SingleQuots® kit; 
Lonza, CC-4127), pH 7.4, 325 mOsm/kg H2O. After 48 h, the 
seeding medium was replaced by fresh cell culture media with 
2.5% HIS. After 7 days, when cultured cells organized as 
a confluent monolayer of MmPTECs, they were used for 
further analysis. These cells were negatively tested for myco
plasma contamination.

Sodium palmitate (Sigma-Aldrich, P9767) was added in 
10% free-FA BSA (Sigma-Aldrich, A8806) solution at 37°C 
under agitation to reach PA concentration of 7.5 mM stock 
solution and a PA:BSA molar ratio of 5:2. The concentration 
was assessed after each complexation using the non-esterified 
FA assay kit (Fujifilm WAKO, 434–91795 and 436–91995,). 
MmPTECs were treated with 300 µM PA or 0.4% BSA as 
a vehicle.

Fluorescence microscopy

Lipid droplet imaging
Cells were incubated for 15 min at 37°C with 2.5 µM 
BODIPY493/503 (Thermo Fisher Scientific, D3922) and 
1 µM DAPI (Thermo Fisher Scientific, D1306). After two 
PBS (Dulis, L0616–500) washes, living cells were imaged 
with a Leica TCSSP5 II confocal laser-scanning microscope 
(Leica Microsystems, Belgium). Quantifications of LD size 
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and number were performed using FIJI v.2.1.0. and the “MRI 
Lipid Droplets Tool” plugin (Figure 1B,C, S1B and S1C).

Lumenal lysosomal and autophagosomal pH assessment
Cells were transduced with Premo™ autophagy tandem sensor 
RFP-GFP-LC3B kit (Thermo Fisher Scientific, P36239) and 
treated 24 h later. Cells were then incubated for 5 min with 
1 µM DAPI and fixed with ice-cold methanol:acetone (1:1) 
(Carl Roth, 7342.1 and T161.1, respectively) for 10 min and 
mounted in Fluoromount G (Thermo Fisher Scientific, 00- 
4958-02). Samples were then imaged with a Zeiss LSM 900 
confocal laser-scanning microscope equipped with an 
Airyscan 2 multiplex system (Carl Zeiss, Germany). The 
number of acidic LC3 puncta was determined by counting 
the GFP− RFP+ puncta while the number of LC3 structures at 
neutral pH was obtained by the number of GFP+ RFP+ LC3 
puncta per cell (Figures 1H, 1I, 3E, 3F, S4E and S4F).

For lysosomal pH assessment, cells were seeded on 96-well 
black with clear flat plate (Corning 353,219). After treatment, 
cells were incubated with 5 µM LysoSensor Yellow/Blue 
DND-160 (Thermo Fisher Scientific, L7545) for 3 min at 
37°C. After two PBS washes, fluorescence emissions at 440 
(lysosomal pH of 6–8) and 540 nm (lysosomal pH of 3–5) 
were measured with SpectraMax i3× Multi-Mode Microplate 
Detection Platform (Molecular Devices, United States). 
Lysosomal pH was also assessed through cell incubation 
with 2.5 µM Acridine Orange (Sigma-Aldrich, A-6014) for 
15 min at 37°C. After two PBS washes, living cells were 
imaged with a Zeiss LSM 900 confocal laser-scanning micro
scope. The red:green fluorescence ratios were quantified by 
the Integrated Density tool on FIJI v.2.1.0. software 
(Figure 6C).

Bsa-upatke endocytic assay
The protein endocytic uptake was monitored in MmPTECs 
following incubation for 30 min at 37°C with 100 μg/mL BSA- 
Alexa Fluor 488 (Thermo Fisher Scientific, A13100) in 
DMEM/F12 (Thermo Fisher Scientific 21,041–025). After an 
acid wash, cells were rinsed and then fixed with 4% parafor
maldehyde (VWR Chemicals, MFCD00133991) for 10 min 
and mounted with Fluoromount G. A Leica TCSSP5 II con
focal laser-scanning microscope was then used to measure 
BSA-Alexa Fluor 488 endocytosis. Fluorescence intensities 
were quantified by the Integrated Density tool on FIJI 
v.2.1.0. software (Figures 9A, 9E, 10A).

