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Excess fat intake is associated with kidney toxicity and dysfunction. Because fatty acids can also be 
reversibly attached onto cysteine residues and modulate the function of several membrane-bound 
proteins, we studied the effect of high-fat diet (HFD) on the S-acylated proteome of mouse kidneys 
to uncover novel biochemical changes that might contribute to lipid-induced nephrotoxicity. We 
compared the S-acylated proteome of kidneys from mice fed a chow diet (CD) or a HFD. HFD caused 
albuminuria. The HFD intervention induced a large-scale repression of protein S-acylation as well as of 
the most abundant ceramides and sphingomyelin species, which are highly suggestive of a reduction 
in acyl-CoA availability. The HFD-induced S-acylation repression mostly affected proteins involved in 
endocytosis and intracellular transport. Notably, the kidneys of mice fed a HFD displayed a marked 
decrease in the total amount and in the S-acylated form of megalin, the main tubular protein retrieval 
system. Further in vitro experiments indicated that S-acylation inhibition results in a reduction of 
megalin protein level. We conclude that diet-induced derangement of fatty acid metabolism modifies 
the renal landscape of the S-acylated proteome during the early stages of the kidney injury, which 
might reduce the efficiency of protein reabsorption by the proximal tubule.
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Chronic kidney disease (CKD) is a progressive deterioration in renal function that is defined by the presence of 
kidney damage or decreased kidney function for at least three months, independent of the underlying etiology1. 
Currently, the global prevalence of CKD is estimated to be 8–16% worldwide and continues to increase across 
diverse populations2,3, with diabetic nephropathy now being the leading cause4–6. From the initial inury, 
the progression to CKD represents the point of no return, whereby restoring damaged tissue to normal is 
practically impossible, and progressive organ dysfunction, high morbidity and high mortality are inevitable. The 
concomitant worldwide increase in the prevalence of obesity and type 2 diabetes suggests that excessive lipids 
are causative of insulin resistance, elevated blood glucose levels, and type 2 diabetes7–9. Meanwhile, mechanistic 
studies indicate that non-esterified fatty acids are highly toxic to the kidney cells, thereby directly contributing 
to the injury10–12. While lowering blood glucose and lipids has proven to be a valuable approach to indirectly 
managing the initial renal injury and to reducing the risk of progression to CKD13–19, there is a need to further 
characterize the molecular and biochemical changes underlying lipid-induced kidney injury, to identify new 
druggable targets for prevention of the injury or of its progression to CKD.

In the kidney, the bulk of fatty acids are usually committed to mitochondrial β-oxidation and ATP production 
to meet the high metabolic demand of the tubular epithelial cells. The remainder is primarily utilized for 
phospholipid and sphingolipid synthesis to sustain basal cellular functions20. In kidney disease, mitochondrial 
β-oxidation is repressed and anaerobic glycolysis becomes the main source of ATP, and the excess fatty acids 
are channelled into triacylglycerols and eventually into lipid droplets, with the primary goal of alleviating fatty 
acid-induced cell stress21,22. Indeed, kidney biopsies from patients with diabetic nephropathy show marked lipid 
droplet accumulation in both glomeruli and tubulointerstitium23. For cellular utilization, fatty acids must be 
firstly condensed with coenzyme A (CoA). Acyl-CoA sits at the crossroads of all catabolic and anabolic fatty 
acids-related pathways. Moreover, acyl-CoA, most typically palmitoyl-CoA, can be enzymatically attached onto 
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cysteine residues of proteins via a labile thioester linkage24, a reversible post-translational modification termed 
S-acylation regulating trafficking, stability, and function of several membrane-bound proteins. S-acylated 
proteins control key physiological process involved in glucose and lipid metabolism, such as AMP kinase 
(AMPK), GLUT4, CD3625–27, and very low density lipoproteins (VLDL)28. Protein S-acylation is catalyzed by 
zinc-finger Asp-His-His-Cys (zDHHC) motif-containing acyl S-acyltransferases and reversed by acyl protein 
thioesterases (APTs)29. Recently, it has been shown that S-acylation of β-catenin is crucial in the promotion of the 
fibrotic process in the kidney30,31. To better understand the role of S-acylation in lipid-induced nephrotoxicity, 
we characterized the renal S-acylated proteome of mice with high-fat diet (HFD)-induced kidney dysfunction.

