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Introduction
Thyroid hormone (TH) signaling is a universal regulator of  the metabolism, growth, and development. 
Highly conserved in the animal kingdom, TH signaling played a crucial role in the colonization of  land by 
organisms, the evolution of  complex organs, epimorphic regeneration, metamorphosis, endothermy, and 
hibernation (1–3). The active form of  TH, L-triiodothyronine (T3), acts by regulating gene transcription 
through the binding to its nuclear receptors, TH receptor (TR) α and β (4). TRs have distinct expression 
patterns and distinct functional roles during fetal and adult life that are contingent on their liganded states. 
TRα1 regulates larval transition, amphibian metamorphosis and morphogenesis, and tissue maturation in 
the mammalian embryo (5–7). It is the predominant form in developing organs, such as the heart (8) and 
brain (9), while TRβ1 is highly expressed during adulthood. During fetal life, T3 levels are low, and unligan-
ded TRα1 (aporeceptor) represses the transcription of  target adult genes. After birth, T3 levels increase, and 
liganded TRα1 (holoreceptor) triggers different gene expression programs, promoting postnatal development 
and maturation. The low availability of  T3 — which is indispensable for the normal development of  the fetus 
— is guaranteed by the TH-inactivating enzyme deiodinase 3 (DIO3). DIO3 is expressed abundantly in fetal 
tissues to protect the fetus against high maternal T3 levels, thus preventing precocious tissue maturation (10).

In diabetes, the fetal profile of  low T3 levels recurs: diabetic patients have significantly lower T3 plasma 
levels (11) and a high prevalence of  thyroid dysfunction compared with the healthy population, while hypo-
thyroidism — both clinical and subclinical — is the most common diabetes-associated disorder (12, 13). 

Thyroid hormone (TH) signaling is a universal regulator of metabolism, growth, and development. 
Here, we show that TH-TH receptor (TH-TR) axis alterations are critically involved in diabetic 
nephropathy–associated (DN-associated) podocyte pathology, and we identify TRα1 as a key 
regulator of the pathogenesis of DN. In ZSF1 diabetic rats, T3 levels progressively decreased 
during DN, and this was inversely correlated with metabolic and renal disease worsening. These 
phenomena were associated with the reexpression of the fetal isoform TRα1 in podocytes and 
parietal cells of both rats and patients with DN and with the increased glomerular expression 
of the TH-inactivating enzyme deiodinase 3 (DIO3). In diabetic rats, TRα1-positive cells also 
reexpressed several fetal mesenchymal and damage-related podocyte markers, while glomerular 
and podocyte hypertrophy was evident. In vitro, exposing human podocytes to diabetes milieu 
typical components markedly increased TRα1 and DIO3 expression and induced cytoskeleton 
rearrangements, adult podocyte marker downregulation and fetal kidney marker upregulation, 
the maladaptive cell cycle induction/arrest, and TRα1-ERK1/2–mediated hypertrophy. Strikingly, 
T3 treatment reduced TRα1 and DIO3 expression and completely reversed all these alterations. 
Our data show that diabetic stress induces the TH-TRα1 axis to adopt a fetal ligand/receptor 
relationship pattern that triggers the recapitulation of the fetal podocyte phenotype and 
subsequent pathological alterations.
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Several clinical studies have also shown that, in diabetic patients, thyroid dysfunction and low T3 levels are 
strongly associated with worse renal clinical outcomes and increased mortality (14–16). Diabetic nephropa-
thy (DN) is one of  the most common complications of  diabetes mellitus and the leading cause of  end-stage 
renal disease worldwide. Primary hallmarks of  DN are podocyte dedifferentiation, hypertrophy, maladap-
tive proliferation, and apoptosis (17). Podocytes are particularly vulnerable to the noxious stimuli of  diabetic 
milieu (18, 19), and, since they cannot proliferate, podocyte damage and loss result in the impairment of  the 
integrity and function of  the glomerular filtering barrier and the subsequent loss of  proteins into the urine 
(17). In response to the various stressful stimuli (including high glucose, free radicals, mechanical stress), 
podocytes reenter the cell cycle, increase in size, and frequently undergo mitosis with nuclear division but do 
not complete cytokinesis (20, 21), generating aneuploid podocytes. These rapidly detach and die in a pro-
cess called mitotic catastrophe (22). Surviving podocytes undergo hypertrophy and dedifferentiation, which 
is characterized by structural remodeling, the downregulation of  terminally differentiated podocyte mark-
ers, the concurrent reactivation of  developmental pathways, and the acquisition of  mesenchymal features 
(23–28). This adoption of  a fetal phenotype results in overall structural and metabolic remodeling of  the 
glomerulus, with detrimental consequences for the kidney’s filtering functions. Although these phenomena 
have been observed in DN, the etiogenesis remains poorly understood.

Considering (a) the biological roles that TH signaling has in organ development and maturation, (b) the 
changes in TH availability in diabetes, and (c) the concomitant reactivation of  developmental pathways in 
diabetic podocytes, we hypothesized that the TH-TRα1 axis plays a key role in the pathogenesis of  DN by 
triggering an inappropriate reactivation of  podocyte developmental programs and subsequent pathological 
growth and remodeling. To verify this hypothesis, we studied changes in TH signaling in ZSF1 diabetic rats 
and diabetic patients, and in vitro models of  DN, as well as the possible underlying molecular pathways. 
Our findings demonstrate that in DN the TH-TR signaling adopts a ligand/receptor relationship profile that 
resembles that of  early embryonic kidney development: high TRα1 in low levels of  T3 may act as aporeceptor 
to trigger early developmental pathways (as it does during normal development) that are responsible for the 
“fetal-like” pathomorphological changes observed in diabetic podocytes. Moreover, our data indicate that dia-
betic stress–induced alterations in podocytes are manifestations of  an imperfect/maladaptive partial recapitu-
lation of  early developmental steps and identify TRα1 as a possible therapeutic target for the treatment of  DN.

Results
Diabetes induces the fetal pattern of  renal TH signaling that may be involved in the progression of  nephropathy. To exam-
ine whether TH signaling is associated with the progression of  DN, we analyzed changes in circulating T3 
levels and the relationships between T3 levels and parameters of  metabolic or renal disease in ZSF1 rats (Table 
1). At 3 months of  age — at the beginning of  the study — T3 levels started to decline in ZSF1 rats and dropped 
to significantly lower levels than in lean controls as the disease progressed (Figure 1A). The Δ between the 
T3 levels of  ZSF1 rats at 4 and 6 months of  age, in particular, was inversely correlated with Δ of  body weight 
(R2=0.8754 and P = 0.0061) and with Δ of  proteinuria levels (R2 = 0.7822 and P = 0.0193) at the same ages. T3 
levels were also inversely correlated with the glomerulosclerosis index (R2 = 0.6154 and P = 0.0212) (Figure 1, 
B–D), indicating that TH signaling was possibly involved in the progression and related to the severity of  DN.

We then investigated whether T3 level decrements were associated with changes in TRs’ expression. Due 
to a lack of data in kidneys, we first evaluated TR expression patterns in renal tissues of rats at various develop-
mental stages. TRα1 was highly expressed in rat embryonic kidneys, while it declined significantly postnatally 
(Figure 2A); TRβ1 remained unchanged throughout development (data not shown). Then, we analyzed TRα1 
and TRβ1 protein expression in kidney specimens from diabetic ZSF1 rats at 6 months of age, when overt 

Table 1. Systemic parameters in lean and ZSF1 rats at 4 and 6 months of age

Group Body weight (g) Proteinuria (mg/24 h) Glomerulosclerosis 
index

4 months 6 months 4 months 6 months 6 months
Lean rats (n = 4) 440 ± 7 489 ± 12 17.7 ± 0.9 19.2 ± 1.6 0.01 ± 0.00
ZSF1 rats (n = 8) 574 ± 9A 695 ± 20A 229.3 ± 34.6B 511.2 ± 71.3A 0.53 ± 0.08C

Data are expressed as mean ± SEM and were analyzed by Student’s t test. AP < 0.001, BP < 0.01, vs. control lean.
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nephropathy had developed. Western blot analysis revealed that TRα1 expression was 2.95-fold higher in the 
kidneys of ZSF1 rats than in lean controls (ZSF1, 17.50 ± 2.67 vs. lean, 5.94 ± 2.5, P < 0.05) (Figure 2B). Immu-
nofluorescence analysis showed increased expression of TRα1 in nestin-positive podocytes and parietal cells of  
diabetic rats, compared with lean controls, where glomerular TRα1 expression was almost absent (Figure 2, C 
and D). In contrast, TRβ1 expression was higher in nestin-positive podocytes of lean control rats than in ZSF1 
rats (Figure 2, C and D). Analysis of biopsies from patients with DN and control subjects consistently confirmed 
the TRα1 and TRβ1 expression pattern observed in diabetic and lean rats, respectively (Figure 2, E and F).

