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Diabetic nephropathy is one of the most frequent complications of diabetic patients and is the leading 
cause of end-stage renal disease worldwide. The complex physiopathology of this complication raises 
a challenge in the development of effective medical treatments. Therefore, a better understanding 
of this disease is necessary for producing more targeted therapies. In this work we propose human 
amylin as a possible mediator in the development of diabetic nephropathy. Islet amyloid polypeptide 
or amylin is a hormone co-secreted with insulin. The human isoform has the ability to fold and form 
amyloid aggregates in the pancreas of patients with type 2 diabetes mellitus, disrupting cellular 
homeostasis due to its ability to form pores in lipid bilayers. It has been described that hIAPP can be 
secreted and exported in extracellular vesicles outside the pancreas, being a plausible connecting 
mechanism between the β-cell and other peripheral tissues such as the kidney. Here, we demonstrate 
that tubular, podocytes and mesangial cells can incorporate hIAPP coming from β-cells. Then, this 
hIAPP can form aggregates inside these kidney cells, contributing to its failure. In order to study 
the consequences in vivo, we found amylin aggregates in the kidney of mice overexpressing hIAPP 
after feeding a high fat diet. In addition, we observed an increase in glomerulosclerosis index and 
inflammation. Specifically, there were significant changes in signalling pathways directly involved 
in the diabetic nephropathy such as an increased in mTORC1 signaling pathway, an alteration 
in mitochondrial dynamics and an increased in endoplasmic reticulum stress. All these results 
demonstrate the importance of hIAPP in the kidney and its possible contribution in the development of 
diabetic nephropathy.

Type 2 diabetes (T2DM) is a progressive disease that begins with an hyperactivation of pancreatic β cells 
and a hyperinsulinemia phenotype, in order to compensate insulin resistance. This situation is known as 
prediabetic state. However, as the disease progresses, there is a disruption of pancreatic β cells, and the onset of 
a hypoinsulinemic scenario, likely due to an increase in pancreatic β cell apoptosis1. It is known that throughout 
the progression of the disease, the mTORC1 signalling pathway is chronically activated2. This induction is 
necessary to facilitate pancreatic β cell proliferation during the first phase of the disease. However, when this 
activation becomes chronic, several deleterious mechanisms are induced such as endoplasmic reticulum (ER) 
stress (ER-stress), inhibition of the protective mechanism of autophagy as well as the ubiquitin-proteasome 
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system (UPS) and mitochondrial dysfunction2,3. Autophagy permits the degradation of different components of 
the cell such as aged organelles, aggregates and many others, and serves as a protective mechanism for several 
cell types including pancreatic β cells4–6. In fact, it is known that in humans, as the disease progresses, the 
elimination of disrupted mitochondria by a specific autophagy known as mitophagy, switches from a correct 
mitophagy during the pre-diabetic state towards an alteration in mitophagy in the diabetic situation7.

Amylin is a small protein that is co-secreted with insulin and it is incorporated into the same secretory 
granules. Amylin plays important roles in human physiology such as the induction of satiety or delaying gastric 
emptying8. However, amylin can form aggregates, which are associated with pancreatic β cell loss during the 
progression to T2DM9. Interestingly, not all the amylin derived from the different species are amyloidogenic. 
For instance, rodents present a type of amylin, which it cannot form aggregates. However, the human form is 
amyloidogenic and can generate β-sheet aggregates. This difference arises from variations in an amyloidogenic 
region in the primary sequence of the protein. Rodent variants of amylin present several proline residues, which 
are responsible for inhibiting aggregate formation and are considered as β-sheet breakers. In contrast, the human 
variant and variants in other species such as cats lack prolines in this region and can form aggregates8. The main 
mechanism involved in the elimination of these aggregates is autophagy, concomitantly with the UPS10,11. In our 
study, using the rat insulinoma pancreatic β cell line with an overexpression of human amylin (INS1E-hIAPP) we 
uncovered an increased mTORC1 signalling pathway and an altered autophagy, mitophagy and a mitochondrial 
pro-fission scenario, leading to an induction of ER- stress12. More recently, we have observed that INS1E-hIAPP 
cells possess a detoxifying mechanism, which involves the production of extracellular vesicles (EVs) containing 
hIAPP. Then, we exposed neuron cells with the EVs purified from INS1E-hIAPP, which induced alterations in 
these cells. This is important because represents a pathway for the exportation of these toxic proteins to other 
territories, defining a new strategy for the cell-to-cell communication13.