Sample preparation and analyses of immunofluorescence
After fixation with 4% paraformaldehyde for 10 min, cells 
were incubated for 30 min in a permeabilization and blocking 
buffer composed of 15 mM glycine (Carl Roth, 3908.2), 0.05% 
(wt:vol) saponin (Sigma-Aldrich 47,036), 0.5% (wt:vol) BSA 
(Carl Roth, 1ET6.3), 50 mM NH4Cl (Sigma-Aldrich, A9734), 
pH 7.4. For LC3 immunostaining, cells were fixed with ice- 
cold methanol:acetone (1:1) for 10 min. Cells were then incu
bated with primary antibodies overnight at 4°C, rinsed three 
times with blocking buffer and incubated with fluorophore- 
conjugated Alexa Fluor secondary antibodies (1:400; Thermo 
Fisher Scientific, A32790, A10042, A32766, A11031, A11075, 
A11077) and 1 µM DAPI for 1 h and finally mounted with 

Fluoromount G. Samples were imaged with a Zeiss LSM 900 
confocal laser-scanning microscope equipped with an 
Airyscan 2 multiplex system (Figures 4A, 4F, 5A, 5C, 6B, 
7A, 7E, S5A, S5B and S6A) or Leica TCSSP5 II confocal laser- 
scanning microscope (Figure 8A and S8A).

Fluorescent micrographs were quantified using the FIJI 
v.2.1.0 software. Colocalization studies were assessed on indi
vidual cells with the JACOP plugin using Mander’s coeffi
cients (Figures 4C, 5B, 7C, S5A, S5C, S5D and S6D) or an 
objects-based method (Figure 4H). In case of LC3 immuno- 
staining, a threshold was applied first to keep punctuated 
structures (indicative of autophagosomes) and remove diffuse 
cytosolic signal (Figures 5A, 7A and S5A,B). The percentages 
of cells with TFEB nuclear localization were obtained by 
calculating the ratio between the number of cells with positive 
nuclear TFEB-related fluorescence and the total number of 
cells (Figure 8B). The number of ubiquitin (Figures 4B, 4G 
and 5D) and LGALS3 (Figure 7B,F) puncta were calculated 
with the “Analyze Particles” function (for ub puncta, only 
those higher than 0.5 µm2 were kept) and normalized by the 
number of nucleus.

Western blot analyses

Cells were lysed in 100 µL/well of ice-cold lysis buffer com
posed of cell lysis buffer (1:10) (Cell Signaling Technology, 
9803) and halt protease and phosphatase inhibitor cocktail 
(1:100; Thermo Fisher Scientific 87,786). An equivalent of 
20 µg of proteins were loaded on a bis-Tris 4–12% or a Tris- 
Acetate 3–8% gel (Thermo Fisher Scientific, NP0323 or 
EA03755, respectively) and separated with 200 V for 
45 min. Proteins were then transferred on a polyvinylidene 
fluoride membrane (Sigma-Aldrich, IPFL00010) which were 
blocked with Intercept Tris Buffer Saline (TBS) buffer for 1 h 
at room temperature (Li-Cor Biosciences, 927–60001) and 
incubated overnight at 4°C with primary antibodies. The 
next day, membranes were rinsed with TBS containing 
0.1% Tween 20 (Carl Roth, 9127.1) and incubated for 1 h 
with secondary antibodies (1:10000; Li-Cor Biosciences). 
Fluorescence was quantified with Odyssey LI-COR scanner 
(LI-COR Biosciences, United States).

