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Calorie Restriction Leads to Degradation of Mutant 
Uromodulin and Ameliorates Inflammation and Fibrosis in 
UMOD-Related Kidney Disease

Mariapia Giuditta Cratere , 1,2 Benedetta Perrone, 1,2 Barbara Canciani , 3 Céline Schaeffer , 1,2 and Luca Rampoldi 1,2

Key Points
c Calorie restriction stimulated autophagy and degradation of mutant uromodulin, leading to amelioration of cell stress and 
tubular damage.

c At early disease stage, calorie restriction largely reverted autosomal dominant tubulointerstitial kidney disease (ADTKD)- 
UMOD phenotype, preventing inflammation, fibrosis, and kidney function decline.

c At advanced disease stage, calorie restriction significantly delayed disease progression and worsening of kidney function.

Abstract
Background Mutations in UMOD, encoding uromodulin, lead to autosomal dominant tubulointerstitial kidney disease 
(ADTKD), a genetic cause of kidney failure. UMOD mutations have a common gain-of-toxic-function effect, causing 
mutant uromodulin retention in the endoplasmic reticulum (ER). This leads to ER stress, alteration of protein homeostasis 
and mitochondrial dynamics, defective autophagy, and increased cell death. Calorie restriction exerts a beneficial role in 
diseases characterized by accumulation of pathogenic protein and inflammation, by modulating several pathways, 
including autophagy induction and suppression of inflammation and fibrosis. Given the relevance of these features in 
ADTKD, we investigated the effect of calorie restriction on disease onset and progression.

Methods Transgenic mice expressing C147W uromodulin (Tg UmodC147W ) were subjected to a moderate (30%) calorie 
restriction regimen for 15 or 24 weeks, starting at different stages of disease progression.

Results Calorie restriction restored autophagy, as shown by decreased P62 punctae and quenched mammalian target of 
rapamycin (mTOR) activation specifically in mutant uromodulin-expressing cells, and it recovered expression of key ER-
phagy receptor genes, with a concomitant, striking reduction of mutant uromodulin ER retention. In presymptomatic 
Tg UmodC147W mice, calorie restriction alleviated epithelial cell stress. This, likely along with a direct anti-inflammatory 
effect of calorie restriction, prevented inflammation and progressive decline of kidney function. At this early disease 
stage, calorie restriction ameliorated the already established kidney damage and reduced fibrosis, suggesting reversal of 
ADTKD phenotype. Calorie restriction was also effective in significantly delaying disease progression in Tg UmodC147W 

mice with advanced disease and already compromised kidney function.

Conclusions Calorie restriction enhanced autophagy and uromodulin degradation, counteracting the primary effect of 
UMOD mutations, and significantly ameliorated kidney disease onset and progression.
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Introduction
UMOD-related autosomal dominant tubulointerstitial kid-
ney disease (ADTKD-UMOD; MIM #16200) is a Mendelian 
disorder characterized by tubulointerstitial fibrosis, urine 
concentration defect, hyperuricemia, and progressive loss

of kidney function leading to kidney failure mainly be-
tween 20 and 50 years. 1,2 ADTKD-UMOD is caused by 
mutations in the UMOD gene 3 and represents the third 
most frequent kidney monogenic disorder, 4 accounting for 
2% of all kidney failure cases. 5
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Figure 1. Calorie restriction reduced mutant uromodulin ER retention and aggregation. (A) Graphical representation of the calorie 
restriction protocol. (B and C) Body weight (B) and percentage of weight loss compared with the initial time point (C) of mice during the 
diet. # P AL Tg Umodwt versus AL Tg UmodC147W ; * P AL Tg Umodwt versus calorie restriction Tg Umodwt ; $ P AL Tg UmodC147W versus calorie
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UMOD encodes uromodulin, 6,7 the major urinary pro-
tein specifically produced by tubular epithelial cells (TECs) 
lining the thick ascending limb of Henle’s loop (TAL) and 
the early distal convoluted tubules. 8 UMOD mutations are 
mostly missense, 9,10 causing misfolding of uromodulin and 
its accumulation in the endoplasmic reticulum (ER), in-
ducing ER stress and the unfolded protein response. These 
features are observed in patient samples 11–14 and recapit-
ulated in several in vitro 15–18 and in vivo models, 11,14,19–22 

ascribing ADTKD-UMOD as an ER storage disease. 23 The 
different extent of ER retention associates with disease 
severity, and it was proposed as a predictor of age at 
kidney failure. 9 Moreover, propensity of mutant uromo-
dulin to aggregate contributes to disease pathogenesis and 
correlates with disease severity. 14 Additional disease fea-
tures are altered mitochondrial dynamics, 21,22 defective 
protein homeostasis, and impaired autophagy in TAL 
cells. 14,19,22 Inflammation is a key early pathogenetic event, 
preceding fibrosis and occurring concomitantly with TAL 
cell stress. 24

An effective, specific therapeutic strategy is presently 
an unmet clinical need. Given the gain-of-(toxic)-function 
effect of UMOD mutations, removal of intracellularly 
retained mutant protein could be a valuable option. 
This is supported by recent evidence showing that pro-
moting mutant uromodulin trafficking and secretion re-
duced kidney damage in an in vivo disease model. 25 

Similarly, enhancing autophagy may be beneficial, as 
supported by evidence that autophagy stimulation pro-
motes degradation of uromodulin aggregates in cell 
models 14 and ameliorates phenotype in ADTKD-UMOD 
mouse models. 22

Calorie restriction, consisting in reducing daily calorie 
intake by 20%–50% without causing malnutrition, 26 is ben-
eficial in different settings characterized by accumulation 
of pathogenic proteins and inflammation. 27,28 Its protective 
role is exerted through several mechanisms, including 
improvement of mitochondrial and autophagy dysfunction 
and suppression of inflammation and oxidative stress. 29 

Since these are all key features of the disease, 14,19,21,22,24 

here we investigated the therapeutic potential of calorie 
restriction in ADTKD-UMOD. To this end, transgenic mice 
expressing C147W mutant uromodulin and recapitulating 
the human disease 11,24 were subjected to a moderate 30% 
calorie restriction regimen 30,31 for 15 or 24 weeks starting at

early or advanced stages of disease progression. We aimed 
at testing if calorie restriction could revert the already 
established kidney damage and counteract disease progres-
sion. Moreover, we sought to assess the effect of the dietary 
intervention on uromodulin-expressing cells, by assessing 
uromodulin ER retention, autophagy induction, and 
cell damage.

Methods
Animal Models
All animals used in this study were housed under spe-
cific pathogen-free conditions with controlled humidity 
and temperature on a 12-hour dark/light cycle and ad 
libitum (AL) access to tap water and standard chow 
(Diet VRF1 [P], Special Diets Services, Augy, France), 
except during periods of calorie restriction experiments 
(see below). All procedures were reviewed and ap-
proved by the Institutional Animal Care and Use Com-
mittee of the San Raffaele Institute and were in 
accordance with the institutional guidelines (protocol 
#1368, #1526). Transgenic mouse lines expressing mu-
tant (Tg Umod C147W ) or wild-type (Tg Umod wt ) uromodulin 
(i.e., serving as an expression matched control), both on 
the FVB/NJ background, were previously generated and 
characterized. 11 ,24 Sequences of primer sets used for 
genotyping are listed in Supplemental Table 1.