Kidney is one of the main tissues which is frequently affected as the disease progresses leading to the 
development of diabetic nephropathy (DN)14. It is known that amylin can deposit in the kidney, predisposing 
to hypertension, mitochondrial dysfunction and an increased formation of reactive oxygen species (ROS) and 
hypoxia15. In fact, it has been observed that amylin is found in biopsies derived from patients with DN. Although 
amylin is widely distributed, mainly was found in the mesangial area, Bowman´s capsule and in blood vessels, 
causing glomerulosclerosis16,17. However, the molecular mechanism underlying the deposition and alteration of 
the kidney in diabetic patients is currently unknown.

In this study, we used a diabetic model by the overexpressing of human amylin in pancreatic β cells (TghIAPP) 
treated with a high fat diet (HFD) for either 4 months or 8 months of age. Using this model, we have determined 
that amylin accumulates mainly in the glomerular area, generating amylin aggregates with an increased 
inflammation and glomerulosclerosis index in the TghIAPP under the treatment with HFD, contributing to the 
appearance of DN during the progression of T2DM. In addition, we have carried out in vitro studies, adding 
a conditioned medium coming from INS1E-hIAPP, to three mouse renal cell lines (mouse proximal tubular 
(MCT), mesangial (MM) and podocytes. Interestingly, we have observed an accumulation of amylin in all of 
them.

Materials and methods
Cell lines
Mouse tubular, mesangial and podocytes were generously gifted by Adriana Izquierdo (Rey Juan Carlos 
University). These cells were cultured in 10% FBS RPMI 1640 medium supplemented with penicillin G (12 µg/
mL), streptomycin (10 µg/mL), amphotericin B (0,25 µg/mL), MycozapTM Plus-CL (Lonza, Switzerland) and 
10 mM HEPES. Rat insulinoma cell line, INS1E overexpressing human amylin (INS1E hIAPP) was generously 
supplied by Anna Novials (IDIBAPS, Barcelona, Spain) and described in18. INS1E-hIAPP cell lines were cultured 
in 10% FBS RPMI 1640 medium supplemented with 1 mM sodium pyruvate, 10 mM HEPES, 200 µg/ml of 
Geneticin and the antibiotics previously mentioned.

Mice model
FVB/N hemizygous transgenic mice were developed by Jackson Laboratory (Strain No. 008232)19. According 
to the description of the model, these mice express human amylin (hIAPP) under the rat insulin II promoter. 
Besides, hIAPP RNA is observed in pancreas, kidney, and stomach, but hIAPP protein is reported only in 
pancreas tissues. In this study only heterozygous male mice were used due to homozygous die around 16 weeks 
of age, presenting a severe genotype. In order to minimize the contribution of the different genetic backgrounds, 
we decided to obtain the heterozygous in a mixed background by crossing FVB/N hemizygous transgenic mice 
with C57BL/6 Wt mice for at least 6 generations. Tg and Wt mice were fed with either standard (STD) or high 
fat diet (HFD) during 4 or 8 months. The HFD was obtained from Envigo and 60% of the calories were obtained 
from fat. In order to check that the mice were gaining weight, they were weighed every week and tested for 
glucose and insulin tolerance. All animal experimentation described was conducted according to accepted 
standards of human-animal care, as approved by the animal experimentation institutional committee (PROEX 
number 112.2/21). All the methods are reported in accordance with ARRIVE guidelines. All experiments were 
performed in accordance with relevant guidelines and regulations. The animals were euthanized using a mixture 
of xilacine (150 mg/Kg) and ketamine (50 mg/Kg).