Results
High-fat diet (HFD) leads to hyperglycemia and elevated albuminuria
To test the effect of excess fat intake on protein S-acylation in kidney, we performed nutritional intervention in 
mice. After 19 weeks of HFD, only a slight, albeit significant, gain in body weight was observed in mice on HFD 
compared to the chow diet (CD) group (Fig. 1a). These results confirmed previous studies reporting female mice 
being rather resistant to diet-induced obesity32. Fasting blood glucose level (Fig. 1b) and urinary excretion of 
albumin (Fig. 1c) were significantly higher in the mice fed a HFD compared to the CD group. Notably, cystatin C 
(Fig. 1d) and serum creatinine (Fig. 1e) values, thus the estimated glomerular filtration rate (eGFR) (Fig. 1f) were 
comparable between the two groups. Taken together, the data indicate that mice fed a HFD were characterized 
by defective protein reabsorption by the proximal tubule.

Kidney of mice fed a HFD are hypo-acylated
To ascertain changes in levels of S-acylation and/or acylated renal proteins following dietary intervention, we 
performed MS analysis of the total and acyl resin-assisted captured (RAC) proteins from the crude membrane 
fractions isolated from the kidney of HFD and CD fed mice (Supplementary Fig. 1 and supplementary Fig. 2). A 
total of 3246 S-acylated proteins were identified, of which 335 were uniquely S-acylated in the CD or in the HFD 
groups. These data suggest an ‘on/off switch’ mechanism for regulation of S-acylation in the mice kidney under 

Fig. 1.  Metabolic and renal function parameters. (a) Body weight over time. Data are presented as mean ± SD 
(n = 4). (b) Fasting blood glucose level. (c-e) Urinary Albumin-to-Creatinine (Alb/Cr) (C), serum Cystatin 
C (D), and serum creatinine (E) level. (f) Estimated glomerular filtration rate (eGFR) calculated as follows: 
CKD-EPI creatinine-cystatin Eq. (2021): eGFRcr-cys = 135 × min(Scr/κ, 1)α × max(Scr/κ, 1)−0.544 × min(Scys/0.8, 
1)−0.323 × max(Scys/0.8, 1)−0.778 × 0.9961Age × 0.963 [if female]; Scr = standardized serum creatinine in mg/
dL, κ = 0.7 (females) or 0.9 (males), α = − 0.219 (female) or − 0.144 (male), min(Scr/κ, 1) is the minimum of 
Scr/κ or 1.0, max(Scr/κ, 1) is the maximum of Scr/κ or 1.0, Scys = standardized serum cystatin C in mg/L, Age 
(years). Comparisons of the means was performed by unpaired Student’s t-test. In the scatter plots, each dot 
represents one individual sample.
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these conditions (Fig. 2a). Comparative analysis of the S-acylated protein pool, normalized to the total protein 
levels in the input fraction (Integrated S-acylated proteome), revealed another 211 proteins found S-acylated in 
both groups but in significantly different abundance (Fig. 2b). Overall, the data indicate that the kidney proteins 
from the mice fed a HFD were hypo-acylated in comparison to those from the CD group. To map the S-acylation 
changes along the nephron, the proteomic data were integrated with the publicly available anatomy-guided 
single-cell RNA sequencing database of mouse kidney33. S-acylation changes were evenly distributed among 
the glomerulus, the proximal tubule, the loop of Henle, and the collecting system, with only a minority of the 
differentially S-acylated proteins being expressed in the distal tubule (Fig. 2c and Supplementary Fig. 3).