Calorie Restriction Protocols
Calorie restriction was started at 8 weeks (early disease 
stage) for 15 weeks or at 24 weeks (late disease stage) for 
24 weeks. Experimental animals were randomly divided 
into AL or calorie-restricted groups and individually 
housed to measure the exact food intake. Food consump-
tion in the AL groups was determined by weighting 
leftover chow daily. Animals in the calorie-restricted 
groups received 70% of the food consumed by mice in 
the AL regimen, as previously reported. 32–34 Body weight 
of animals was assessed weekly. For all experiments, age-
matched male and female mice were used. The number of 
mice in each experiment is reported in the figure legends. 
Data were analyzed separately for females and males for 
the protocol at early disease stage, while they were com-
bined for the advanced stage one (see Supplemental 
Methods for additional details).

Figure 1. Continued. restriction Tg UmodC147W . (D) Western blot analysis of UMOD in kidney lysates. The ER precursor (immature, 
90 kDa) and mature form of UMOD (120 kDa) are indicated. GAPDH is reported as a normalizer. Graphs represent quantification of 
total UMOD kidney levels and the ratio of ER precursor to mature UMOD isoforms. (E) Immunofluorescence analysis of transgenic 
UMOD (HA, in red) and the ER marker calreticulin (CLR, in green). Nuclei are counterstained with DAPI (blue). The magnified field is 
indicated by a square on each picture. Scale bar: 20 mm. Histograms represent the quantification of the area of transgenic UMOD-CLR 
colocalization. (F) Western blot in nonreducing conditions of transgenic UMOD (anti-HA). HMW signal corresponds to mutant UMOD 

aggregates. Ponceau S staining is shown as a loading control. Histograms represent the quantification of UMOD aggregates in kidneys 
from AL or calorie restriction Tg UmodC147W mice. (G) Western blot and quantification of uUMOD levels. Urine samples were normalized 
over total volume of 16-hour urine collection in metabolic cage. (H) Total and transgenic Umod transcript levels measured by real-time 
RT-qPCR in kidneys from AL and calorie restriction Tg Umodwt and Tg UmodC147W mice. n55–6 mice/group (all females). Data are reported 
as fold change relative to AL Tg Umodwt (in D, E, G, and H) or AL Tg UmodC147W (in F). Bars represent mean6SD (in B–D, F, G, and H) or
mean6SEM (in E). Group comparisons were performed by one-way ANOVA, followed by S ˇidá k (in B and C) or Tukey (in D, E, and G)
corrections or unpaired t test (in F). AL, ad libitum; CR, calorie restriction; DAPI, 49,6-diamidino-2-phenylindole; ER, endoplasmic 
reticulum; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; HA, hemagglutinin; HMW, high molecular weight; RT-qPCR, reverse 
transcriptase-quantitative PCR; Tg UmodC147W , transgenic mice expressing mutant (C147W) uromodulin; Tg Umodwt , transgenic mice ex-
pressing wild-type uromodulin; uUMOD, urinary uromodulin.

JASN ▪: 1–16, ▪▪▪, 2026 3

Calorie Restriction in ADTKD-UMOD, Cratere et al.

http://links.lww.com/JSN/F684
http://links.lww.com/JSN/F684
http://links.lww.com/JSN/F684


AL Tg Umodwt CR Tg Umodwt AL Tg UmodC147W CR Tg UmodC147W
P

ic
ro

si
riu

s 
re

d
H

ae
m

at
ox

yl
in  

an
d 

eo
si

n
A

Tg UmodC147WTg Umodwt

AL CR AL CR
0

10

20

30

40 <0.001

<0.001 <0.001

In
fla

m
m

at
or

y 
in

fil
tr

at
e  

(%
 o

f t
ot

al
 k

id
ne

y 
ar

ea
)

C
Tg UmodC147WTg Umodwt

AL CR AL CR
0

10

20

30

40

50
<0.001

<0.001

0.02

0.02

<0.001

T
ub

ul
ar

 d
ila

tio
n  

(n
um

be
r 

of
 d

ila
te

d 
tu

bu
le

s)

B

Tg UmodC147WTg Umodwt

AL CR AL CR
0

10

20

30 <0.001

<0.001 <0.001

In
te

rs
tit

ia
l f

ib
ro

si
s  

(%
 o

f t
ot

al
 k

id
ne

y 
ar

ea
)

D

Ptprc Cd68 Fut4 Cd19 Cd5 Ccl2 Ccl12 Ccl5 Vim1 Tgfb1 Col1a1 Acta2 Lcn2 Havcr1

Fold change relative 
to AL Tg Umodwt 

Tubular damageFibrosis

18

4

1

Inflammation

-3

Log 10  Adj.Pvalue

CR TgUmodwt AL TgUmodC147W CR TgUmodC147W

E

-1-2

F

Tg UmodC147WTg Umodwt

AL CR AL CR
0

2

4

6

8

10
<0.001

<0.001 <0.001

<0.001

M
ea

n 
po

si
tiv

e 
ar

ea
 (

pi
xe

l  2  )

Total LCN2
LCN2 in TALs

Tg UmodC147WTg Umodwt

AL CR AL CR

Tg UmodC147WTg Umodwt

AL CR AL CR

0

0

30

60

7

14 <0.001

<0.001

<0.001

<0.001 <0.001

0.007

GAPDH
37 KDa

20 KDa
LCN2

uLCN2

25 KDa

20 KDa

25 KDa

AL
Tg Umodwt

CR
Tg Umodwt

AL
Tg UmodC147W 

CR
Tg UmodC147W

AL
TgUmodwt

CR
TgUmodwt

AL
Tg UmodC147W 

CR
Tg UmodC147W

LC
N

2 
le

ve
ls

(F
ol

d 
ch

an
ge

 to
 A

L 
T

g  U
m

od
w

t  )
uL

C
N

2 
le

ve
ls

(F
ol

d 
ch

an
ge

 to
 A

L 
T

g  U
m

od
w

t  )

G

H

Figure 2. Calorie restriction ameliorated kidney inflammation, fibrosis, and tubular damage. (A) Representative histology images of kidney 
sections stained with hematoxylin and eosin or picrosirius red and viewed in bright field or under polarized light. Scale bars: 2 mm and 
600 mm. (B–D) Graphs represent quantification of tubular dilation (B) and areas of inflammatory cell infiltration (C) and interstitial fibrosis 
(D), expressed as percentage of total kidney area. (E) Categorical bubble plot showing the kidney expression levels of genes encoding for 
inflammatory cell markers (Ptprc, leukocytes; Cd68, macrophages, Fut4, neutrophils; Cd19, B cells; Cd5, T cells), chemokines (Ccl2, Ccl12, 
Ccl5), fibrosis markers (Vim1, Tgfb1, Col1a1, Acta2), and markers of tubular damage (Lcn2 and Havcr1). Transcript levels were analyzed by 
real-time RT-qPCR. Bubble size is proportional to fold change relative to AL Tg Umodwt mice. Bubble color corresponds to Log 10 of the 
adjusted P value relative to AL Tg Umodwt (one-way ANOVA followed by Dunnett multiple comparisons post hoc test). A Log 10 adjusted 
P value # 21.3 (white dashed line) was considered statistically significant. Data used to generate the categorical bubble plot are presented
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Statistical Analysis
Data are reported as mean6SD or SEM. Statistical analysis 
was performed with Prism V10.4.2 software (GraphPad 
Inc.). The unpaired Student t test was performed when 
comparing mice of the same genotype subjected to differ-
ent diets. Comparison between more than two experimen-
tal groups was performed by using one- or two-way 
ANOVA followed by Dunnett, Šídák, or Tukey correction 
as indicated in the figure legends. A P , 0.05 was con-
sidered statistically significant. Multivariable data analysis 
was performed using unsupervised principal component 
analysis (PCA) to integrate all parameters tested. Data 
were normalized by autoscaling transformation to ensure 
comparability across variables measured with different 
scales. Experimental group clusters were visualized with 
95% confidence interval ellipses that were automatically 
generated by the software. To evaluate the statistical 
significance of group separation, Permutational Multi-
variate Analysis of Variance (PERMANOVA) was per-
formed. PCA, heatmaps of disease parameters, and 
K-means clustering analyses were generated using Me-
taboAnalyst 6.0. online package (www.metaboanalyst.ca/ 
home.xhtml).