To examine if  the TH-inactivating enzyme DIO3 was involved in the alterations in TH signaling 
observed in diabetes, we investigated DIO3 expression and localization in the kidneys of  ZSF1 and lean 
rats. DIO3 protein expression was 3.74-fold higher in diabetic rats than in the lean controls (ZSF1, 8.35 
± 1.26 vs. lean, 2.23 ± 0.73, P < 0.01) (Figure 2G); it was expressed extensively in the glomerular tuft, 
parietal cells, and in podocytes of  diabetic rats (Figure 2G, inset, and Supplemental Figure 1A; sup-
plemental material available online with this article; https://doi.org/10.1172/jci.insight.130249DS1), 
while it was absent in control rats.

These data demonstrate the adoption of  the fetal TH signaling profile (low T3/high TRα1 and high 
DIO3) by kidneys of  rats and patients with DN.

TRα1 upregulation is associated with the reactivation of  kidney developmental programs during DN. To assess 
whether the fetal ligand/receptor relationship pattern was associated with the reactivation of  further devel-
opmental pathways, we analyzed the expression of  embryonic kidney markers in renal specimens from 
ZSF1 rats. Western blot analysis showed a significantly increased expression of  molecules that are essen-
tial for kidney development, such as paired box 2 (Pax2) (29), SIX homeobox 2 (Six2) (30), and glial cell 
line–derived neurotrophic factor (GDNF) (31) in the kidneys of  rats with DN compared with lean rats 
(Pax2, 2.95-fold; Six2, 1.50-fold; and GDNF, 1.71-fold higher than in controls) (Figure 3, A–C). Immu-
nostaining assays demonstrated that embryonic markers were expressed extensively in the glomerular tuft, 
in nestin-positive podocytes, parietal cells, and in some tubules of  ZSF1 rats. In the glomeruli of  lean rats 
we detected only faint expression of  these embryonic markers (Figure 3, A–D). Further investigations 

Figure 1. Changes in T3 levels and correlation of T3 with obesity and renal function parameters in diabetic rats. 
(A) Serum T3 levels (ng/dl) declined progressively in ZSF1 rats at 3, 4, and 6 months of age compared with control 
rats. Data are expressed as mean ± SEM. *P < 0.05, **P < 0.01, unpaired Student’s t test. n = 3–10 rats per group. 
(B–D) Relationship between T3 levels and parameters of obesity or renal disease in ZFS1 rats at 6 months of age. 
ΔT3 levels (ng/dl) between 6 and 4 months of age inversely correlated with (B) ΔBW (g) (R2 = 0.8754, P = 0.0061, 
n = 6 rats) and (C) with Δproteinuria levels (mg/day) (R2 = 0.7822, P = 0.0193, n = 6 rats). (D) T3 levels negatively 
correlated with GSI in ZSF1 rats (R2 = 0.6154, P = 0.0212, n = 8 rats). R2 values are determined by linear regression. 
GSI, glomerulosclerosis index.
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in serial sections with colocalization analysis showed that most of  fetal marker-positive cells were also 
expressing TRα1, indicating that TRα1 could be involved in their abnormal reactivation (Figure 3, A–C). In 
line with these findings, we also observed an increased expression of  desmin, a mesenchymal marker (32), 
which colocalized with TRα1-positive cells in glomeruli of  diabetic rats (Supplemental Figure 1, B and C). 
Moreover, the expression of  the GDNF receptor tyrosine kinase (Ret) and the GDNF family receptor α 
1 (GFRα1) — proteins that are known to be expressed by podocytes during development and injury (33) 

Figure 2. Adoption of fetal expression pattern of TRs and DIO3 during DN. (A) Western blot and densitometric analysis 
of TRα1 protein levels. TRα1 was highly expressed in rat embryonic kidneys (E13.5–E18.5) and significantly reduced after 
birth. Data are expressed as mean ± SEM. *P < 0.0001 vs. P7 and adult, †P < 0.0005 vs. adult, #P < 0.0005 vs. P4, §P < 0.01 
vs. P4 and P7, 1-way ANOVA corrected with Tukey’s post hoc test. n = 20 E13.5, n = 16 E15.5, n = 12 E18.5, n = 3 postnatal 
and adult kidneys. (B) TRα1 levels increased in kidneys of ZSF1 rats compared with lean rats at 6 months of age. *P < 0.05, 
unpaired Student’s t test. n = 4 rats per group. (C–F) Representative images of TRα1 and TRβ1 protein stainings in kidney 
sections from (C) lean and (D) ZSF1 rats and in (E) portions of control human kidney tissue and (F) from renal biopsies of 
DN patient. TRα1 (red) was expressed in nestin-positive (green) podocytes and parietal cells of ZSF1 rats and DN patients, 
while it was almost absent in lean rats and control human tissue (C–F, left). Conversely, TRβ1 (red) was highly expressed 
in glomerular tuft and podocytes of lean rats and human controls, while it was lower in ZSF1 rats and DN patients (C–F, 
right). n = 3 rats and n = 3 human subjects per group. (G) Western blot and densitometric analysis of DIO3 protein levels 
(left). DIO3 levels increased in kidneys of ZSF1 rats compared with lean rats. Representative images of DIO3 staining in 
lean and ZSF1 rat kidneys (right). DIO3 was highly expressed in glomerular tuft, parietal cells, and podocytes of ZSF1 rats 
(right, arrows). Data are expressed as mean ± SEM. **P < 0.01, unpaired Student’s t test. n = 4 rats per groups. Tubulin 
protein expression was used as sample loading control. Scale bars: 20 μm. LCA, Lens culinaris agglutinin.
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— increased markedly in ZSF1 rats (Ret, 2.73-fold, and GFRα1, 1.54-fold higher than in the lean control) 
and were localized in podocytes and parietal cells (Figure 3, E and F). To examine whether the combined 
alterations in TH signaling and reactivation of  fetal kidney genes is common between different diabetes 
models and species, we studied stored samples from ZDF rats (tissue and sera) and BTBRob/ob and strep-
tozotocin-treated C57BL/6 mice (tissues). The results showed that the serum T3 levels were significantly 
lower in ZDF rats than in lean controls and that TRα1, DIO3, Six2, and Pax2 were higher in the glomeruli 
of  all diabetic animals (Supplemental Figure 2).

Together, these data indicate that diabetes induces a partial reactivation of  the kidney developmental 
program in the glomerulus of  ZSF1 rats, in which the TH-TRα1 axis is involved.

Hypertrophic and polynucleated podocytes are detected in ZSF1 rats. Glomerular and podocyte hypertro-
phy is a hallmark of  DN and has been extensively documented in patients with DN and in some rodent 
models of  diabetes (34, 35); however, in ZSF1 rats, podocyte hypertrophy has not been described yet. 
Thus, 6-month-old ZSF1 and lean rats were analyzed for glomerular volume; podocyte number and 
density, which was defined as the ratio between podocyte number and glomerular volume; and individ-
ual podocyte volume, which was obtained by the ratio between total glomerular podocyte volume and 
podocyte number. The overall glomerular volume was significantly higher (ZSF1, 1.84 ± 0.16 μm3 × 106 
vs. lean, 1.38 ± 0.07 μm3 × 106, P < 0.05) (Figure 4A), while the number of  WT-1 positive podocytes was 
significantly lower (ZSF1 163 ± 7 vs. lean 213 ± 13, P < 0.01) (Figure 4B) in ZSF1 rats compared with 
lean rats. As a result, podocyte density was markedly reduced in ZSF1 rats compared with lean controls 
(ZSF1, 9.01 ± 0.61 cell number/105 μm3 glomerular volume vs. lean, 15.60 ± 1.26 cell number/105 μm3 
glomerular volume, P < 0.01) (Figure 4C). We then calculated the total podocyte volume per glomerulus, 
measuring the percentage of  area that was positive for Glepp1, a podocyte apical cell membrane marker. 
Although podocyte number was significantly reduced, we surprisingly found that Glepp1 expression was 
only moderately decreased in ZSF1 rats compared with lean rats (ZSF1, 36.7% ± 2.9% vs. lean, 43.6% 
± 1.5%), while the Glepp1-positive tuft volume, which was estimated by multiplying the percentage of  
Glepp1-positive area and the glomerular volume, did not change (ZSF1 6.9 ± 1.2 μm3 × 105 vs. lean 6.0 
± 0.3 μm3 × 105). As explanation of  these data, individual podocyte volume was significantly increased 
in ZSF1 rats compared with lean controls (ZSF1, 3.87 ± 0.29 μm3 × 103 vs. lean, 2.9 ± 0.3 μm3 × 103, P 
< 0.05) (Figure 4, D and E), highlighting the presence of  significant podocyte hypertrophy. Moreover, we 
occasionally observed hypertrophic podocytes with 2 nuclei (Figure 4D, inset, arrows).