HFD represses Acsf2 expression and lipid metabolism
To further investigate the molecular mechanism underlying the protein hypo-acylation in kidneys of HFD fed 
mice, we inspected the total expression levels of the enzymes involved in S-acylation, including fatty acid-CoA 
condensation and hydrolysis, as well as of the enzymes involved in S-acylation/deacylation cycle. The two most 
abundant (zDHHC) motif-containing S-acyltransferases, Zdhhc9 and Zdhhc17, were significantly upregulated in 
the kidney of mice fed a HFD, whereas the two main acyl protein thioesterases, Apt1 and Apt2 were significantly 
underrepresented in the HFD group (Fig.  3, Supplementary Fig.  4). Moreover, acyl-CoA Synthetase Family 
Member 2 (Acsf2), one of the highly expressed acyl-CoA synthetases in renal tubular cells34 was significantly 
repressed in the HFD group (Fig.  3, Supplementary Fig.  4). These results suggest that the hypo-acylated 
proteome could be attributable to a reduced acyl-CoA synthesis. CoA-conjugation and activation of fatty acids 
is necessary for their incorporation into the de novo synthesized lipids. We probed whether lipid levels could 
be used as a readout for lower acyl-CoA availability in the kidneys of HFD fed mice. Mammalian lipidomes 
represent fatty acids of varying chain lengths, unsaturation levels and modifications. Palmitic and stearic acid, 
the most abundant identified protein acylation derivatives29, are also abundant fatty acids in membrane lipids35. 
We reasoned, if lower Acsf2 activity is linked directly to palmitoyl-CoA or stearoyl-CoA generation, we might 

Fig. 2.  S-acylated proteomic profile in CD and HFD groups. (a) Matrix bubble plot of the proteins found 
S-acylated exclusively either in the CD or in the HFD group (S-acylated proteins, dark blue and red), and their 
relative abundance in the input fraction (total protein, light blue and yellow). (b) Volcano plot comparing 
abundance of the S-acylated form normalized for the abundance in the input fraction (total protein) of 
S-acylated proteins found in the kidney of both CD and HFD mice (Integrated S-acylated proteome). The 
relative abundance (log2 FC) is reported on the x-axis, the significance (-log10 FDR) on the y-axis. The vertical 
and horizontal lines show the cut-off of FC =  ± 1.0, and of FDR = 0.1, respectively. (c) Anatomy-guided single-
cell transcriptomic-derived pie-chart of the localization of the differentially S-acylated proteins throughout the 
nephron and collecting system, generated from the Kidney Cell Explorer open access software ​(​​​h​t​t​p​s​:​/​/​g​i​t​h​u​b​.​c​
o​m​/​q​i​n​z​h​u​/​k​i​d​n​e​y​c​e​l​l​e​x​p​l​o​r​e​r​​​​​)​.​​​​
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observe changes in lipid species that directly involve these acyl-CoA’s. Indeed we observed a stark difference in 
lipid levels from membrane lipidomes of kidneys, involving abundant phospholipids and sphingolipids. Most 
identified lipids species were observed to decrease (Fig. 4). A comparison of lipid species between mice that are 
fed a chow or HFD by a volcano plot showed significant decrease in saturated and monounsaturated ceramides 
(Cer) and sphingomyelin (SM) species that carry conjugated palmitic acid (Fig. 4b, c). Similarly, changes were 
observed in C16:0 lyso phospholipids (LPs) (Fig. 4b, c). Unlike other phospholipids that carry multiple fatty 
acids, these species are unambiguously detected in our LC–MS workflow.

S-acylation influences megalin protein expression
In disease enrichment analysis (disgenet2r)36, diabetes and obesity were among the most represented kidney-
related diseases (Fig.  5a, b). GO enrichment analysis of the on/off S-acylated proteome (Fig.  5c) and the 
Integrated S-acylated proteome (Fig. 5d) indicated that intracellular sorting machinery and vesicle-mediated 
transport (e.g., endocytosis) are main targets of the S-acylation machinery. Protein/polypeptide reabsorption 
from the proximal tubular fluid require endocytosis primarily mediated by the multiligand receptor low-
density lipoprotein receptor protein 2 (LRP2), called megalin37–41. The kidney of the mice fed a HFD, which are 
characterized by elevated albuminuria (Fig. 1c), displayed a marked decrease in the total and S-acylated megalin 
level (Fig. 6a). Interestingly, the swisspalm database predicted several S-acylation sites within the murine and 
the human megalin protein sequence (Fig. 6b). Moreover, human megalin was previously found S-acylated in 
human prostate cancer LNCaP cells42. To assess the link between S-acylation and megalin protein expression, 
we evaluated the effect of the S-acylation inhibitor 2-bromopalmitate (2-BP) on megalin protein levels in vitro. 
HEK293 cells were previously shown to express megalin43. 2-BP, at 100 μM supplemented concentration, was 
well tolerated by HEK293 cells and significantly inhibited the S-acylation of caveolin-1 and flotillin-1, two 
S-acylated proteins highly expressed in HEK293 cells (Supplementary Fig. 5). Under these conditions, megalin 
protein levels were markedly reduced (Fig. 6c and Supplementary Fig. 6). To further confirm that inhibition 
of S-acylation caused a reduction in megalin surface expression, we assessed the ability of HEK293 cells to 
bind [3H]gentamicin, a substrate of megalin44,45. Pre-incubation with 2-BP significantly decreased the [3H]
gentamicin bound fraction (Fig. 6d).