Additional Methods
Detailed methods are presented in Supplemental Methods 
and Supplemental Tables 1, 10, and 11.

Results
Calorie Testriction Reduced Mutant Uromodulin ER 
Retention and Aggregation
To test the hypothesis that reducing calorie intake could 
decrease mutant uromodulin intracellular load, we per-
formed a 15-week long, 30% calorie restriction experiment 
in Tg UmodC147W and Tg Umodwt mice 11 (Figure 1 for females, 
Supplemental Figure 1 for males). The initial time point 
(8 weeks) corresponds to an early phase of disease, with 
signs of kidney inflammation and fibrosis but preserved kid-
ney function. 24 At the final time point (23 weeks), Tg UmodC147W 

mice show the full-blown disease, with reduced kidney 
function 11 (Figure 1A and Supplemental Figure 1A).

Body weight of mice under calorie restriction decreased 
(,20% of the initial body weight) during the first 3 weeks, 
and it then stabilized until the end of treatment (Figure 1, B 
and C, and Supplemental Figure 1, B and C). Compared 
with Tg Umodwt , AL Tg UmodC147W mice showed uromodulin 
accumulation within the kidney, which was massively de-
creased by calorie restriction (Figure 1D and Supplemental 
Figure 1D). Such reduction was mostly contributed by a 
significant decrease of uromodulin ER precursor (i.e.,

uromodulin carrying ER-type glycans), 11 reflecting reduced 
ER retention of mutant protein after calorie restriction 
(Figure 1D and Supplemental Figure 1D). This was con-
firmed by immunofluorescence staining, specifically analyz-
ing the distribution of transgenic uromodulin and showing 
decreased colocalization of mutant protein with the ER 
chaperone calreticulin (Figure 1E and Supplemental 
Figure 1E). Such effect was associated with a strong 
decrease of mutant uromodulin aggregates, as shown 
by decreased level of high molecular weight forms of 
uromodulin (Figure 1F and Supplemental Figure 1F). As 
previously reported and consistent with impaired protein 
maturation, AL Tg UmodC147W mice showed reduced urinary 
uromodulin levels. After calorie restriction, reduction of 
uromodulin levels in the kidney was not accompanied by 
increased urinary excretion (Figure 1G and Supplemental 
Figure 1G). Such effect was not due to changes of gene 
expression, as shown by comparable transcript levels of 
total and transgenic Umod in all experimental groups 
(Figure 1H and Supplemental Figure 1H).

Altogether, these results demonstrate that calorie re-
striction is effective in reducing mutant uromodulin ER 
retention and aggregation, without altering its expression, 
trafficking, or urinary secretion, irrespective of sex.

Calorie Restriction Ameliorated ADTKD-UMOD Kidney 
Phenotype
We then analyzed inflammation and fibrosis, two impor-
tant ADTKD features. As expected, all histologic parame-
ters of kidney damage (tubular dilation, inflammatory cell 
infiltration, and interstitial fibrosis) were increased in AL 
Tg UmodC147W mice and reduced to levels comparable to 
Tg Umodwt mice after calorie restriction (Figure 2, A–D, 
and Supplemental Figure 2, A and B). A similar trend 
was observed for kidney expression of inflammation- and 
fibrosis-related genes (Figure 2E and Supplemental 
Figure 2C and Supplemental Table 2). Calorie restriction 
reduced the expression of some genes related to inflam-
mation (i.e., Ptprc, Ccl5) also in kidneys of Tg Umod wt 

mice, substantiating the already described impact of 
calorie restriction on inflammatory cell metabolism. 35 , 36 

Tubular damage is an early event occurring in Tg UmodC147W 

mice. Lipocalin-2 (LCN2), expressed in injured TECs, 37 is 
induced as early as 1 week and remains highly expressed in 
adults, representing one of the most up-regulated genes 
identified in kidney transcriptional profiling. 14,24 As the 
disease progresses, Havcr1 (encoding kidney injury mole-
cule-1) 38 is also induced starting at 4 weeks. 24 After calorie 
restriction, Lcn2 and Havcr1 expression levels were signifi- 
cantly reduced in kidneys of Tg UmodC147W mice compared 
with their AL counterpart (Figure 2E).

Figure 2. Continued. in Supplemental Table 2. (F) Immunofluorescence staining for transgenic UMOD (HA, in red) and LCN2 (in green) in 
kidney sections from AL or calorie restriction Tg Umodwt and Tg UmodC147W mice. The magnified field is indicated by a square on each 
picture. Scale bar: 40 mm. Histograms represent quantification of the LCN2-positive signal in total kidney area or in TAL tubules (HA 1 ). 
(G and H) Western blot analysis and quantification of LCN2 levels in kidney (G) and urine (uLCN2) (H). For kidney lysates, GAPDH was 
used as a loading control. Urine samples were normalized over total urine volume collected in 16 hours. n55–6 mice/group (all females).
Bars represent mean6SEM (in B–D and F) or 6SD (in G and H). (G and H) Data are reported as fold change relative to AL Tg Umodwt .
Group comparisons were performed by one-way (in B–D, G, and H) or two-way (in F) ANOVA followed by Tukey correction. BF, bright 
field; LCN2, lipocalin-2; PL, polarized light; TAL, thick ascending limb of Henle’s loop; uLCN2, urinary LCN2.
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Figure 3. Calorie restriction restored autophagy in mutant uromodulin-expressing cells. (A) Western blot analysis and quantification of 
P62 kidney levels. GAPDH is reported as a loading control. (B) Immunofluorescence staining for P62 (in green) and transgenic UMOD 

(HA, in red) in kidney sections. The magnified field is indicated by a square on each picture. Scale bar: 20 mm. Histograms represent 
quantification of the P62-positive signal in total kidney area or in TAL tubules (HA 1 ). (C) Analysis of Sqstm1 (encoding P62) kidney 
expression levels. (D) Western blot analysis of LC3 (autophagosome marker) and quantification of LC3-II/LC3-I (active/inactive) ratio. 
(E) Western blot analysis of phosphorylated (p-S6RP; Ser235/236) and total S6RP (downstream target of mTOR activity) in total kidney 
lysates. The graph shows the phosphorylated/total S6RP ratio. GAPDH is reported as a loading control. (F) Immunofluorescence staining 
for transgenic UMOD (HA, in red) and p-S6RP (in green) in kidney sections. The magnified field is indicated by a square on each 
picture. Scale bar: 20 mm. Histograms represent quantification of the p-S6RP–positive signal in total kidney or in TAL tubules (HA 1 ). 
(G) Heatmap showing the kidney expression levels of ER-phagy receptor genes Retreg1 (encoding Fam134b), Retreg2 (Fam134a), Retreg3 
(Fam134c), Atl3, Rtn3, Sec62, Tex264, and Ccpg1 in AL or calorie restriction Tg Umodwt and Tg UmodC147W mice. Transcript levels were
analyzed by real-time RT-qPCR. For each gene, expression levels are reported as z-score of the fold change relative to AL Tg Umodwt .
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Immunofluorescence analysis revealed that LCN2 sig-
nal was specifically induced in mutant uromodulin-ex-
pressing cells and that it was dramatically reduced, along 
with mutant protein aggregates, in calorie-restricted 
Tg UmodC147W mice (Figure 2F). This was reflected by significant 
decrease of LCN2 levels in kidneys (Figure 2G) and urines 
(Figure 2H), implying that reducing mutant uromodulin ER 
retention rescues TAL cell damage in Tg UmodC147W mice. 