These data clearly document the presence of  both glomerular and podocyte hypertrophy in ZSF1 dia-
betic rats and that this hypertrophy was associated with the occurrence of  polynucleated podocytes.

TH signaling alterations drive podocyte cytoskeleton rearrangement and dedifferentiation in vitro that are total-
ly reversed by T3 treatment. To study the role of  TRα1 in inducing the molecular and phenotypical changes 
observed in vivo in podocytes that are damaged by DN, we cultured human immortalized podocytes in the 
presence of  high glucose concentration and reactive oxygen species (H2O2) — key components of  the diabet-
ic milieu — for 9 days. Immunofluorescence analysis showed that some untreated cells expressed TRα1 in 
the nuclear and perinuclear areas. High glucose and H2O2 treatment markedly increased cell size and TRα1 
expression compared with controls; in large cells, TRα1 was highly expressed in the cytoplasm (Figure 5A, 
top, and Figure 5B). Polynucleated cells were visible after high glucose treatment (Figure 5C, asterisks).

According to the dual-function model for the role of  TRs in postembryonic development of  some 
mammalian organs (36) and in the metamorphosis of  amphibians, TRα1 can (a) repress target genes that 
are involved in differentiation to allow tissue/organ growth in the absence of  TH or (b) bind TH and induce 
the previously repressed genes and others to initiate tissue/organ maturation following TH release into 
the circulation. Based on this knowledge, we tested whether adding T3 to the environment could induce 

Figure 3. TRα1 reexpression is associated with reactivation of kidney developmental program in diabetic rats. (A–C) Expression of fetal markers in 
kidneys of ZSF1 and lean rats at 6 months of age. Western blot and densitometric analysis of (A) Pax2, (B) Six2, and (C) GDNF protein levels in ZSF1 rats 
compared with lean rats (left). Representative images of TRα1 and (A) Pax2, (B) Six2, and (C) GDNF stainings on serial sections in lean and ZSF1 rats 
(right). Fetal markers were highly expressed in the glomerular tuft and parietal cells of ZSF1 rats. (D) Representative images of nestin-positive podocytes 
(green) expressing Pax2 (red; top) and Six2 (red; bottom) in kidney sections of diabetic rats. (E and F) Western blot and densitometric analysis of (E) Ret 
and (F) GFRα1 protein levels in ZSF1 rats compared with control rats (left). Representative images of (E) Ret and WT-1 and (F) GFRα1 and nestin stainings 
in lean and ZSF1 rats (right). Ret and GFRα1 (red) expression significantly increased in kidneys of ZSF1 rats compared with lean rats. Data are expressed as 
mean ± SEM. *P < 0.05, unpaired Student’s t test. n = 3–4 rats per group. Tubulin protein expression (A) or ponceau red staining (B, C, E, and F) was used 
as sample loading control. Scale bars: 20 μm. LCA, Lens culinaris agglutinin.
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TRα1 to reverse the injury-induced pathological reactivation of  the podocyte developmental program, thus 
restoring a more mature podocyte phenotype. We exposed human podocytes to high glucose or H2O2 for 3 
days and then to each stimulus in combination with T3 for an additional 6 days. Treatment with T3 reduced 
cell size and shifted the TRα1 localization from the cytoplasm to the nuclear and perinuclear areas of  both 
glucose- and H2O2-stimulated podocytes (Figure 5A, bottom). Western blot analysis showed that both high 
glucose (1.53 ± 0.06 vs. control, P < 0.0001) and H2O2 (1.80 ± 0.12 vs. control, P < 0.0001) increased TRα1, 
while T3 restored TRα1 to control levels (glucose + T3, 0.92 ± 0.07, H2O2 + T3, 1.13 ± 0.11) (Figure 5D).

In DN, foot process effacement and cell retraction are observed in podocytes, as a consequence of cytoskel-
etal rearrangements. To investigate whether the restoration of the adult ligand/receptor relationship pattern 
— obtained through the administration of T3 — could reverse the morphological changes in podocytes dam-
aged by high glucose and oxidative stress, we analyzed changes in the actin-based cytoskeleton of podocytes 
exposed to high glucose or H2O2 treated or not with T3. As expected, untreated podocytes showed F-actin fibers 
arranged in parallel and extended across the entire cell body, while exposure to high glucose or H2O2 induced 
F-actin rearrangement at the cell periphery in 42.92% ± 3.67% and 36.96 % ± 2.85% of podocytes, respectively, 
compared with 3.53% ± 1.31% of untreated cells. Notably, treatment with T3 induced F-actin redistribution 
and alignment, reestablishing an actin-based cytoskeleton similar to that observed in control cells (glucose + T3, 
9.86% ± 1.56%; H2O2 + T3, 9.84% ± 1.95%) (Figure 5E).

Moreover, T3 treatment in human podocytes (a) restored the expression of  the adult podocyte markers 
α-actinin4 (glucose + T3, 1.04 ± 0.17 vs. glucose, 0.48 ± 0.04, P < 0.01; H2O2 + T3, 1.12 ± 0.10 vs. H2O2, 

Figure 4. Glomerular volume and podocyte depletion and hypertrophy in ZSF1 rats. (A and B) Quantification of 
glomerular volume and WT-1–positive podocytes in lean and ZSF1 rats at 6 months of age. Diabetic rats exhibited 
(A) increased glomerular volume, (B) decreased number of podocytes per glomerulus, and (C) lower podocyte density 
compared with lean controls. (D) Representative images of WT-1 and Glepp1 staining on serial sections in lean and 
ZSF1 rats. Insets show enlarged images of podocytes and highlight a polynucleated podocyte. (E) Quantification of 
individual podocyte volume in lean and ZSF1 rats. Diabetic rats had significantly greater podocyte volume compared 
with lean controls. Data are expressed as mean ± SEM. *P < 0.05; **P < 0.01, unpaired Student’s t test. n = 4–5 rats 
per group. Scale bars: 20 μm.