Fig. 3.  Total expression level of S-acylation-related enzymes. (a, b) Heatmap cluster analysis and scatter 
dot plots of the relative total abundance of the indicated proteins in the input fraction (total protein) from 
crude membranes isolated from the kidney of CD and HFD mice. In all scatter plots, each dot represents one 
individual sample. Comparisons of the means was performed by unpaired Student’s t-test.
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Discussion
Our study in mice with HFD-induced albuminuria showed that the protein levels of renal Zdhhcs and Apts are, 
respectively, higher and lower in the injured than in the normal kidney. It has been recently shown that kidney 
biopsies from patients with CKD as well as the kidneys of unilateral ureter obstruction (UUO) or ischemia/
reperfusion (IR) mice were characterized by a concomitant downregulation of Zdhhc9 and upregulation of 
Apt130. Moreover, overexpression of Zdhhc9 or pharmacological inhibition of Apt1 protected the animals against 
unilateral ureter obstruction (UUO) or ischemia/reperfusion (IR)-induced renal fibrosis through regulating 
β-catenin S-acylation30. Taken together, the data suggest that the induction of the S-acylation machinery might 
represent an attempt at protection during the early stage of the kidney injury, when the kidney function (eGFR) 
is still within the normal range. However, in the presence of a more advanced damage with reduced kidney 
function and fibrosis, the S-acylation is also repressed, perhaps contributing to the progressive and irreversible 
loss of kidney function. It is well known that the transforming growth factor-β (TGF-β) signalling pathway is 
a key mediator of the fibrotic process46 and that the intracellular signaling by TGF-β is inhibited by inhibitory 
Smad proteins in a feedback control mechanism. Notably, S-acylation of inhibitory Smads is required to inhibit 
TGF-β-driven fibrosis47,48.

Lipidomic analysis suggested decrease in levels of lipid molecular species containing long-chain fatty 
acids, such as conjugated palmitic acid. The differences were the most striking for Cer or their downstream 
SM metabolites (Fig. 4). Mammalian Cer are composed of a long chain base (LCB) of 18 carbons, and fatty 
acids of variable (C16 to C26) length. LCBs themselves are derived from palmitoyl CoA and L-serine, in a 
reaction catalysed by the the serine palmitoyl transferases49. Thus relative changes in activated fatty acids such 
as palmitoyl-CoA are expected to be reflected strongest by C16-fatty acids containing sphingolipid species 
(Fig. 4b, c). Arguably, the repression of renal Acsf2 induced by HFD represents a protective mechanism against 
the ongoing renal injury. Indeed, ACSF2 is involved in ferroptosis and the silencing thereof is able to rescue from 
erastin-induced ferroptosis50. Ferroptotic death is characterized by the overwhelming accumulation of oxidized 
lipids. It has been proposed that ACSF2 catalyzes the synthesis of lipid precursors that are necessary for the 
execution of the cell death50. In the kidney, ferroptosis mediates renal tubule necrosis51. The expression of ACSF2 
was found increased in the kidneys of db/db mice and individuals with diabetic nephropathy52, while ACSF2 
knockdown increases renal tubular cell resistance to ferroptosis, and confers renoprotection in IR-induced 
acute kidney injury34. However, it is likely that Acsf2 downregulation and the overall decrease in levels of lipid 

Fig. 4.  Diet-induced renal lipid signature shift. (a) Heatmap cluster analysis of the top 70 lipid species in the 
crude membrane fraction isolated from the kidney of CD and HFD groups. Absolute levels of each species 
were measured relative to an internal lipid standard. (b) Volcano plot comparing the 382 lipid species identified 
by LC–MS/MS between CD and HFD groups. The fold-change of concentration (log2 FC) is reported on the 
x-axis, the significance (-log10 FDR) on the y-axis. The vertical and horizontal dotted lines show the cut-off of 
fold-change =  ± 0.5, and of FDR = 0.1, respectively. (c) Scatter dot plots of the total relative abundance of the 
indicated lipids in crude membranes isolated from the kidney of CD and HFD mice. In all scatter dot plots, 
absolute levels of each lipid species relative to an internal lipid standard are shown. Each dot represents one 
individual sample. Comparisons of the means was performed by unpaired Student’s t-test.
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molecular species containing long-chain fatty acids, resulted in renal protein hypoacylation in mice fed a HFD, 
despite the induction and repression of Zdhhc and Apt protein levels, respectively.