These results demonstrate that calorie restriction effec-
tively ameliorates ADTKD-UMOD phenotype by reducing 
inflammation and fibrosis and rescuing tubular damage.

Calorie Restriction Restored Autophagy in Mutant 
Uromodulin-Expressing Cells
Since reduced mutant uromodulin accumulation in kid-
neys of calorie-restricted mice was not explained by 
decreased gene expression or increased secretion, we 
hypothesized that it could be due to enhanced protein 
degradation. To gain mechanistic insight, we evaluated 
markers of autophagy. Induction of this pathway contrib-
utes to mutant uromodulin degradation in cell models 14 

and improves disease phenotype in vivo. 22 Moreover, cal-
orie restriction is reported to stimulate autophagy by sup-
pressing mammalian target of rapamycin (mTOR) signaling, 
thus regulating cell catabolism. 39

We tested the expression of P62, an autophagy re-
ceptor that is itself degraded along with the substrate, 
thus representing a readout of autophagic flux. 40 In 
kidneys of AL Tg Umod C147W mice, we observed increased 
P62 protein levels, and specific accumulation of P62-
positive punctae in cells expressing mutant uromodulin 
(Figure 3, A and B). This was associated with compa-
rable levels of transcript (Sqstm1) in kidneys of mutant 
mice compared with Tg Umod wt mice (Figure 3C), support-
ing reduced/impaired autophagic flux 41 in mutant ur-
omodulin-expressing cells, consistent with results in other 
ADTKD-UMOD models. 14,19,22 Noteworthy, accumulation 
of P62 punctae in TALs as well as its kidney levels were 
strongly reduced in calorie-restricted Tg UmodC147W mice 
(Figure 3, A and B), despite stable transcript levels 
(Figure 3C), suggesting rescue of autophagic flux. This 
was also demonstrated by kidney levels of LC3-II/LC3-I 
ratio, which are increased in AL Tg Umod C147W mice and 
reduced to levels comparable to Tg Umod wt mice after 
calorie restriction (Figure 3D).

To assess the potential involvement of mTOR pathway 
in the induction of autophagy upon calorie restriction, we 
measured phosphorylation of its downstream target, ribo-
somal protein S6 (S6RP). Compared with Tg Umodwt mice, 
AL Tg UmodC147W mice show increased kidney levels of 
phospho-S6RP that are almost exclusively observed in 
mutant uromodulin-expressing cells. Notably, the levels

of S6RP were essentially normalized by calorie restriction 
(Figure 3, E and F).

Given the reduction of ER-retained mutant uromodulin 
on calorie restriction, we investigated ER-phagy, a form of 
autophagy mediated by selective receptors, that specifi- 
cally degrades portions of the ER. 42 We tested the kidney 
expression levels of genes encoding for some of the ER-
phagy receptors so far reported in mammals. 43 Among 
these receptors Retreg1, Sec62, and Tex264 were downre-
gulated in kidneys of mutant mice in basal conditions and 
their expression was restored to Tg Umodwt levels after cal-
orie restriction (Figure 3G and Supplemental Table 3). 
Since an N-terminal truncated isoform of FAM134B 
(FAM134B-2) encoded by Retreg1 has been demonstrated 
to be transcriptionally enhanced to regulate starvation-
induced ER-phagy, 44–46 we specifically analyzed the expres-
sion of the different FAM134B isoforms. Both Fam134b-1 
(encoding the full-length protein) and Fam134b-2 were 
downregulated in kidneys of AL Tg UmodC147W mice, whereas 
only Fam134b-2 was upregulated in kidneys of calorie-
restricted Tg UmodC147W mice (Figure 3H), supporting a role 
for calorie restriction in recovering ER-phagy in kidneys of
Tg UmodC147W mice.

These data strongly suggest that, by inhibiting mTOR 
overactivation in kidneys of mice expressing mutant uro-
modulin, calorie restriction rescues autophagy (and likely 
ER-phagy) in TAL cells, thus allowing degradation of ER-
retained mutant uromodulin.

Calorie Restriction Largely Reverted ADTKD Phenotype at 
Early Disease Stage
Next, we assessed the effect of calorie restriction on 
disease progression by comparing 23-week-old AL and 
calorie-restricted Tg Umod C147W mice with 8-week-old AL 
Tg Umod C147W mice, corresponding to the age of animals 
at the beginning of treatment (Figure 4A). To evaluate 
kidney function, we performed plasma and urine biochem-
istry. At 23 weeks, AL Tg UmodC147W mice developed signif-
icant polyuria and signs of kidney failure, as demonstrated 
by rise of BUN and diuresis levels (Figure 4, B and C, and 
Supplemental Tables 4 and 5). These parameters remained 
stable and within normal range in calorie-restricted
Tg UmodC147W mice.

The variation of these parameters was not an effect of 
calorie restriction per se, as they remained unchanged in 
calorie-restricted Tg Umodwt mice compared with their AL 
counterpart (Supplemental Tables 4 and 5). These results 
demonstrate that calorie restriction prevents decline of 
kidney function in Tg UmodC147W mice. ER accumulation 
of mutant uromodulin was already evident in 8-week-
old Tg UmodC147W mice (Figure 4, D–F), and the extent of 
ER retention significantly increased at 23 weeks, indicating

Figure 3. Continued. Arrow heads indicate genes that are significantly downregulated in kidneys of AL Tg UmodC147W mice compared 
with AL Tg Umodwt mice and whose expression level is restored after calorie restriction. For all the analyzed genes, the fold change 
relative to AL Tg Umodwt mice and statistical analysis is presented in Supplemental Table 3. (H) Transcript levels of Fam134b-1 (full 
length) and Fam134b-2 (N-terminal truncated, starvation-induced Fam134b isoform) in kidneys of AL or calorie restriction Tg Umodwt and 
Tg UmodC147W mice. n55–6 mice/group (all females). Bars represent mean6SD (in A, C–E, and H) or 6SEM (in B and F). (A, C–E, and H) 
Data are reported as fold change relative to AL Tg Umodwt . Group comparisons were performed by one-way (in A, D, E, and H) or two-
way (in B and F) ANOVA followed by Tukey correction. mTOR, mammalian target of rapamycin; S6RP, ribosomal protein S6.
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Figure 4. Calorie restriction prevented ADTKD progression and largely reverted disease phenotype at early disease stage. (A) To assess 
the potential of calorie restriction on ADTKD-UMOD phenotype reversal, 23-week-old AL Tg Umodwt mice, AL or calorie restriction 
Tg UmodC147W mice were compared with 8-week-old AL Tg Umodwt and Tg UmodC147W mice, corresponding to the age of mice at the
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disease progression. By contrast, in kidneys of 23-week-old 
calorie-restricted Tg UmodC147W mice, mutant uromodulin 
aggregates appeared reduced to levels even lower than 
those at 8 weeks (Figure 4, D–F). Such reduction was not 
due to changes in Umod expression, which in fact increased 
with age in Tg UmodC147W mice, irrespective of their dietary 
regimen (Figure 4G). These data demonstrate that calorie 
restriction not only prevents mutant uromodulin accumu-
lation but is also effective in promoting clearance of exist-
ing protein aggregates. In Tg UmodC147W mice, disease 
progression is also evidenced by progressive increase of 
tubular dilation, inflammation, and interstitial fibrosis 
(Figure 4, H–L, and Supplemental Figure 3, A and B, 
and Supplemental Table 6) and elevated expression of 
tubular damage markers (Figure 4, L and M, and 
Supplemental Figure 3C). Notably, after calorie restriction, 
tubular dilation, macrophage infiltration, and extracellular ma-
trix deposition in kidneys of 23-weeks-old Tg UmodC147W mice 
were comparable with wild-type animals and significantly 
decreased compared with 8-week-old AL Tg UmodC147W 

mice (Figure 4, H–L, and Supplemental Figure 3, A and 
B, and Supplemental Table 6). Moreover, calorie restriction 
strongly attenuated tubular damage, as demonstrated by 
significant reduction of LCN2 in TAL tubules of 23-week-
old calorie-restricted Tg UmodC147W mice compared with 
their 8-week-old genotype-matched counterpart (Figure 4M 
and Supplemental Figure 3C).