https://doi.org/10.1172/jci.insight.130249
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Figure 5. High glucose and oxidative stress induce TRα1 reexpression and podocyte dedifferentiation in vitro 
that are reversed by T3. (A) Representative images of TRα1 (red) and F-actin (green) staining in human podocytes. 
Both high levels of glucose and H2O2 induced TRα1 overexpression and partial translocation from the nucleus to 
cytoplasm and increased cell size (top). T3 treatment of stimulated podocytes decreased TRα1 expression and 
restored its nuclear and perinuclear localization, and reduced cell size, but had no effect on control cells (bottom). 
(B) A representative image of TRα1 (red) and F-actin (green) staining of injured podocytes. (C) Multinucleated 
podocytes were visible after glucose treatment (asterisks). (D) Densitometric analysis of TRα1 protein levels in 
podocytes by Western blot. Both glucose and H2O2 increased TRα1 expression significantly, and T3 treatment 
markedly reversed this effect. (E) Quantification of podocytes with peripheral F-actin distribution. Diabetic 
stimuli caused F-actin rearrangements that were reversed by T3. (F–J) Densitometric analysis of (F) α-actinin4, 
(G) nephrin, (H) α-SMA, (I) Ret, and (J) GFRα1 proteins by Western blot. Diabetic stimuli decrease the expression 
of adult podocyte markers (F and G), cause the reexpression of the mesenchymal marker α-SMA (H), and increase 
Ret (I), and GFRα1 (J) protein levels. T3 treatment markedly reversed all these changes. (K) Representative 
images of DIO3 (red) and F-actin (green) staining in human podocytes. Both high glucose and H2O2 stimulation 
induced DIO3 upregulation mostly in the nuclear and perinuclear regions (top). T3 treatment of injured podocytes 
decreased DIO3 expression while having no effect on control cells (bottom). (L) Densitometric analysis of DIO3 
protein levels in podocytes by Western blot. Both glucose and H2O2 markedly increased DIO3 expression compared 
with control. T3 treatment reversed this effect. Data from 3 independent experiments are expressed as mean ± 
SEM. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001, 1-way ANOVA corrected with Tukey’s post hoc test. n 
= 3–15 samples per each condition. Tubulin protein expression (D and F) or ponceau red staining (G–J and L) was 
used as loading control. Scale bars: 50 μm.
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0.68 ± 0.05, P < 0.01) and nephrin (glucose + T3, 1.06 ± 0.11 vs. glucose, 0.51 ± 0.11, P < 0.01; H2O2 + 
T3, 0.63 ± 0.07 vs. H2O2, 0.49 ± 0.05) to control levels (Figure 5, F and G); (b) reversed the diabetic stimu-
li–induced upregulation of  the mesenchymal marker α-SMA (glucose + T3, 0.97 ± 0.06 vs. glucose, 1.46 ± 
0.11, P < 0.001; H2O2 + T3, 0.73 ± 0.05 vs. H2O2, 1.33 ± 0.06, P < 0.0001) (Figure 5H); and (c) normalized 
the high glucose– and H2O2-induced upregulation of  Ret (glucose + T3, 0.60 ± 0.13 vs. glucose, 1.49 ± 0.14, 
P < 0.01; H2O2 + T3, 0.58 ± 0.17 vs. H2O2, 1.83 ± 0.24, P < 0.001) and GFRα1 (glucose+T3, 1.13 ± 0.09 vs. 
glucose, 1.63 ± 0.13, P < 0.05; H2O2 + T3, 0.96 ± 0.18 vs. H2O2, 1.54 ± 0.17) (Figure 5, I and J) that we also 
observed in vivo in diabetic rats (Figure 3, E and F). T3 treatment also restored the normal DIO3 expression 
pattern in injured podocytes (glucose + T3, 1.10 ± 0.09 vs. glucose, 1.49 ± 0.12, P < 0.05; H2O2 + T3, 0.99 
± 0.08 vs. H2O2, 1.31 ± 0.07, P < 0.05) (Figure 5, K and L).

Figure 6. T3 administration induces cell proliferation and restores cell size and normal cell cycle distribution in dam-
aged podocytes. (A) Percentage of standard or large treated and untreated podocytes analyzed with FACS by plotting 
FSC (as dimension of cells) versus SSC (as granularity of cells). Both high levels of glucose and H2O2 increased the large 
cell population and T3 restored the standard cell size. (B) Quantification of hypertrophy expressed as total protein 
content per cell number. Diabetic stimuli induced cell hypertrophy and T3 reversed this effect. (C) Quantification of cell 
number in treated and untreated podocytes by manual cell counting. T3 strongly increased proliferation in podocytes 
exposed to high levels of glucose or H2O2. (D) A representative graph of the percentage of podocytes in the cell cycle 
phases evaluated by FACS. Diabetic stimuli induced a marked G2/M accumulation, while T3 administration reduced 
G2/M phase arrest and increased S phase cells. T3 treatment had no effect on cell size, hypertrophy, proliferation, and 
cell cycle distribution in control podocytes. Data from 3 independent experiments are expressed as mean ± SEM. (E) 
Representative images of senescence-associated β-galactosidase (SA-β-Gal) staining in cultured human podocytes. 
Scale bar: 100 μm. (F) Quantification of senescent podocytes expressed as SA-β-Gal–positive cells per cell number. 
Both stress stimuli increased the numbers of SA-β-Gal–positive cells (blue) compared with control, while T3 admin-
istration strongly reduced the amount of senescent cells. SA-β-Gal activity did not differ between control groups. To 
quantify the number of positive cells, representative images were taken randomly from diverse areas of cell cultures. 
Number of fields analyzed: n = 17 for ctr, n = 20 for ctr+T3, n = 17 for glucose, n = 20 for glucose+T3, n = 19 for H2O2, n = 
20 for H2O2+T3. Data are expressed as mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001, 1-way ANOVA 
with Tukey’s post hoc test.
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Together these data indicate that high glucose and oxidative stress induced the overexpression of  
TRα1 and, concurrently, podocyte dedifferentiation and reactivation of  fetal genes, structural remod-
eling, and cell growth. The ability of  T3 to normalize TRα1 and DIO3 expression and totally reverse 
injury-induced phenotypical and molecular changes demonstrates that the TH-TRα1 axis is crucially 
involved in DN-associated podocyte damage.

T3 administration enables the cytokinesis in diabetic stress–damaged podocytes in vitro. To study in depth the 
role of  TH signaling in changes in podocyte size, we performed FACS analysis of  untreated and treat-
ed human podocytes. Using forward-scattered light (FSC) versus side-scattered light (SSC) scatter plots, 
we obtained 2 podocyte subpopulations: cells of  normal size that we named “standard cells,” and cells 
of  increased dimensions that we called “large cells.” Scatter plot analysis showed that exposure to high 
glucose increased the percentage of  large cells markedly (glucose, 27.50% ± 2.06% vs. untreated cells, 
15.93% ± 1.98%, P < 0.01) and, as a consequence, decreased the percentage of  standard cells (glucose, 
69.47% ± 1.74% vs. untreated cells, 81.50% ± 1.36%, P < 0.05) (Figure 6A). Similar effects were observed 
in H2O2-stimulated podocytes (large cells, 30.03 % ± 2.19% vs. untreated cells, P < 0.001; standard cells, 
58.00% ± 0.58% vs. untreated cells, P < 0.0001) (Figure 6A). Treating control podocytes with T3 did not 
alter cell distribution compared with untreated cells (large cells, 15.25% ± 2.78%; standard cells, 80.23% ± 
2.04%), while treating glucose- or H2O2-stimulated podocytes with T3 significantly decreased the fraction of  
large cells (glucose + T3, 14.28% ± 0.99% vs. glucose, P < 0.01; H2O2 + T3, 17.48% ± 0.51% vs. H2O2, P < 
0.01) and significantly increased the fraction of  standard cells (glucose + T3, 82.07% ± 1.53% vs. glucose, P 
< 0.01; H2O2 + T3, 76.53% ± 3.65% vs. H2O2, P < 0.001) (Figure 6A and Supplemental Figure 3, A and B).

We then measured the total protein content/cell number to evaluate the effect of  T3 treatment on cell 
hypertrophy. Both high glucose and H2O2 caused a significant increase in podocyte hypertrophy (1.57 ± 
0.10–fold and 1.76 ± 0.21–fold vs. control, respectively), and this effect was reversed by T3 treatment (glu-
cose + T3, 1.08 ± 0.06–fold and H2O2 + T3, 1.07 ± 0.21–fold vs. control) (Figure 6B). Interestingly, T3 also 
had a significant proliferative effect in glucose- and H2O2-stimulated podocytes, while it did not alter cell 
number of  control podocytes (Figure 6C).

We used FACS analysis to further evaluate the proliferative effect of T3 and the possible changes in cell cycle 
distribution in untreated and treated human podocytes. Exposure to high glucose caused a persistent G2/M 
accumulation (1.56 ± 0.11–fold vs. control, P < 0.001) that was similar to that observed in H2O2-stimulated 
podocytes (1.81 ± 0.14–fold vs. control, P < 0.0001), indicating hypertrophic podocytes inability to conclude 
cytokinesis. Treating glucose- or H2O2-stimulated podocytes with T3 decreased the G2/M phase arrest (glucose 
+ T3, 1.01 ± 0.04 vs. glucose, 1.56 ± 0.11, P < 0.01; H2O2 + T3, 1.27 ± 0.08 vs. H2O2, 1.81 ± 0.14, P < 0.01) and 
increased S phase cells markedly (glucose + T3, 1.98 ± 0.34 vs. glucose, 0.97 ± 0.07, P < 0.001; H2O2+T3, 1.28 
± 0.07 vs. H2O2, 0.78 ± 0.04) (Figure 6D and Supplemental Figure 3D). According to the cell number quantifi-
cation (Figure 6C), T3 treatment did not induce any changes in G2/M and S phase in control podocytes (G2/M: 
control + T3, 1.05 ± 0.03-fold vs. control; S: control + T3, 1.08 ± 0.13-fold vs. control) (Supplemental Figure 3, 
C and D). Together, these data clearly demonstrate that high glucose and oxidative injury induced podocytes to 
reenter the cell cycle, where they arrested in the G2/M phase undergoing hypertrophy; in these podocytes, T3 
enabled cytokinesis, which translated into hypertrophy reduction and cell number increase (Figure 6, B and C). 
Since diabetes-induced cell cycle arrest is linked to premature senescence (37, 38), we tested whether TH signal-
ing plays a role in this process. Both high glucose and H2O2 caused a significant increase in the number of senes-
cence-associated β-galactosidase–positive (SA-β-Gal–positive) podocytes (39), and this effect was again reversed 
by T3 treatment (Figure 6, E and F), indicating that TH signaling plays an important role in diabetes-associated 
podocyte senescence and that its activation results in strong antiaging effects.