Protein S-acylation acts as a facilitator for preparing and sorting anterograde cargo to cholesterol-
sphingolipid-rich “raft-like” membranes53,54. In line with the proposed role, the shortage of acyl-CoA, required 
for protein S-acylation, has a major impact on endosomal and vesicular transport. Notably, endocytosis plays 
a key role in the reabsorption of albumin and low-molecular-weight plasma proteins that are filtered through 
the glomerular basement membrane, avoiding the loss of proteins and of the ligands thereof55. Megalin is a 
single transmembrane domain protein with a complex binding pocket conferring polyspecificity for a wide 
range of proteins, including albumin38,39,56, insulin37, haemoglobin40, vitamin D-binding protein55, and retinol-
binding protein41. Upon binding, megalin internalizes into coated vesicles, which are subsequently delivered to 
endosomes and further to lysosomes for ligand processing and receptor degradation or recycling. Patients with 
Donnai-Barrow syndrome (MIM #222,448) carry recessive mutations in the LRP2 gene encoding megalin and 
display low-molecular weight proteinuria57. Inducible megalin-deficient mice were characterized by a 16-fold 
higher urinary excretion of albumin than wild-type mice58. Mice fed a HFD were characterized by normal eGFR 
but albuminuria, a phenotype compatible with a less efficient tubular reabsorption of proteins (Fig. 1). Our in 
vitro data indicate that inhibition of S-acylation caused a reduction in megalin total protein level. Consistently, 
the level of both total and S-acylated megalin in the kidneys of mice fed a HFD is markedly lower than that in 
the kidneys of mice fed a CD. Notably, we have previously shown that female C57/BJ mice fed a CD (11 kcal% 
Fat) or a HFD (58 kcal% Fat) for 16 weeks, showed a comparable LRP2 mRNA level59. Premature degradation of 
S-acylated-deficient mutants has been observed for a variety of membrane proteins60–62. Moreover, it has been 
previously shown that S-acylation affects the ubiquitination and the degradation pathway of LRP6, another 
member of the LDL receptor-related protein (LRP) family63. Based on our findings, we speculate that impaired 

Fig. 5.  Pathway and disease enrichment analysis. (a, b) DisGeNET (disgenet2r package) kidney-related disease 
enrichment analysis with respect to the main site of expression of the differentially S-acylated proteins. The 
significance (FDR) of enrichment gradually increases from light to dark color, and the size of the dots indicates 
the number of genes contained in the corresponding pathway. (c, d) Circle plot of GO enrichment analysis. 
Each spot in the circle represents an S-acylated protein, and the outer circle refers to significantly enriched 
biological pathways. The inner circle shows the Z-score, the color intensity corresponds to the value of the 
Z-score. Top-ten significantly enriched GO pathways are listed.
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S-acylation may potentially affect the degradation of megalin (LRP2) (Fig.  7), though further investigations 
specifically targeting megalin protein are necessary to confirm this hypothesis.

Proteinuria is strongly associated with the risk of CKD progression64–66. The extent of short-term proteinuria 
reduction upon angiotensin converting enzyme (ACE) inhibitor therapy significantly correlated with the 
reduction in the rate of eGFR decline, progression to end-stage renal disease, and reduction in cardiovascular 
and heart failure risk, indicating that proteinuria plays an actual pathogenic role in renal disease progression 
and in cardiovascular co-morbidities risk67–70. Notably, polymorphisms in the LRP2 gene (encoding megalin) 
are associated with an increased risk of developing CKD71. Our results suggest that re-activation of the 
S-acylation machinery might present as an intriguing druggable target to reduce proteinuria. We speculate that 
supplementation with longer chain fatty acids, which bind with stronger affinity to the long-chain acyl-CoA 
synthetases (ACSLs) than to ACSF272, might increase acyl-CoA availability and megalin S-acylation, thereby 
reducing protein loss.