AMPK immunoprecipitation and assay

AMPK phosphotransferase activity was measured as pre
viously described [82]. Briefly, total AMPK was immunopre
cipitated from 50 µg of cell lysates with Protein G-Sepharose 4 
Fast Flow beads (Cytivia, 17-0618-01) coupled to 2 µg of anti- 
PRKAA1/AMPKα1 and 2 µg of anti-PRKAA2/AMPKα2 anti
bodies. After several washes, AMPK activity was measured for 
45 min at 30°C in a reaction mixture containing 50 mM 
HEPES, pH 7.4, 10 mM MgCl2, 100 µM of AMARA peptide 
(homemade, gift from the CARD, UCLouvain), 100 µM of 
ATP (Roche Applied Science 06,529,194,103) in the presence 
of [γ-32P] ATP (1 µCi; Revvity, BLU002H). The reaction was 
terminated by transferring the reaction mixture onto P81 
papers (homemade, gift from the CARD, UCLouvain) 
immersed in 75 mm orthophosphoric acid. After washing, 
the filter papers were dried, and 32P incorporation into the 
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AMARA peptide was measured by Cherenkov counting in 
a scintillation counter Ti-carb 2810 TK (Perkin Elmer, 
United States). One milliunit (mU) was defined as the incor
poration of 1 pmol 32P on the substrate per minute and per µg 
of proteins.

Assessment of lysosomal enzyme free activities

The free activities of CTSB (cathepsin B), GUSB and HEXB 
were assessed as published [83]. Briefly, cells were washed 
twice with ice-cold 0.25 M sucrose (Sigma-Aldrich, S9378), 
collected after scraping in 300 µL sucrose and homogenized 
by six passages in a glass homogenizer (Kimble Kontes 
9,651,630). The nuclear fraction was discarded after centri
fugation at 1,200 g for 1 min 30 sec (TLX ultracentrifuge and 
TLA100.3 rotor, Beckman Coulter, United States). A volume 
of 10 µL supernatants were incubated at 37°C for 15 min with 
5 mm 4-methylumbelliferyl-N-acethyl-B-D-glucosaminide 
(HEXB substrate; Glycosynth Limited 37,067-30-4), 5 mM 
4-methylumbelliferyl-B-D-glucuronide (GUSB substrate; 
Sigma-Aldrich, M9130) or with 0.5 mM Z-Arg-Arg 
-7-amido-4-methylcoumarin hydrochloride (CTSB substrate; 
Merck, C5429). Substrates were previously diluted in 0.5 M 
sucrose and 100 mM citrate (dilution 1:1, pH 4.5) in the 
absence (free activity) or in the presence (total activity) of 
0.05% Triton X-100 (Sigma-Aldrich, T9284). The reaction 
was stopped with 1 mL of buffer composed of 50 mM glycine, 
5 mM EDTA and 0.5% Triton X-100 (pH 10.5) and fluores
cence intensities were read by the Versafluor Fluorometer 
(Biorad, United States).

RNA extraction and RT-qPCR

Total RNA was extracted using the ReliaPrep RNA Tissue 
Miniprep System (Promega, Z6111) following manufacturer’s 
instructions. RNA concentrations were assessed with NanoDrop 
1000 (Thermo Fisher Scientific, United States). Reverse tran
scription was performed with the Transcriptor First Strand 
cDNA Synthesis Kit (Roche Applied Science 04,897,030,001) 
to convert 1 μg of RNA into cDNA. Quantitative PCR mixtures 
were composed of 10 µL of TakyonTM ROX SYBRR Master Mix 
(Eurogentec, UF-RSMT-B0701), 2.5 µL of forward and reverse 
primers (final concentration of 300 nM) and 5 µL of 5 ng/µL 
cDNA per well. Primers (Table S1) (Integrated DNA 
Technologies) were previously analyzed for dissociation curves 
and melting temperatures. Amplification reactions were per
formed using the LightCycler® 96 System (Roche Applied 
Science, Germany). Relative gene expressions were calculated 
using the 2−ΔΔCT method with Actb used as housekeeping gene.

Statistical analyses

Results were presented as means ± standard error of the means 
(SEM). Differences between groups were evaluated using one or 
two-way analysis of variance (ANOVA) followed by different 
post-hoc tests depending on the application as indicated in 
Figure legends. Unpaired Student’s t-tests were used for com
parison between two groups. The level of significance was 
defined as 0.05 and p values were indicated by symbols in the 

Figure legends. All experiments were performed at least three 
times or more (as indicated on the charts). GraphPad Prism 
software v. 8.0.2 (GraphPad Software) was used for statistical 
analyses and chart generation.
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