These data collectively demonstrate that, when started 
at early stage of disease, calorie restriction prevents tubular 
damage and disease progression and largely rescues the 
existing kidney injury in Tg UmodC147W mice.

Calorie Restriction Blocked Disease Progression in Mice 
with Advanced ADTKD-UMOD
To substantiate the translational relevance of calorie re-
striction, we then investigated its effectiveness at an ad-
vanced disease stage. Tg UmodC147W mice were fed a 30%

calorie restriction diet for 24 weeks, starting at 24 weeks. 
To evaluate the potential of calorie restriction in 
ameliorating disease phenotype, 48-week-old calorie-
restricted Tg Umod C147W mice were compared with 
24-week-old and 48-week-old AL Tg UmodC147W and Tg Umodwt 

mice (Figure 5A).
The prolonged calorie restriction protocol led to a 

relatively mild reduction of mice body weight (about 
15%; Figure 5, B and C). As expected, 24-week-old AL 
Tg UmodC147W mice showed already compromised kidney 
function that significantly worsened with aging. Instead, 
such drop of kidney function is not observed in 48-week-
old calorie-restricted Tg UmodC147W mice showing levels of 
plasma creatinine and BUN, urinary creatinine, and di-
uresis comparable with 24-week-old mutant mice (Fig-
ure 5, D and E, and Supplemental Tables 7 and 8). The 
beneficial effect of calorie restriction was also evident 
when comparing kidney morphology at the end of 
treatment as the pale, shrunk appearance of kidneys 
of AL Tg Umod C147W mice, resembling patient small-sized 
kidneys, 47 was remarkably rescued (Figure 5F). In line 
with kidney function and morphology, we observed pro-
gressive worsening of disease parameters in 48-week-old 
AL Tg UmodC147W mice compared with their 24-week-old 
counterpart that was essentially blocked by calorie re-
striction. This was observed for all investigated markers 
of inflammation, fibrosis, and kidney damage, as assessed 
by histologic (Figure 5, G and I–K), immunofluorescence 
(Supplemental Figure 4), and gene expression analyses 
(Figure 5M and Supplemental Table 9). Since this exper-
iment included aged mice, we also evaluated the kidney 
activity of senescence-associated b-galactosidase (SA 
b-gal), a predictor of kidney outcome in patients with 
CKD of different origin. 48 Interestingly, senescence was 
already increased in 24-week-old Tg UmodC147W mice, rela-
tive to Tg Umodwt mice. Calorie restriction was effective in 
blocking further increase of senescence that was instead

Figure 4. Continued. beginning of the dietary intervention. (B and C) BUN (B) and diuresis (C) levels of mice at 8 weeks and 23 weeks 
of age. Gray dashed lines represent normal range values. $ P 8-week-old AL Tg Umodwt versus 8-week-old AL Tg UmodC147W ; * P 23-week-
old AL Tg Umodwt versus 23-week-old AL Tg UmodC147W ; # P 23-week-old AL Tg UmodC147W versus 23-week-old calorie restriction Tg U-

modC147W ; x P 23-week-old AL Tg Umodwt versus 23-week-old calorie restriction Tg UmodC147W ; ‡ P 8-week-old AL Tg UmodC147W versus 
23-week-old AL Tg UmodC147W . (D) Immunofluorescence staining for transgenic UMOD (HA, in red) and CLR (in green). Nuclei are 
counterstained with DAPI (in blue). Scale bar: 40 mm. Histograms represent quantification of transgenic UMOD-CLR colocalization area. 
(E) Western blot in nonreducing conditions to detect transgenic UMOD (HA) in kidney lysates. Ponceau S staining is reported as a 
loading control. Graph represents quantification of HMW mutant UMOD aggregates. (F) Linear regression illustrating the correlation 
between mutant UMOD aggregates measured by Western blot and HA-CLR signal colocalization measured by immunofluorescence. The 
dotted lines show the 95% confidence intervals. Dots represent individual animals. (G) Umod transcript levels measured by real-time 
RT-qPCR. (H) Representative histology images of kidney sections stained with hematoxylin and eosin or picrosirius red and viewed in 
bright field (upper panels) or under polarized light (bottom panels). Scale bars: 2 mm and 600 mm. (I–K) Quantification of tubular 
dilation (I), inflammatory cell infiltrate (J), and interstitial fibrosis (K). (L) Categorical bubble plot showing the kidney expression levels of 
inflammation- (Ptprc, Cd68, Ccl2, Ccl5, Ccl12), fibrosis- (Vim1), and tubular damage– (Lcn2 and Havcr1) related genes. Transcript levels 
were analyzed by real-time RT-qPCR. Bubble size is proportional to fold change relative to 8-week-old AL Tg Umodwt . Bubble color 
corresponds to Log 10 of the adjusted P value relative to 8-week-old AL Tg Umodwt mice (one-way ANOVA, followed by Dunnett multiple 
comparisons post hoc test). A Log 10 adjusted P value # 21.3 (white dashed line) was considered statistically significant. Data used to 
generate the categorical bubble plot are presented in Supplemental Table 6. (M) Representative immunofluorescence staining for 
transgenic UMOD (HA, in red) and LCN2 (in green) in kidney sections. The magnified field is indicated by a square on each picture. 
Scale bar: 40 mm. Histograms represent quantification of the LCN2-positive signal in total kidney area or in TAL tubules (HA 1 ). 
n56 mice/group (all females). Bars represent mean6SD (in B, C, E, and G) or 6SEM (in D, I–K, and M). Data are reported as fold 
change relative to 8-week-old AL Tg UmodC147W (in D, E, and G) or to 8-week-old AL Tg Umodwt (dashed line in I–K). Group comparisons
were performed by one-way ANOVA, followed by S ˇidá k (in B and C) or Tukey (in D, E, G, and I–K) correction, or two-way ANOVA,
followed by Tukey correction (in M). ADTKD, autosomal dominant tubulointerstitial kidney disease; ADTKD-UMOD, UMOD-related 
autosomal dominant tubulointerstitial kidney disease.
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Figure 5. Calorie restriction prevented ADTKD-UMOD progression at advanced disease stage. (A) Schematic protocol of calorie 
restriction treatment at advanced disease stage. (B and C) Body weight (B) and percentage of weight loss compared with the initial time 
point (C) of mice during the diet. * P 48-week-old AL Tg UmodC147W versus 48-week-old calorie restriction Tg UmodC147W ; # P 48-week-old
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observed in 48-week-old AL Tg UmodC147W mice (Figure 5, 
H and L).