Antibodies and reagents
Anti-Drp1 (#8570S) and anti-phospho Drp1 (S616) (#3455S) were obtained from Cell Signaling Technology 
(Beverly, MA). Anti-Amylin (ab55411), anti-mfn1 (ab104274), anti-mfn2 (ab56889) were from Abcam. Anti-Bip 
(#3177), anti-p70 (#9202) and anti p-p70 (#2211) were from Cell Signaling Technology. Secondary antibodies 
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HRP-conjugated used: anti-Rabbit (NA934) and anti- Mouse (NA931) were obtained from GE Lifesciences. 
MG5 is a fluorescent styrylquinoline that is capable to detect β-sheet aggregates as it was originally described20.

Western blotting
Tissues were removed and homogenized in a lysis buffer [Nonidet-P40 1% (v/v), Tris-HCl 50mM, EDTA 5mM, 
EGTA 5mM, NaCl 150mM, NaF 20mM, pH 7.5, PMSF 1mM, aprotinin 10 µg/ml, leupeptin 2 µg/ml and sodium 
orthovanadate 1mM) with a Polytron homogenizer. Subsequently, each sample was sonicated and centrifuged 
at 13,000  rpm for 15  min. Protein concentration determination was achieved by the Bradford dye method, 
using de Bio-Rad® (Hercules, CA) reagent. Equal amounts of protein were submitted to electrophoresis and 
after SDS-PAGE gels were transferred to Immobilon PVDF membranes (Merck Millipore, Burlington, MA) 
following the Western Blot wet transfer protocol. Then, membranes were blocked and incubated overnight 
with primary antibodies at 4  °C at the concentration recommended by the manufacturer. The next day, the 
membranes were washed with TTBS and incubated at room temperature with the corresponding secondary 
antibodies diluted in TTBS. After, the secondary antibody was removed and three washes were performed with 
TTBS. The corresponding bands were visualized using the ECL Western blotting protocol (GE Healthcare, Little 
Chalfont, UK).

Immunofluorescence
Cells were grown on glass coverslips and fixed using paraformaldehyde 4% solution during 20 min, permeabilized 
in PBS with 0,5% Triton X-100 for 15 min, and then blocked with blockage solution (3% BSA, 0,1% Tween 20 in 
PBS) for 1 h. Then MG5, the organic compound was diluted in DMSO to 10 µM, and cells were incubated with 
the solution during 30 min before DAPI staining (1 µg/ml) for 10 min.

Red Congo and IAPP immunohistochemistry
The first step is a deparaffinization process consisting of a 15-minute xylene run and a battery of alcohols 
(100%, 96%, 90%, and 70% ethanol) for 4  min each. Subsequently, 10  min with Congo Red solution (0.2% 
Congo Red, 70% isopropanol, and 30% distilled water). Finally, it was washed with 70% isopropanol for 2 min 
and with distilled water for 1 min. From this step the immunohistochemistry protocol was started. For IAPP 
immunohistochemistry, kidney sections from all mice groups were incubated with rabbit polyclonal IAPP 
antibody (ab55411) at 1/100 in PBS-Tween/1% bovine serum antigen overnight at 4ºC. Then, a secondary 
antibody incubation and development using a diaminobenzidine substrate kit was performed. All images were 
taken at 20X magnification and amylin staining was measured using ImageJ software.

MCP-1, A11 and caspase-1 immunohistochemistry
Fixed renal tissue Sect. (4 μm) were dehydrated and then embedded in paraffin. The sections were deparaffinized, 
rehydrated and incubated with primary antibody MCP-1 (Santa Cruz Biotechnology, Inc.), A11 (AHB0052) 
and caspase-1 (sc-56036). Sections were incubated with a biotinylated anti-IgG (Vector Laboratories) and 
incubated with the avidin-biotin-peroxidase complex (Vector Laboratories), 3,3-diaminobenzidine (DAB) 
substrate (Merck, Germany) was used as the chromogen. The tissue sections were counterstained with Harris 
haematoxylin. Some kidney samples were incubated without primary antibody as negative controls. The 
stained renal tissue sections were imaged with a light microscope Zeiss Standard 25. To four slides per animal 
were quantified (n = 4 animals/group), and not consecutive slides were taken. Image J 1.45 software (National 
Institutes of Health, Bethesda, MD, USA) were used.