Fig. 6.  S-acylated and total protein level of megalin. (a) Megalin position in Volcano plots. The relative 
abundance (log2 FC) is reported on the x-axis, the significance (-log10 FDR) on the y-axis. The vertical and 
horizontal lines show the cut-off of fold-change =  ± 1.0, and of FDR = 0.1, respectively. (b) Computational 
prediction of S-acylated cysteine residues of megalin protein sequence using the SwissPalm open access 
database (https://swisspalm.org). (c) Representative Western blotting of megalin and Na+/K+-ATPase 
expression in HEK293 cells incubated for 48 h with 100 μM 2-BP. Densitometric quantification of the megalin 
band normalized by that of the Na+/K+-ATPase. (d) Gentamicin surface bound fraction in HEK293 cells 
incubated for 48 h with 2-BP. In scatter plots, each data point represents one independent experiment. The 
indicated p-values were calculated from the unpaired Student’s t-test.
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Materials and methods
Animal husbandry and treatment
Animal experiments and protocols conformed to the Guide for the Care and Use of Laboratory Animals (US 
National Institutes of Health), conformed to the Swiss animal protection laws and were approved by the Cantonal 
Veterinary Office (ZH145/17). All experiments were performed in accordance with relevant guidelines and 
regulations. Mice were housed in individually ventilated cages with access to food and water ad libitum. Female 
C57/BJ mice (Charles River Laboratories, Wilmington, MA, USA), 12 weeks of age, were randomly assigned to 
a diet with 11 kcal% Fat (chow, D12329; ResearchDiets, NJ, USA) or to a 58 kcal% Fat (high-fat diet, D12331; 
ResearchDiets, NJ, USA) for 19 weeks. Thereafter 16 h of fasting, spontaneous urination samples were collected 
during handling prior to euthanization via CO2 inhalation. After euthanization, whole blood was collected and 
the serum stored at − 80 °C. Kidneys were excised, snap-frozen and stored at − 80 °C.

In vitro S-acylation inhibition
Human embryonic kidney 293 cells (HEK293) (#CRL-1573, American Type Culture Collection, Rockville, MD, 
USA) were cultured in Dulbecco’s modified Eagle’s medium (DMEM, #22,320–022) at 37 °C in a humidified 
atmosphere of 5% CO2. The medium was supplemented with 100 U/mL penicillin, 100 μg/mL streptomycin 
(penicillin/streptomycin, #15,140–122), and 10% (v/v) fetal bovine serum (FBS, Biowest, Nuaillé, France, 
#S181C). Ninety-percent confluent HEK293 cells were incubated for 48 h with 2-bromopalmitate (2-BP) at the 
extracellular concentration of 100 μM (#238,422, Sigma-Aldrich, St. Louis, MO, USA), and then used in surface 
binding assay or western blotting.

[3H]Gentamicin surface binding assay
HEK293 cells grown in 12-well plates were placed on ice and washed twice with 2 mL of ice-cold binding buffer 
(20 mM HEPES, 5.5 mM D-glucose, 116.4 mM NaCl, 5.3 mM KCl, 0.8 mM MgSO4, 2 mM NaH2PO4, with 
pH adjusted to 7.4 with KOH), and once with acidic buffer (10 mM sodium acetate, 116.4 mM NaCl, adjusted 
to pH 3.5 with acetic acid), each for 5 min. Cells were then incubated with 100 μM non-labelled gentamicin 
sulfate (#G3632, Sigma-Aldrich, St. Louis, MO), spiked with 1.6  μCi/mL of [3H]gentamicin (Gentamicin 
sulfate [3H(G)], Specific Activity: 200 mCi/g, #ART0690, American Radiolabeled Chemicals, St. Louis, MO), 
in ice-cold binding buffer (pH 7.4) for 20 min. After three washes with ice-cold binding buffer (pH 7.4, 2 mL, 
5 min), surface-bound [3H]gentamicin was released by incubation with 0.5 mL of ice-cold acidic buffer (pH 
3.5) for 5  min. The acidic buffer was mixed with scintillation liquid Ultima Gold™ fluid (#6,013,329, Perkin 
Elmer, Waltham, MA, USA) and radioactivity measured with a liquid scintillation analyzer (Tri-Carb 2250 CA, 
Canberra Packard, Schwadorf, Austria). For normalization, cells were lysed in 0.5 mL of 1% (w/v) Triton X-100 
and the bicinchoninic acid protein assay was performed (#UP95424A and #UP95425A, Interchim, Montluçon 
Cedex, France).