TRα1 induces hypertrophy through the ERK1/2 pathway. To identify the underlying mechanisms of  action 
of  TRα1, we analyzed changes in ERK1/2 signaling pathways, which are regulated by the TH-TR axis and 
involved in hypertrophy, dedifferentiation, proliferation, and apoptosis (40). Neither high glucose nor T3 
treatment affected basal ERK1/2 expression (control + T3, 1.32 ± 0.21; glucose, 1.31 ± 0.18; and glucose + 
T3, 1.15 ± 0.36-fold vs. control) (Figure 7A), while high glucose significantly increased phospho-ERK1/2 
(pERK1/2) (1.57 ± 0.10 vs. control, P < 0.05) that was restored to control levels through T3 treatment 
(glucose + T3, 1.03 ± 0.11 vs. glucose, P < 0.05) (Figure 7B). The activation of  ERK1/2 after glucose stim-
ulation and its modulation by T3 treatment suggested that ERK1/2 plays a role as a TRα1 mediator for cell 
hypertrophy in podocytes in vitro. To confirm our hypothesis, we first tested whether this glucose-induced 
alteration was indeed mediated by ERK1/2 by treating podocytes with a subtoxic concentration of  UO126 
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— an inhibitor of  ERK1/2 phosphorylation — alone or in combination with high glucose for 9 days. We 
observed that UO126 treatment impeded the establishment of  hypertrophy induced by glucose alone (glu-
cose + UO126, 1.20 ± 0.13 vs. glucose, 1.71 ± 0.15, P < 0.01) (Figure 7C), demonstrating that ERK1/2 is 
a mediator of  hypertrophy in glucose-stimulated podocytes. Second, to confirm that TRα1 plays a role in 
regulating hypertrophy in glucose-stimulated cells, we treated podocytes with debutyl-dronedarone (DBD) 
— a TRα1 inhibitor (41) — alone or in combination with high glucose for 9 days. Treatment with DBD, 
in combination with glucose, blocked the hypertrophy that was induced by glucose alone (glucose + DBD, 
1.01 ± 0.06 vs. glucose, 1.71 ± 0.15, P < 0.001) (Figure 7C), demonstrating that TRα1 is necessary for 
hypertrophy induction. Finally, to assess whether ERK1/2 acts downstream in the TRα1 pathway, we 
evaluated the expression of  pERK1/2 after DBD treatment (Figure 7D). Remarkably, treatment with DBD 
prevented ERK1/2 activation (glucose + DBD, 0.98 ± 0.10 vs. glucose, 1.43 ± 0.07, P < 0.001) as much as 
UO126 treatment did (glucose + UO126, 1.08 ± 0.04 vs. glucose, P < 0.01) (Figure 7D). Neither UO126 
nor DBD affected pERK1/2 levels in control podocytes (Figure 7D).

These findings indicate that the TRα1 is responsible for hypertrophy induction and its action is mediat-
ed downstream by the ERK1/2 pathway (Figure 8).

Discussion
Low systemic T3 level is the most frequent alteration of  the TH signaling profile that is observed in chron-
ically ill patients (42). This alteration has long been considered as a harmless metabolic adaptation to 
chronic illness. However, recent evidence shows that alterations of  the TH signaling profile associate with 
radical phenotypical changes in terminally differentiated cells of  various types (i.e., cardiomyocytes [ref. 
43], pancreatic cells [ref. 44], neuronal cells [ref. 45], and skeletal muscle cells [ref. 46]). Both the changes 
in T3 availability and in podocytes’ phenotype have been already reported in DN; however, whether these 
phenomena are interconnected or not is still unknown.

Figure 7. TRα1 regulates glucose-induced hypertrophy through downstream activation of ERK1/2. (A and B) Densitometric 
analysis of (A) ERK1/2 and (B) pERK1/2 protein in podocytes by Western blot. (A) Podocyte total ERK1/2 protein expression 
was not changed either by glucose or T3 treatment. (B) Glucose induced an increase in pERK1/2 protein levels, which were sig-
nificantly reduced by T3 treatment. (C) Quantification of hypertrophy expressed as protein content per cell number. Glucose 
induced podocyte hypertrophy, which was prevented by UO126 and DBD. Neither UO126 nor DBD had any effect on untreated 
cells. (D) Densitometric analysis of pERK1/2 protein in podocytes by Western blot. The increase in pERK1/2 protein levels in 
glucose-stimulated podocytes was prevented by administering UO126 or DBD. Tubulin protein expression was used as sam-
ple loading control (A, B, and D). Data from 3 independent experiments are expressed as mean ± SEM. *P < 0.05; **P < 0.01; 
***P < 0.001; ****P < 0.0001, 1-way ANOVA with Tukey’s post hoc test. n = 3–6. pERK1/2, phospho-ERK1/2.
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This study is the first to our knowledge to demonstrate that the TH-TR axis adopts a fetal relationship 
profile in kidney in response to diabetic stress that may play a pivotal role in the diabetes-induced patholog-
ical growth, remodeling, and dedifferentiation of  podocytes and identifies TRα1 as a key regulator of  the 
pathogenesis of  DN.

By analyzing ZSF1 diabetic rats at different stages of  DN, we observed a progressive decrease in T3 
availability that paralleled the worsening of  metabolic disease, the increase of  proteinuria, and the onset of  
glomerular structural alterations. The reduction of  T3 levels was accompanied by the reexpression of  the 
predominantly fetal TR isoform TRα1 in podocytes and parietal cells of  diabetic rats, and similar expression 
patterns were observed in patients with DN. Moreover, the expression of  the TH-inactivating enzyme DIO3 
also increased at the glomerular level in ZSF1 diabetic rats. TRα1 is highly expressed during fetal life, when 
T3 levels are low, and acts as aporeceptor (unliganded state) to repress adult genes. After birth, a significant 