We also evaluated the effect of diet on preserving TAL 
integrity. Compared with 24-week-old AL Tg UmodC147W 

mice, 48-week-old AL Tg UmodC147W mice show altered 
morphology of TAL segments and decreased expression 
the Na 1 -K 1 -2Cl 2 cotransporter (NKCC2, marker of TAL 
cells) (Supplemental Figure 5, A–E) and significant in-
crease of LCN2 levels (Figure 5N and Supplemental 
Figure 5F). All these parameters suggest progressive cell 
damage and possibly TAL cell loss in kidneys of 48-week-
old AL Tg UmodC147W mice, likely explaining why we did 
not observe further increase of mutant uromodulin 
aggregates compared with 24-week-old AL Tg UmodC147W 

mice (Supplemental Figure 5A). Importantly, in 48-week-old 
calorie-restricted Tg UmodC147W mice, we observed preserved 
TAL morphology (Supplemental Figure 5C), rescued ex-
pression levels of NKCC2 ( Supplemental Figure 5, D 
and E ), and reduced LCN2 expression (Figure 5N and 
Supplemental Figure 5F), suggesting a role of calorie 
restriction in preventing further TAL damage in
Tg UmodC147W mice.

In sum, our data demonstrate that initiating calorie 
restriction at a later stage of disease can still be effective 
in blocking ADTKD-UMOD progression.

Unsupervised Multivariable Analysis of the Overall 
Therapeutic Effect of Calorie Restriction
Finally, to integrate the values obtained for the characterization 
of the effect of calorie restriction on ADTKD-UMOD 
onset and progression, we performed unsupervised multi-
variable analysis. PCA followed by K-means clustering 
was conducted using 15 disease parameters evaluated 
at early stage of disease (Figure 6A). PCA highlighted a 
very strong separation between all experimental groups. 
K-means analysis revealed separation of 8-week-old AL 
Tg Umod C147W and 23-week-old AL Tg Umod C147W groups 
into two distinct clusters (clusters 1 and 3, respectively), 
consistent with the progression of disease severity with 
age. Instead, all Tg Umod wt groups formed a single clus-
ter (cluster 4), clearly separated from the previous two.

Notably, 23-week-old calorie-restricted Tg UmodC147W mice 
formed a fourth cluster (cluster 2), distinct from the other 
clusters composed by mutant mice, and more similar to 
wild-type animals (Figure 6A and Supplemental Figure 6A). 
This analysis substantiates the experimental evidence that, 
at early disease stages, calorie restriction blocks ADTKD-
UMOD progression and considerably ameliorates the al-
ready established kidney damage.

A similar analysis was performed on the 21 parameters 
tested at advanced disease stage. PCA analysis demon-
strated a strong difference between groups (Figure 6B). 
Both PCA and K-means analyses revealed that wild-type 
mice cluster together, irrespectively of their age (24-week-
old and 48-week-old AL Tg Umodwt mice, cluster 2) and 
were clearly separated from 48-week-old AL Tg UmodC147W 

mice (cluster 1). Instead, 48-week-old calorie-restricted 
Tg Umod C147W mice grouped together with 24-week-old 
AL Tg UmodC147W mice (cluster 3) and were more similar to 
wild-type mice than their AL counterpart (Figure 6B and 
Supplemental Figure 6B). This reflects the experimental 
observations that calorie restriction prevents age-associated 
worsening of disease parameters.

Overall, these analyses provide additional and unsu-
pervised evidence supporting the remarkable therapeutic 
efficacy of calorie restriction at both early and advanced 
ADTKD-UMOD stages (Figure 6C).

Discussion
This study demonstrates the effectiveness of calorie restric-
tion in reducing the intracellular load of mutant uromo-
dulin and ameliorating kidney damage in ADTKD-UMOD. 
At early disease stage, calorie restriction prevented inflam-
mation and progressive decline of kidney function, rescued 
fibrosis, and largely reverted the already established phe-
notype in Tg UmodC147W mice. At advanced disease stage, 
calorie restriction was effective in blocking disease pro-
gression and worsening of kidney function. This beneficial 
effect is likely due to the action of calorie restriction in 
restoring autophagy in TECs expressing mutant uromodu-
lin, in inducing degradation of ER-retained uromodulin, 
and in reducing inflammation.

Figure 5. Continued. AL Tg Umodwt versus 48-week-old AL Tg UmodC147W . (D and E) BUN (D) and diuresis (E) levels for the indicated 
experimental groups. Red dashed lines represent normal range values. x P , 0.05 24-week-old AL Tg Umodwt versus 24-week-old AL 
Tg UmodC147W ; * P 48-week-old AL Tg Umodwt versus 48-week-old AL Tg UmodC147W ; ‡ P 24-week-old AL Tg UmodC147W versus 48-week-old AL 
Tg UmodC147W ; # P 48-week-old AL Tg UmodC147W versus 48-week-old calorie restriction Tg UmodC147W . (F) Representative picture of kidneys 
from 24-week-old AL Tg Umodwt and Tg UmodC147W , 48-week-old AL Tg Umodwt and 48-week-old AL or calorie restriction Tg UmodC147W mice 
and quantification of the kidney/body weight index. n58 mice/group (five female, three male). (G) Representative histology images of 
kidney sections stained with hematoxylin and eosin or picrosirius red and viewed in bright field (upper panels) or under polarized light 
(bottom panels). Scale bars: 2 mm and 600 mm. (H) Representative images of SA b-galactosidase (SA b-gal) staining of kidney sections. 
Scale bar: 500 mm. (I–L) Quantification of tubular dilation (I), inflammatory cell infiltrate (J), interstitial fibrosis (K), and SA b-gal–positive 
areas (L). (M) Categorical bubble plot showing the kidney expression levels of inflammation- (Ptprc, Cd68, Fut4, Cd19, Cd5), fibrosis-
(Vim1, Col1a1, Tgfb1, Acta2), and tubular damage– (Lcn2, Havcr1) related genes. Transcript levels were analyzed by real-time RT-qPCR. 
Bubble size is proportional to fold change relative to 24-week-old AL Tg Umodwt mice; bubble color corresponds to Log 10 of the adjusted 
P value compared with 24-week-old AL Tg Umodwt mice (one-way ANOVA, followed by Dunnett multiple comparisons post hoc test). A 
Log 10 adjusted P value # 21.3 (white dashed line) was considered statistically significant. Data used to generate the categorical bubble 
plot are presented in Supplemental Table 9. (N) Immunofluorescence staining for transgenic UMOD (HA, in red) and LCN2 (in green) in 
kidney sections. The magnified field is indicated by a square on each picture. Scale bar: 40 mm. Histograms represent quantification of 
the LCN2-positive signal in total kidney area or in TAL tubules (HA 1 ). n58 mice/group (five females, three males). Data are reported as
mean6SD (in B–F) or 6SEM (in I–N). Group comparisons were performed by using one-way ANOVA, followed by S ˇı ´dák correction (in
F and I–L), or two-way ANOVA, followed by Tukey correction (in N). SA, senescence-associated.
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Interventions aimed at reducing mutant uromodulin 
intracellular load could represent a valuable therapeutic 
option for ADTKD-UMOD, given the shared effect of