Determination of serum and urine parameters
Serum creatinine was measured using a colorimetric/fluorometric kit (#K625, Biovision, Milpitas, CA, USA). 
Blood glucose was assessed using a glucometer (#7,101,520, mylife Unio; Ypsomed Distribution AG, Burgdorf, 

Fig. 7.  Summary. In mice fed high fat diet (HFD) with elevated albuminuria, the acyl-CoA Synthetase Family 
Member 2 (ACSF2) renal protein expression level is lower than in mice fed a chow diet (CD), resulting in lower 
level of acyl-CoA and protein S-acylation. Megalin hypo-acylation causes a reduction in megalin total protein 
expression level, which may contribute to the elevated albuminuria. Created in BioRender. Visentin, M. (2025) 
https://BioRender.com/e18k722.
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Switzerland). Urinary albumin (#ab108792; Abcam, Cambridge, UK) and serum cystatin C (#ab201280, Abcam, 
Cambridge, UK) were measured by enzyme-linked immunosorbent assay (ELISA).

Crude membrane preparation from mouse kidney
The isolation of total membrane fractions was performed as described previously73, with some modifications. 
Briefly, the kidney was resuspended in 5 mM sucrose supplemented with protease inhibitors (#11,836,153,001, 
Roche Diagnostics GmbH, Mannheim, Germany). After homogenization of the cells with a motor-operated 
tight-fitting glass-teflon potter, the homogenates were centrifuged for 10 min at 900gav. The supernatant was 
collected and centrifuged for 20 min at 8,500gav. The supernatant was transferred and centrifuged for 1 h at 
100,000gav. The pellet containing the crude membranes was resuspended in 250 mM sucrose with a 25G needle 
and the protein concentration was determined by bicinchoninic acid protein assay. Samples were stored at 
− 80℃ until use.

Pull-down of the S-acylated protein fraction
S-acylated proteins were isolated by resin-assisted capture (RAC) using the CAPTUREome™ S-Palmitoylated 
Protein Kit (Badrilla, Leeds, UK). Briefly, kidney crude membranes (equivalent to 1.5  mg of proteins) were 
subjected to simultaneous lysis and blocking of free thiols for 4 h at 40 °C. Then, proteins were precipitated 
with ice-cold acetone and pelleted at 16,000gav for 5 min. The pellet was washed five times with 70% (v/v) ice-
cold acetone, and then resuspended in binding buffer. An aliquot (Input fraction) was collected and kept on 
ice. The remainder was subjected to thioester bond cleavage and resin capture. Then, the samples were washed 
with binding buffer and then with 50 mM triethylammonium bicarbonate (TEAB), and prepared for proteomic 
analysis on the same day.

Proteomics sample preparation and data acquisition
For total proteome analysis, samples were reduced and alkylated with Tris(2-carboxyethyl)phosphine and 
2-Chloroacetamide to a final concentration of 5  mM and 15  mM, respectively. The samples were shaken at 
700 rpm for 30 min at 30 °C. Then samples were diluted with pure ethanol to reach a final concentration of 60% 
EtOH (v/v), mixed with carboxylated magnetic beads (hydrophobic and hydrophilic) using the KingFisher Flex 
System (ThermoFisher Scientific, Waltham, MA, USA). After 30-min incubation at room temperature, samples 
were washed 3 times with 80% EtOH (v/v). For the enzymatic digestion the beads were added to trypsin in 
50 mM TEAB. Samples were digested overnight at 37  °C. The supernatant was removed, and the remaining 
peptides were extracted from beads with H2O. The two elutions were combined and concentrated. The peptide 
concentration was estimated using the Lunatic UV/Vis absorbance spectrometer (Unchained Lab, Pleasanton, 
CA, USA). The resin containing the S-acylated protein fraction and the Input fraction were digested overnight 
at 37 °C with 20 ng/μl of trypsin. The supernatants were collected, dried, and desalted using the Phoenix kit 
(PreOmics, Planegg, Germany). The peptides were re-dissolved in 3% (v/v) acetonitrile / 0.1% (v/v) formic acid, 
and the peptide concentration was estimated with the Lunatic UV/Vis absorbance spectrometer (Unchained 
Lab, Pleasanton, CA, USA). Peptides were separated on an M-class UPLC (Waters, Milford, MA, USA) and 
analyzed on an Orbitrap Fusion Lumos Tribrid mass spectrometer (ThermoFisher Scientific, Waltham, MA, 
USA). Acquisition and analysis of mass spectrometric data are described in the Supplementary Materials and 
Methods.