Figure 8. TH/TRα1 axis actions in diabetes. In healthy podocytes, T3 levels are maintained within a physiological range and TRα1 acts as holoreceptor. 
Local T3 availability is controlled by the T3-inactivating enzyme DIO3, which converts excessive T3 into rT3 and T2. In response to diabetic injury, systemic T3 
levels drop markedly, and TRα1 and DIO3 are overexpressed locally, resulting in the coordinated adoption of the fetal ligand/receptor relationship profile 
(i.e., low T3 availability/high local TRα1). Here, TRα1 acts as aporeceptor (as happens in the fetus), repressing adult genes, triggering the reactivation of 
the podocyte developmental program, activating ERK1/2, and inducing cells to reenter the cell cycle. Unable to complete cytokinesis, mitotically activated 
podocytes become hypertrophic and polynucleated. T3 treatment switches TRα1 to the holoreceptor state (as happens after birth), promoting a mature cell 
phenotype and globally reversing the phenotypical alterations induced by diabetes. rT3, reverse L-triiodothyronine; T2, L-diiodothyronine.
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increase in T3 levels occurs and TRα1 switches to holoreceptor (liganded state) to induce the expression of  
adult genes and promote cell maturation and physiological growth. Local T3 availability is controlled by 
DIO3 in a spatiotemporal manner during organ development and maturation. Specifically, DIO3 is highly 
expressed in fetal tissues to inactivate intracellular T3 and enable cell proliferation and physiological growth. 
Around birth, DIO3 expression is turned off  in virtually every tissue to enable the local increase in T3 and 
subsequent cell differentiation and tissue maturation (47); these changes drive the fetal-to-adult switch in 
gene expression. Robust local reexpression of  DIO3 has been observed in adulthood in fish epimorphic 
regeneration (48) and in mammals in conditions under which low TH is necessary to sustain cell prolif-
eration and growth, as in inflammation (49, 50), tumors (51), and liver regeneration (52) as well as in the 
surviving cardiomyocytes after myocardial infarction (53). Here, we report that DIO3 also increases locally 
in the diabetic kidney and that this is associated with low T3 levels and the overexpression of  TRα1. Togeth-
er, these findings indicate that TH signaling coordinately adopts a fetal ligand/receptor relationship profile 
(i.e., low T3 availability/high local TRα1 and high DIO3) that may be responsible for the fetal/dedifferenti-
ation features observed in diabetic podocytes. This hypothesis is strengthened by the fact that, in ZSF1 rats, 
TRα1 increased massively in cells that also expressed fetal kidney markers as well as in dedifferentiating 
desmin-positive podocytes. To dissect the biological significance of  the recapitulation of  the fetal profile of  
TH signaling and its link with diabetic podocyte alterations, we performed mechanistic studies in vitro. In 
podocytes treated with high glucose or H2O2, we observed a strong increase of  TRα1 expression that was 
associated with changes in the actin-based cytoskeleton, downregulation of  adult podocyte markers, upreg-
ulation of  mesenchymal markers, and increased expression of  Ret, GFRα1, and DIO3. Moreover, high 
glucose and oxidative injury induced podocytes to reenter the cell cycle, which they were unable to conclude, 
and remained blocked in the G2/M phase undergoing hypertrophy. Strikingly, T3 treatment globally reversed 
the changes observed in stimulated podocytes and enabled the completion of  cytokinesis, demonstrating that 
TH signaling is a key player in the phenotypical and molecular changes that occur in podocytes in response 
to exposure to the typical components of  the diabetic milieu. It is important to highlight that in the absence 
of  any injury T3 did not affect cell cycle or growth, suggesting that the T3-mediated proliferative effect occurs 
exclusively in damaged podocytes. Finally, to investigate the pathways underlying the effects of  TRα1 over-
expression, we performed pharmacological studies with specific inhibitors and identified ERK1/2 as the 
downstream mediator of  the TH-TRα1 axis in inducing podocyte hypertrophy.

TRα1 acting as a molecular switch that triggers the recapitulation of the fetal cell phenotype in response 
to injury in terminally differentiated and highly specialized cells has also been observed in cardiomyocytes. 
Stress stimuli, such as adrenergic stimulation induced the upregulation of TRα1 in isolated cardiomyocytes 
(54), reexpression of fetal structural proteins, and the adoption of fetal-like morphology in terms of cellular 
structure, size, shape, and geometry (55). As we observed in diabetic podocytes, stress-induced morphological 
and molecular alterations of the cardiomyocytes were mediated by ERK1/2, and T3 treatment reduced TRα1 
expression, reversed the fetal-like pattern of contractile protein expression, both in vitro and in vivo, and normal-
ized wall tension and cardiac chamber geometry in experimental heart disease (56). Of great interest, changes 
in the TH-TRα1 axis have also been observed in the diabetic heart (57–59), the ischemic brain (60), and injured 
skeletal muscle (61). These observations, in combination with our data, suggest that the TH-TRα1 axis is a high-
ly sensitive pleiotropic pathway that is able to respond to a wide range of different noxious stimuli (including 
hemodynamic, ischemic and adrenergic, high glucose, and oxidative stress) and induce profound phenotypical 
changes in adult injured tissues. The significant differences between hypothyroidism- and diabetes-induced phe-
notypical changes (atrophy vs. hypertrophy; unchanged podocyte number vs. podocyte loss, respectively) (62,63) 
indicate that the low availability of T3 alone does not suffice to trigger the recapitulation of the fetal podocyte 
phenotype and remodeling; one or more chronic noxious stimuli are required to induce TH signaling to adopt its 
fetal ligand/receptor relationship profile (i.e., low T3 availability/high local TRα1), which in turn triggers, and 
possibly coordinates, the dedifferentiation in diabetic podocytes.

One compelling question remains unanswered: why does the fetal TH signaling profile recur in diabet-
ic podocytes? It could be either an adaptation to chronic illness (e.g., inducing a low energy state and/or 
compensatory growth) or a maladaptation (e.g., inducing phenotypical changes that are more harmful than 
beneficial). It is possible that low T3 indeed provides an initial metabolic benefit to the damaged cells and 
possibly allows the cells to grow in size to compensate increased work overload. However, persistent low 
availability of  T3 induces also the changes in TH signaling that trigger the dedifferentiation and reactivation 
of  downstream developmental pathways. In any case, based on the ubiquitous roles of  TH signaling in the 
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development of  all vertebrates and epimorphic regeneration in various taxa (48, 64), we can hypothesize 
that the fetal relationship pattern being readopted (low T3/high TRα1) during chronic stress is an evolution-
ary remnant of  TH-TR axis–mediated tissue regeneration (2). Though capable of  initiating regeneration 
through developmental pathways, it fails to conclude the regeneration process because this ability has been 
lost during evolution with the increased complexity of  mammalian organs. Hence, the phenotypical and 
morphological alterations in terminally differentiated podocytes in response to diabetic injury may be man-
ifestations of  an imperfect/maladaptive recapitulation of  early developmental steps mediated by the TH/
TRα1 axis (Figure 8). However, even if  it is a maladaptive activation of  developmental pathways, it can also 
be used as a window for regeneration: controlling these pathways spatiotemporally, it could be a strategy 
to direct the regeneration of  damaged tissues. In light of  the results reported here, one could propose that 
pharmacological modulation of  the TH-TR axis through T3 treatment could potentially be a promising ther-
apeutic strategy for reversing diabetes-induced pathological podocyte responses and hopefully to increase 
the regeneration potential of  diabetic kidneys. Nevertheless, translating this strategy into clinical practice 
will not be easy. To achieve an efficient therapeutic effect on stressed cells (overexpressing both TRα1 and 
DIO3) under conditions of  systemic hypothyroidism, very high doses of  T3 would be needed; but this can 
cause various adverse effects — such as tachycardia, arrhythmias (65), hyperfiltration (66), dysfunction of  
the thyroid gland (67), and even death in the case of  long-term treatment (68). As a matter of  fact, when we 
tried to test the therapeutic potential of  T3 treatment in diabetic rats (our unpublished data), we needed to 
use very high doses of  T3 in order to reach an initial beneficial effect in function; however, this caused sig-
nificant complications and we needed to interrupt the study. To minimize the adverse effects and maximize 
the reparative and regenerative capacities of  TH, (our) future therapeutic approaches should be focused on 
developing a drug delivery technology that could (a) mainly (if  not exclusively) target the stressed cells and 
(b) carry and deliver the TH into the cells of  interest.

Although important research remains to be done to shed light on the role that TH signaling plays in the 
pathobiology of  diabetic kidney, we can say that our data provide what we believe to be a novel perspective 
on the pathogenesis of  DN and may provide a conceptual basis for developing potentially new regenerative 
therapeutic approaches.

Methods
Animals. Male ZSF1 (ZSF1-Leprfa Leprcp/Crl) and aged-matched nondiabetic lean rats (ZSF1-Leprfa 
Leprcp/+) were obtained by Charles River Laboratories Italia. Animals were maintained in a specific 
pathogen–free facility and kept on a 12:12-hour-light/dark cycle with free access to water. ZSF1 rats 
were fed with the animal Purina 5008 diet (Charles River) containing 18 kJ% fat to accelerate the onset 
of  diabetes. ZSF1 rats at 10 weeks of  age underwent unilateral nephrectomy to accelerate the onset of  
renal disease. All animals were sacrificed at 6 months of  age.

Sprague-Dawley (SD) rats (Crl:SD, Charles River Laboratories Italia) were used to study the TRα1 
expression pattern in embryonic, postnatal, and adult kidneys. Matings for obtaining SD offspring were 
performed at Istituto di Ricerche Farmacologiche Mario Negri IRCCS. E13.5 (n = 20), E15.5 (n = 16), 
E18.5 (n = 12), P4 (n = 3), P7 (n = 3), and adult (n = 3) kidneys were isolated from SD rats.