UMOD mutations. Recently, a strategy aimed at rescuing 
mutant uromodulin trafficking, increasing its secretion, 
was shown to ameliorate kidney damage in an ADTKD-
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its experimental group. Ellipses represent the 95% CIs area of each group. Dashed ellipses indicate 95% CIs for each cluster centroid. 
(C) Schematic representation summarizing the phenotypic effects induced by calorie restriction in Tg UmodC147W mice at early and advanced 
disease stages. CI, confidence interval; PCA, principal component analysis; PERMANOVA, permutational multivariate analysis of variance.
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UMOD mouse model. 25 However, the possible conse-
quences of long-term secretion of mutant uromodulin 
have not been investigated. Here, we instead used a strat-
egy aimed at degrading mutant uromodulin through in-
duction of autophagy prompted by calorie restriction. 
Calorie restriction is described as the most powerful non-
genetic intervention that delays age-associated patholo-
gies and extends lifespan across multiple species 26 by 
acting on multiple molecular mechanisms, including 
enhancement of proteostasis, modulation of nutrient-
sensing, 29 and autophagy induction. Its effect on mutant 
uromodulin degradation is demonstrated by remarkable 
reduction of uromodulin protein level, in the absence of 
any effect on gene expression or urinary secretion. Con-
sistent with other studies, 14,19,22 we reported the presence 
of P62 punctae in TALs and increased LC3-II/LC3-I ratio 
in kidneys of Tg UmodC147W mice. This is likely downstream 
of mTOR activation, as demonstrated by increased levels 
of phospho-S6RP, suggesting defective autophagy in cells 
expressing mutant uromodulin. After calorie restriction, 
P62 punctae and phospho-S6RP were strongly decreased 
in TALs, along with ER-retained mutant uromodulin. 
This indicates that the beneficial effect of calorie restric-
tion is likely mediated by quenching of mTOR overacti-
vation, a mechanism previously described in mouse 
models of autosomal dominant polycystic kidney disease 
(ADPKD) under mild to moderate (10%–40%) calorie re-
striction. 49 In Tg UmodC147W mice, calorie restriction re-
stored autophagy in TALs and promoted clearance of 
mutant uromodulin. Our findings are consistent with 
evidence that stimulating autophagy leads to intracellular 
removal of mutant uromodulin in cells 14,19 and that its 
induction in two different ADTKD-UMOD mouse models 
ameliorates disease phenotype. 22 We hypothesize that 
clearance of mutant uromodulin aggregates is mediated 
by ER-phagy 50 rather than bulk autophagy. In kidneys of 
Tg UmodC147W mice, the ER-phagy receptors Retreg1, Sec62, 
and Tex264 were downregulated, suggesting impaired 
ER-phagy and defective clearance of ER-retained uromo-
dulin. After calorie restriction, their transcript levels 
were recovered. Retreg1 encodes FAM134B, a key regu-
lator of ER turnover. 51 Its expression is tightly controlled 
by the nutrient-sensitive SESTRIN2–mTORC1–TFEB/ 
TFE3 axis 44,52 and, under ER stress, FAM134B scavenges 
ERAD-resistant misfolded clients interacting with the 
ER chaperone calnexin. 53 , 54 An N-terminal-truncated 
isoform of FAM134B (Fam134b-2) is transcriptionally in-
duced to drive ER-phagy under nutrient depletion. 45 This 
is confirmed in our models as Fam134b-2, but not full-
length Fam134b-1, was induced by calorie restriction. 
TEX264 was implicated in ER remodeling during nutrient 
stress. 55 SEC62, a translocon component, aids the auto-
phagic degradation of the ER membranes during recovery 
from ER stress. 56 Further studies are needed to substan-
tiate the causal link between autophagy induction and the 
observed beneficial effect of calorie restriction (e.g., by 
assessing the effect of the dietary intervention under ge-
netic or pharmacologic inhibition of autophagy) and the 
role of ER-phagy in mutant uromodulin degradation. 
Regarding ADTKD-UMOD as a paradigm for ER storage 
disease, our findings could have broader relevance,

although the effect of calorie restriction on models of 
other proteinopathies has to be tested.

Calorie restriction also ameliorated kidney inflamma-
tion, an effect that could be an indirect consequence of 
reduced TAL stress, following reduction of ER-retained 
mutant uromodulin. However, a synergistic effect due 
to the direct anti-inflammatory role of calorie restric-
tion seems likely. Several studies indeed demonstrated 
the potent capability of calorie restriction in modulating 
inflammation in different settings, 27,57 due to its direct 
impact on inflammatory cell metabolism. 35,36 Calorie re-
striction also had a remarkable impact on kidney fibrosis 
that is likely downstream of its anti-inflammatory effect. 
Beyond these kidney-specific effects, it remains to be ex-
plored if systemic effects improving the overall metabolic 
state and BP 58 – 60 could contribute to the observed amelio-
ration of disease phenotype in Tg UmodC147W mice.

In 23-week-old calorie-restricted Tg UmodC147W mice, in-
flammation and fibrosis markers were reduced to levels 
even lower than those at the start of the diet and were 
comparable with wild-type mice, demonstrating that at 
early disease stages, calorie restriction not only blocked 
progression, but it also markedly ameliorated the already 
established kidney damage. Whether the repair of kidney 
damage in Tg UmodC147W mice is induced by nephrogenic 
pathways, similar to what recently described in a glomer-
ulopathy model administered fasting-mimicking diet, 61 re-
mains to be tested. Kidney plasticity and the ability to 
restore structural and functional alteration have been 
described in a mouse model of ADPKD in which re-
expression of Pkd genes reversed disease phenotype. Re-
covery was complete when re-expression occurred at early 
stage of disease, while it was partial when induced at later 
time points. 62 Similarly, we showed that calorie restriction 
was still effective in preventing disease progression even 
when initiated at advanced disease stage. Considering the 
relatively late onset of kidney failure in ADTKD-UMOD, 
this finding could be relevant for patient management as it 
might delay the need of replacement therapies.

In 48-week-old AL Tg UmodC147W mice, we observed a 
marked reduction of NKCC2 expression with most TAL 
tubules showing dilation, flattened epithelia, and increased 
LCN2 expression. This likely reflects progressive TAL cell 
damage and loss that we described to start at 24 weeks. 11 

By contrast, calorie restriction reduced LCN2 levels and 
maintained the typical cuboidal morphology of TAL cells 
and NKCC2 expression, suggesting that it preserved the 
integrity of uromodulin-expressing cells and mitigated 
tubular damage. In 48-week-old Tg UmodC147W kidneys, 
we also reported increased activity of the SA b-gal, a 
well-established marker of cell senescence. 63 Senescence 
was described as a predictor of kidney outcome in patients 
with CKD of diverse etiology and a factor exacerbating 
inflammation and fibrosis. 48,64–66 Calorie restriction can 
delay senescence and improve senescence-associated 
changes in the kidney. 67,68 Consistently, we observed a 
strong reduction of SA b-gal activity in kidneys of calorie-
restricted Tg UmodC147W mice, suggesting an effect on se-
nescence. Further investigations are needed to clarify the 
relevance of senescence in ADTKD-UMOD pathogenesis 
and its potential as therapeutic target.
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Clinical trials investigating calorie restriction as an ad-
juvant therapy are currently ongoing in different disease 
settings, including multiple sclerosis, 69 ADPKD with over-
weight or obesity, 70 and type 2 diabetes. 60 A possible 
limitation of calorie restriction in clinical settings is pa-
tient adherence to dietary restriction and the difficulty for 
clinicians to objectively measure adherence. 71 Moreover, 
considering the metabolic differences between mice and 
humans, it is possible that more conservative levels of 
calorie restriction are needed to ensure safety and phys-
iologic relevance in clinical settings. Alternative strategies 
could use different dietary interventions, such as time-
restricted feeding, intermittent fasting, or restriction of 
specific macronutrients 72–74 or calorie restriction mi-
metics 75 that could increase patient adherence to therapy. 
Additional studies are required to identify end points and 
biomarkers to transfer calorie restriction or similar strat-
egies to ADTKD-UMOD patients.