Lipidomics sample preparation and data acquisition
Total lipids were extracted from crude membranes (equivalent to 200 μg of proteins) with 1 mL Methanol/MTBE 
(methyltert-butyl ether)/Chloroform (MMC) [4:3:3; (v/v/v)] at 37 °C (250gav, 60 min) as described previously74. 
Internal lipid standards include D7SA (d18:0), D7SO (d18:1), dhCer (d18:0/12:0), ceramide (d18:1/12:0), 
glucosylceramide (d18:1/8:0), and SM (d18:1/18:1(D9)). The single-phase supernatant was collected, dried 
under N2 and dissolved in 70 μL methanol. Untargeted lipid analysis was performed on a high-resolution Q 
Exactive MS analyzer (ThermoFisher Scientific, Waltham, MA, USA) as described earlier74.

SDS gel electrophoresis and Western blotting
Proteins were resolved onto a gradient 3–8% NuPAGE Tris–Acetate gel (#EA0375PK2, ThermoFisher Scientific, 
Waltham, MA, USA). The gel was cut and the upper part was electroblotted for 2.5  h in a transfer buffer 
containing 10% methanol. The bottom part was electroblotted for 70–75 min in a transfer buffer containing 20% 
methanol. After the transfer, the PVDF membranes (#10,600,023, Cytiva, Marlborough, MA, USA) were blocked 
in 5% (w/v) skimmed milk dissolved in PBS supplemented with 0.1% (w/v) Tween-20 (PBS-T). Membranes were 
then incubated overnight at 4 °C with the respective primary antibodies. The rabbit anti-megalin (#ab313741, 
Abcam, Cambridge, UK) and the mouse anti-Na+/K+ ATPase (#ab7671, Abcam, Cambridge, UK) were diluted 
1:1,000. The next day, membranes were washed three times, each of 5 min, at room temperature with PBS-T 
and then incubated for 1 h at room temperature with an ECL™ Anti-Mouse IgG horseradish peroxidase linked 
whole antibody (1:3,000, #NA931, Sigma-Aldrich, St. Louis, MO, USA) or an ECL™ Anti-Rabbit IgG horseradish 
peroxidase-linked whole antibody (1:30,000, #G21234, ThermoFisher Scientific, Waltham, MA, USA). After 
three washing steps with PBS-T, each of 10  min, membranes were exposed to the SuperSignal West Femto 
Maximum Sensitivity Substrate (34,096, ThermoFisher Scientific, Waltham, MA, USA), and the signal acquired 
in a Fusion FX7 instrument (Vilber Lourmat, Eberhardzell, Germany).

Data analysis
All plots and statistical analyses were performed with GraphPad Prism Version 9 or the open-access language 
programming software R Version 4.3.1 (R Project for Statistical Computing). The figure legends provide details 
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on the statistical analysis. Proteomics data analysis is described in the Supplementary Materials and Methods. 
The mass spectrometry proteomics data were managed using the local laboratory information management 
system b-fabric (LIMS)75. The acquired DIA MS data were processed for identification and quantification using 
DIANN76. The R package prolfqua77 was used to analyze the differential expression for all quantifiable proteins.

Data availability statement
We uploaded the raw data and the DIANN identification and quantification results to the PRoteomics 
IDEntification Database (PRIDE) Projekt number PXD052634. The files 2371711.zip and 2371714.zip contain 
the DIA-NN identification and quantification results for the total proteome and enriched palmitoylated 
samples, respectively. The files DiaNN_total_proteome.zip and DiaNN_palmitoylated_proteins.zip contain 
the results of the differential expression analysis using the R prolfqua package, respectively. Finally, the file 
IntegrateProteomeAndEnriched.zip includes the analysis results to compare the differences in the differential 
expression levels of the enriched and whole proteome samples.
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