Tissues from BTBR wild-type and BTBR Lepob/ob mice at 14 weeks of  age, C57BL/6 wild-type mice 
injected intraperitoneally with saline or streptozotocin (200 mg/kg body weight, MilliporeSigma) as previ-
ously described (69), and 6-month-old Zucker diabetic fatty rats (ZDF/Gmi-fa/fa) and age-matched nondi-
abetic lean rats (ZDF/Gmi-fa/+) were used for immunohistochemical studies.

Sera from another set of  ZDF and lean rats at 7 months of  age were used for the determination of  total 
T3 levels, as described below.

Urinary protein excretion measurements. Urinary excretion of  proteins was measured in 24-hour urine 
samples by the Coomassie method with a Cobas Mira autoanalyzer (Roche Diagnostics Systems).

T3 measurements. Serum total T3 levels (T3, ng/dl) were measured using the tT3 total Triiodothyronine 
ELISA kit (catalog 125-300, Accubind Elisa Microwells, Monobind Inc.) following the manufacturer’s 
instructions. For T3 determination, serum from n = 3–9 lean rats and n = 5–10 ZSF1 rats and from n = 10 
ZDF lean rats and n = 8 ZDF rats was used.

Renal histology. Kidney samples were fixed in Duboscq-Brazil (catalog P0094, Diapath), dehydrated, 
and embedded in paraffin. Three-micrometer sections were stained with periodic acid–Schiff  reagent, and 
at least 100 glomeruli were examined for each animal. The degree of  glomerular damage was assessed by a 
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semiquantitative scoring method (index) based on the number of  glomeruli with sclerosis: grade 0, normal 
glomeruli; grade 1, up to 25% involvement; grade 2, up to 50% involvement; grade 3, up to 75%; and grade 
4, greater than 75% sclerosis. The index was calculated as follows: [(1 × N1) + (2 × N2) + (3 × N3) + (4 × 
N4)]/(N0 + N1 + N2 + N3 + N4), where Nx is the number of  glomeruli in each grade of  glomerulosclero-
sis. Kidney biopsies were analyzed by the same pathologist, who was unaware of  the nature of  the experi-
mental groups. Samples were examined using ApoTome Axio Imager Z2 (Zeiss).

Immunofluorescence and immunohistochemical analyses. Immunostaining of  TRα1 and TRβ1 was performed 
in rat and human biopsies. After antigen retrieval, OCT frozen kidney sections were blocked in 1% BSA 
and incubated overnight at 4°C with the following primary antibodies: rabbit anti-TRα1 and rabbit anti-
TRβ1 (catalog PA1-211A and catalog PA1-213A, Invitrogen, 1:250), mouse anti-rat nestin (catalog 556309, 
BD Biosciences, 1:100), mouse anti-human nestin (catalog MAB5326, Millipore, 1:250), rabbit anti-c-Ret 
(catalog 3223, Cell Signaling, 1:50), rabbit anti-GFRα1 (catalog sc-10716, Santa Cruz Biotechnology, 1:30), 
mouse anti–Wilms tumor protein-1 (WT-1) (catalog sc-7385, Santa Cruz Biotechnology, 1:30), rabbit anti-
Pax2 (catalog 71-6000, Invitrogen, 1:200), rabbit anti-Six2 (catalog 11562-1-AP Proteintech, 1:400), fol-
lowed by appropriate Cy3- or FITC-conjugated secondary antibodies (Jackson ImmunoResearch Labora-
tories). Nuclei and renal structures were stained with DAPI (catalog D9542, MilliporeSigma, 1 μg/ml) and 
with DyLight 649–labeled Lens culinaris agglutinin (catalog DL1048, Vector Laboratories, 1:400), respectively. 
Negative controls were obtained by omitting the primary antibody on adjacent sections. Samples were exam-
ined using an inverted confocal laser microscope (Leica TCS SP8, Leica Biosystems).

For immunohistochemical analyses, formalin-fixed, 3-μm paraffin-embedded kidney sections were incu-
bated with Peroxidazed 1 (Biocare Medical) to quench endogenous peroxidase, after antigen retrieval in a 
decloaking chamber with DIVA buffer. After blocking for 30 minutes with Rodent Block R (Biocare Medi-
cal), sections were incubated with rabbit anti-DIO3 (catalog NBP1-05767, Novus Biologicals, 1:2000), rab-
bit anti-TRα1 (catalog PA1-211A, Invitrogen, 1:300), rabbit anti-Pax2 (catalog 71-6000, Invitrogen, 1:300), 
rabbit anti-Six2 (catalog 11562-1-AP Proteintech, 1:200), rabbit anti-GDNF (catalog sc-328, 1:200), and 
rabbit anti-desmin (catalog ab15200, Abcam, 1:2000) antibodies, followed by Rabbit on Rodent HRP-Poly-
mer (catalog RMR622G, Bio-Optica) for 20 minutes at room temperature. To study the glomerular podocyte 
density and individual podocyte volume, sections were incubated with mouse anti-WT-1 (catalog sc-7385, 
Santa Cruz Biotechnology, 1:30) and mouse anti-Glepp1 (catalog MABS455, Millipore, 1:100) antibodies fol-
lowed by Mouse on Rat HRP-Polymer (catalog MRT621G, Bio-Optica) for 30 minutes at room temperature. 
Stainings were visualized using diaminobenzidine (Biocare Medical) substrate solutions. Slides were counter-
stained with Mayer’s hematoxylin (Bio Optica), mounted with Eukitt mounting medium and finally observed 
using light microscopy (ApoTome, Axio Imager Z2, Zeiss). Negative controls were obtained by omitting the 
primary antibody on adjacent sections. Stainings of  TRα1 and fetal markers (Pax2, Six2, and GDNF), TRα1, 
and desmin as well as WT-1 and Glepp1 were performed in serial sections. Desmin staining was quantified 
by semiquantitative score from 0 to 3 (0, no staining or traces; 1, staining in <25% of the glomerular tuft; 2, 
staining affecting 26%–50%; 3, staining in >50%). The average number of  podocytes per glomerulus and 
the glomerular volume were determined through morphometric analysis as previously described (70). For 
Glepp1-positive area measurement, 15 consecutive glomerular tuft areas were measured, and the percentage 
of  each glomerular tuft that stained positive using Glepp1 immunoperoxidase was measured using ImageJ 
software (v 1.51, NIH). Globally sclerotic glomeruli were excluded from analysis. The mean Glepp1-positive 
(podocyte) volume per glomerulus was estimated by multiplying the mean glomerular volume by the mean 
percentage of  Glepp1-positive area. The number of  podocytes per glomerular tuft was measured using WT-1 
immunoperoxidase staining, as described above. The mean individual podocyte volume was estimated by 
dividing the mean Glepp1-positive tuft volume by the mean podocyte number per tuft (71).

Cell culture and treatments. Conditionally immortalized human podocytes (provided by P.W. Mathieson 
and M.A. Saleem, Children’s Renal Unit and Academic Renal Unit, University of  Bristol, Southmead 
Hospital, Bristol, United Kingdom) were cultured and differentiated as described previously (72). Briefly, 
for cell propagation, podocytes were grown at 33°C in standard condition (5% CO2, 20% O2) in RPMI-
1640 medium (catalog 21875034, Life Technologies Europe BV) supplemented with 10% FBS (catalog 
10270106, Life Technologies), 1% insulin-transferrin-selenium (catalog 41400045, Life Technologies), and 
1% Penicillin/Streptomycin (catalog 15140122, Life Technologies). Media were changed every 2 days. For 
cell differentiation, 80%-confluent cells were harvested using 0.05% (1′) Trypsin-EDTA (catalog 15400054, 
Thermo Fisher Scientific) and seeded at a density of  5 × 103 cells/cm2 in 6- or 12-well plates coated with 
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0.1 mg/ml rat-tail type I collagen (catalog 354236, Corning, Corning-Costar). Podocytes were maintained 
at 37°C for 14 days, and media were changed every 2 days. After differentiation, podocytes were starved in 
culture medium supplemented with 2% FBS overnight. Cells were then treated with 40 mM glucose (cat-
alog G5146, MilliporeSigma) or 50 μM hydrogen peroxide (H2O2; catalog H1009, MilliporeSigma) for 3 
days and with 40 mM glucose or 50 μM H2O2 in combination with 0.1 μM T3 (catalog T6397, MilliporeSig-
ma) for the following 6 days. In other experiments, cells were treated with 40 mM glucose alone or in com-
bination with 0.5 M DBD (catalog D288875, Toronto Research Chemicals) or in combination with 0.1 μM 
UO126 (catalog 9903S, Cell Signaling Technology) for 9 days. Glucose was dissolved in culture medium. 
H2O2 was diluted in culture medium. T3 was dissolved in NaOH, DBD in methanol, and UO126 in DMSO, 
and they were further diluted in culture medium. T3 concentration in the culture medium was 0.67 nM.