In conclusion, this work demonstrates that calorie re-
striction could be a valuable therapeutic intervention to 
treat ADTKD-UMOD.
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JM, Cendá n CM. Caloric restriction in group-housed mice: 
littermate and sex influence on behavioral and hormonal data. 
Front Vet Sci. 2021;8:639187. doi:10.3389/fvets.2021.639187

31. Isola JVV, Zanini BM, Hense JD, et al. Mild calorie restriction, 
but not 17alpha-estradiol, extends ovarian reserve and fertility 
in female mice. Exp Gerontol. 2022;159:111669. doi:10.1016/j. 
exger.2021.111669

32. Jongbloed F, Saat TC, Verweij M, et al. A signature of renal 
stress resistance induced by short-term dietary restriction, 
fasting, and protein restriction. Sci Rep. 2017;7:40901. doi:10. 
1038/srep40901

33. Spath MR, Bartram MP, Palacio-Escat N, et al. The proteome 
microenvironment determines the protective effect of pre-
conditioning in cisplatin-induced acute kidney injury. Kidney 
Int. 2019;95(2):333–349. doi:10.1016/j.kint.2018.08.037

34. Tanaka S, Sugiura Y, Saito H, et al. Sodium-glucose cotransporter 
2 inhibition normalizes glucose metabolism and suppresses ox-
idative stress in the kidneys of diabetic mice. Kidney Int. 2018; 
94(5):912–925. doi:10.1016/j.kint.2018.04.025

35. Jordan S, Tung N, Casanova-Acebes M, et al. Dietary intake 
regulates the circulating inflammatory monocyte pool. Cell. 
2019;178(5):1102–1114.e17. doi:10.1016/j.cell.2019.07.050

36. Molinari P, Verlato A, Noble J, et al. Caloric restriction protects 
from acute and chronic kidney injury by inhibiting monocyte 
recruitment. iScience. 2025;28(8):113094. doi:10.1016/j.isci. 
2025.113094

37. Viau A, El Karoui K, Laouari D, et al. Lipocalin 2 is essential for 
chronic kidney disease progression in mice and humans. J Clin 
Invest. 2010;120(11):4065–4076. doi:10.1172/JCI42004

38. Han WK, Bailly V, Abichandani R, Thadhani R, Bonventre JV. 
Kidney injury molecule-1 (KIM-1): a novel biomarker for human 
renal proximal tubule injury. Kidney Int. 2002;62(1):237–244. 
doi:10.1046/j.1523-1755.2002.00433.x

39. Liu GY, Sabatini DM. mTOR at the nexus of nutrition, growth, 
ageing and disease. Nat Rev Mol Cell Biol. 2020;21(4): 
183–203. doi:10.1038/s41580-019-0199-y

JASN ▪: 1–16, ▪▪▪, 2026 15

Calorie Restriction in ADTKD-UMOD, Cratere et al.

http://links.lww.com/JSN/F684
https://doi.org/10.1038/s41572-019-0109-9
https://doi.org/10.1016/j.ekir.2022.08.012
https://doi.org/10.1016/j.ekir.2022.08.012
https://doi.org/10.1136/jmg.39.12.882
https://doi.org/10.1186/s12882-018-1107-y
https://doi.org/10.1056/NEJMc1903250
https://doi.org/10.1038/nrneph.2017.101
https://doi.org/10.1146/annurev-physiol-031620-092817
https://doi.org/10.1016/j.kint.2018.04.021
https://doi.org/10.1016/j.ekir.2020.06.029
https://doi.org/10.1016/j.kint.2020.04.038
https://doi.org/10.1093/hmg/ddq205
https://doi.org/10.1053/j.ajkd.2011.08.014
https://doi.org/10.1053/j.ajkd.2011.08.014
https://doi.org/10.1172/jci.insight.92896
https://doi.org/10.15252/emmm.202318242
https://doi.org/10.1093/hmg/ddg353
https://doi.org/10.1111/j.1600-0854.2006.00481.x
https://doi.org/10.1038/sj.ki.5001728
https://doi.org/10.1371/journal.pone.0175970
https://doi.org/10.1371/journal.pone.0175970
https://doi.org/10.1172/JCI93817
https://doi.org/10.1172/JCI93817
https://doi.org/10.1242/dmm.029488
https://doi.org/10.1038/srep42970
https://doi.org/10.1038/s41467-023-42154-0
https://doi.org/10.1053/j.ajkd.2004.08.021
https://doi.org/10.1038/s41598-017-07804-6
https://doi.org/10.1172/JCI180347
https://doi.org/10.1172/JCI180347
https://doi.org/10.1126/science.1172539
https://doi.org/10.1084/jem.20190086
https://doi.org/10.1084/jem.20190086
https://doi.org/10.3390/nu13030985
https://doi.org/10.1016/j.cell.2015.02.020
https://doi.org/10.3389/fvets.2021.639187
https://doi.org/10.1016/j.exger.2021.111669
https://doi.org/10.1016/j.exger.2021.111669
https://doi.org/10.1038/srep40901
https://doi.org/10.1038/srep40901
https://doi.org/10.1016/j.kint.2018.08.037
https://doi.org/10.1016/j.kint.2018.04.025
https://doi.org/10.1016/j.cell.2019.07.050
https://doi.org/10.1016/j.isci.2025.113094
https://doi.org/10.1016/j.isci.2025.113094
https://doi.org/10.1172/JCI42004
https://doi.org/10.1046/j.1523-1755.2002.00433.x
https://doi.org/10.1038/s41580-019-0199-y


40. Katsuragi Y, Ichimura Y, Komatsu M. p62/SQSTM1 functions as 
a signaling hub and an autophagy adaptor. FEBS J. 2015; 
282(24):4672–4678. doi:10.1111/febs.13540

41. Bjorkoy G, Lamark T, Pankiv S, Overvatn A, Brech A, Johansen 
T. Monitoring autophagic degradation of p62/SQSTM1. Meth-
ods Enzymol. 2009;452:181–197. doi:10.1016/S0076-6879(08) 
03612-4

42. Iavarone F, Di Lorenzo G, Settembre C. Regulatory events 
controlling ER-phagy. Curr Opin Cell Biol. 2022;76:102084. 
doi:10.1016/j.ceb.2022.102084

43. Mochida K, Nakatogawa H. ER-phagy: selective autophagy of 
the endoplasmic reticulum. EMBO Rep. 2022;23(8):e55192. 
doi:10.15252/embr.202255192

44. Cinque L, De Leonibus C, Iavazzo M, et al. MiT/TFE factors 
control ER-phagy via transcriptional regulation of FAM134B. 
EMBO J. 2020;39(17):e105696. doi:10.15252/embj. 
2020105696

45. Kohno S, Shiozaki Y, Keenan AL, Miyazaki-Anzai S, Miyazaki 
M. An N-terminal-truncated isoform of FAM134B (FAM134B-
2) regulates starvation-induced hepatic selective ER-phagy. 
Life Sci Alliance. 2019;2(3):e201900340. doi:10.26508/lsa. 
201900340

46. Keles U, Iscan E, Yilmaz HE, et al. Differential expression of full-
length and NH(2) terminally truncated FAM134B isoforms in 
normal physiology and cancer. Am J Physiol Gastrointest Liver 
Physiol. 2020;319(6):G733–G747. doi:10.1152/ajpgi.00094. 
2020
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