Protein extraction and Western blot analysis. Adherent cells were collected and rinsed with cold 1× PBS 
(catalog AM9625, Invitrogen). Cells were then lysed in CelLytic M buffer (catalog C2978, MilliporeSigma) 
supplemented with protease (catalog 11836153001, MilliporeSigma) and phosphatase (catalog 04906837001, 
MilliporeSigma) inhibitors, following the manufacturer’s instructions. Kidney samples were homogenized, 
and cells were then lysed in CelLytic MT Cell Lysis Reagent (catalog C3228, MilliporeSigma) supplemented 
with protease and phosphatase inhibitors. Protein concentration was determined by DC protein assay (cat-
alog 5000116, Bio-Rad Laboratories). Whole-cell lysates (30 μg) were separated by SDS polyacrylamide gel 
electrophoresis and transferred onto nitrocellulose blots (catalog GE10600001, MilliporeSigma). After block-
ing with 5% (w/v) BSA (catalog A7906, MilliporeSigma) in Tris buffered saline–0.1% (TBS-0.1%) Tween-20 
(catalog P2287, MilliporeSigma), blots were incubated overnight at 4°C with the following primary anti-
bodies: rabbit anti-TRα1 (catalog PA1-211A, Invitrogen, 1:500), rabbit anti-Pax2 (catalog 71-600, Invitrogen, 
1:400), rabbit anti-Six2 (catalog 11562-1-AP, Proteintech, 1:500), mouse anti-GDNF (catalog sc-13147, Santa 
Cruz Biotechnology, 1:250), rabbit anti-Ret (catalog ANT-025, Alomone Labs, 1:500), rabbit anti-GFRα1 
(catalog sc-10716, Santa Cruz Biotechnology, 1:200), rabbit anti-DIO3 (catalog NBP1-05767, Novus Biolog-
icals, 1:2000), goat anti-α-actinin4 (catalog sc-49333, Santa Cruz Biotechnology, 1:200), mouse anti-α-SMA 
(catalog A2547, MilliporeSigma, 1:500), rabbit anti-pERK1/2 (catalog 9101, Cell Signaling, 1:1000), rabbit 
anti-ERK1/2 (catalog 4695, Cell Signaling, 1:1000), and mouse anti-tubulin (catalog T9026, MilliporeSigma, 
1:2000). After washing in TBS-Tween, blots were incubated with anti-rabbit, anti-mouse, or anti-goat horse-
radish peroxidase–conjugated secondary antibodies (catalog A6154, catalog A9044, catalog AP180P, Milli-
poreSigma, 1:5000 to 1:20000) and developed with Super Signal West Pico chemiluminescent substrate (cata-
log 34580, Life Technologies) or incubated with anti-rabbit or anti-mouse infrared dye–conjugated secondary 
antibody (FE3680210, FE30926210, LiCor, 1:5000 to 1:20000) for 1 hour at room temperature. Images were 
acquired on Odyssey FC Imaging System (LiCor), and bands were quantified by densitometric analysis using 
the Image Studio Lite 5.0 software (LiCor). Tubulin or total protein load (Ponceau red staining) was used as 
sample loading control. In in vitro experiments results are expressed in arbitrary units.

Immunofluorescence analyses in vitro. Podocytes were washed in PBS, fixed with 4% paraformaldehyde 
(catalog 157-8, Electron Microscopy Sciences) for 10 minutes, and permeabilized by 0.5% Triton X-100 
(catalog 93418, MilliporeSigma) for 30 or 10 minutes at room temperature for TRα1 or DIO3 staining, 
respectively. After washing with PBS and blocking of  nonspecific binding sites with 3% BSA (catalog 
A7906, MilliporeSigma) for 45 minutes at room temperature, cells were incubated with primary rabbit anti-
TRα1 antibody (catalog PA1-211A, Invitrogen, 1:80) or rabbit anti-DIO3 (catalog NBP1-05767, Novus 
Biologicals, 1:80) diluted in 1% BSA, overnight at 4°C. After washing in PBS, cells were incubated with 
donkey anti-rabbit Cy3–conjugated secondary antibody (catalog 115-096-072, Jackson ImmunoResearch 
Laboratories, 1:50) for 1 hour at room temperature. For F-actin staining, podocytes were incubated with 
FITC-conjugated phalloidin (catalog A12389, Life Technologies, 1:150) for 45 minutes at room tempera-
ture. Nuclei were stained with DAPI (catalog D9542, MilliporeSigma, 1 μg/ml). Slides were mounted with 
Dako fluorescence mounting medium (catalog S3023, MilliporeSigma). Negative controls were obtained 
by omitting primary antibodies. Digital images were acquired using an inverted confocal laser microscope 
(Leica TCS SP8, Leica Biosystems) or Apotome Axio Imager Z2 (Zeiss). Images were analyzed with LAS 
X Industry Software and ImageJ. To quantify the number of  cells with peripheral F-actin distribution, 15 
random images for each sample were acquired and the percentage of  cells with F-actin rearrangement with 
respect to total cells for each field was then evaluated in blind fashion.

Cell hypertrophy. Podocyte hypertrophy was measured as a ratio between total protein content and cell 
number, as described previously (73). Data are expressed in arbitrary units.
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Cell cycle analysis. Cell cycle perturbations were analyzed at the end of treatments using the Allophycocyanin 
Bromodeoxyuridine (BrdU) Flow Kit (catalog 552598; BD Biosciences) following the manufacturer’s instruc-
tions. Briefly, cells were incubated with BrdU for 30 minutes in a humidified incubator and then harvested. 
After fixing and permeabilizing, cells were then treated with 300 μg/ml DNase for 1 hour at 37°C, and immu-
nofluorescent staining with anti-BrdU antibody was performed. DNA was stained with 7-amino-actinomycin D. 
Finally, samples were analyzed by BD LSRFortessa X-20 (BD Biosciences) and acquired using the FACSDiVa 
software (BD Biosciences). At least 10,000 events per samples were analyzed using the FlowJo software.

SA-β-Gal activity assay. SA-β-Gal activity was measured with a Senescence Detection Kit (catalog 
ab65351, Abcam), according to the manufacturer’s instructions. Briefly, cells were fixed for 15 minutes at 
room temperature and then stained with a solution containing X-Gal at 37°C overnight. During incuba-
tion, plates were put inside resealable bags. The next day, staining solution was removed and cells were 
overlaid with 70% glycerol. Images were captured using an inverted microscope (Primo Vert, Carl Zeiss) 
equipped with the AxioCam ERc 5s Rev. 2.0.

Statistics. Statistical analysis was performed using Graph Pad Prism software. All data are expressed as mean 
± SEM and in scatter dot plot diagrams. Comparisons were made using 2-tailed unpaired Student’s t test or 
1-way ANOVA with Tukey’s multiple-comparisons post hoc test as appropriate. Correlations between T3 levels 
and hallmark of metabolic/renal disease were determined by linear regression. Statistical significance was set at 
P < 0.05. See figure legends for more details on statistical tests and n values used.

Study approval. All procedures involving animals were performed with the approval of  and in accor-
dance with internal institutional guidelines of  the Istituto di Ricerche Farmacologiche Mario Negri 
IRCCS, which are in compliance with national (D.L.n.26, March 4, 2014) and international laws and poli-
cies (directive 2010/63/EU on the protection of  animals used for scientific purposes).

Renal tissues of  patients (n = 3) with DN from the archives of  the Unit of  Nephrology, Azienda 
Azienda Socio Sanitaria Territoriale (ASST) Papa Giovanni XXIII (Bergamo, Italy) were studied. Spec-
imens of  uninvolved portions of  kidney collected from tumor nephrectomy were used as controls. All 
experimental protocols involving human subjects and requiring informed consent were carried out in 
accordance with the Declaration of  Helsinki and good clinical practise guidelines and were approved by 
the ethical committee of  the ASST Papa Giovanni XXIII.
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