PAS staining
Kidney sections were deparaffinized by passing them through xylene, alcohols of decreasing concentration and, 
subsequently, through distilled water. For staining with Schiff ’s reagent, a commercial kit (130802, BioOptica. 
Milan, Italy) was used. The sections were counterstained with hematoxylin, specifically included in the kit. After 
this, the tissue sections were dehydrated with increasing concentrations of alcohol and xylene. Finally, they were 
covered with DePex mounting medium (Serva). Glomerular images were digitized using a Canon Powershot 
A640 camera attached to a light microscope Zeiss Standard 25. Sections were scored semiquantitatively in a 
blinded manner by two independent observers: staining intensity negative (0), mild (1+), moderate (2+) or 
strong (3+). The final score was the mean of the two evaluations.

Transmission electron microscopy
Kidney tissue was fixed in 2.5% glutaraldehyde, postfixed in 1% osmium tetroxide, dehydrated with an increasing 
concentration of ethanol and embedded in epoxy resin. Renal ultrathin sections were processed as described21. 
Foot process width and glomerular basement membrane thickness were measured using ImageJ software, as 
previously described22. All mitochondrial parameters were measured using Fiji software (National Institutes of 
Health). Ten measurements per kidney and four kidneys were investigated per experimental group.

 Glucose tolerance test and insulin tolerance test
Glucose tolerance test (GTT) and insulin tolerance test (ITT) were performed on mice as described elsewhere23. 
Briefly, for the GTTs, in overnight (16 h)-fasted mice glucose was administered (2 g/kg body weight) by i.p 
injection. The measurements were performed in a glucometer every 30  min using Accu-Check Aviva blood 
glucose strips (Roche, Penzberg, Germany). ITTs were performed in the random-fed state. The animals were 
injected with 1 U/kg body weight of human regular insulin (Humulin regular, Eli Lilly, Indianapolis, IN, USA) 
and blood glucose levels were measured at indicated times. ITT data are presented as percentage of initial blood 
glucose concentration.
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 Statistical analysis
Statistical differences between groups were determined using One way ANOVA for Western Blot and Student’s 
t-test for images quantifications. Differences were considered statistically significant at p < 0.05 (*p < 0.05; ** 
p < 0.01; ***p < 0.005, ****p < 0.0005).

Results
Presence of hIAPP aggregates in mesangial, tubular and podocytes cells
Previous reports conducted in our laboratory had already demonstrated the ability of INS1E overexpressing 
human amylin (hIAPP) (INS1E-hIAPP) cells to produce extracellular vesicles containing hIAPP. These vesicles 
were collected in the conditioned medium (CM) of these cells, under high glucose conditions13. In order to 
know whether amylin could be incorporated into renal cells and facilitates its aggregation similarly to INS1E-
hIAPP, different types of kidney-derived cells were exposed to the CM obtained after the incubation of INS1E- 
hIAPP cells with high glucose (16.7mM) for 24 h. Subsequently, the CM was added to mesangial, tubular and 
podocytes for 8 and 24 h. As it was previously described13, using an organic fluorescent compound (MG5)

 that detects β-sheet aggregates, we observed that after the incubation with the CM, there was an accumulation 
of these aggregates in a time-dependent manner in all the kidney cell lines. This aggregation capacity was higher 
after 24 h (Fig. 1) in all the cell lines.

Increase endoplasmic reticulum stress and alterations in the mTORC1 pathway in renal cells 
containing amylin aggregates
Following the detection of amylin aggregates, the impact on protein aggregation was assessed by examining ER 
stress and the mTORC1 pathway. This evaluation was conducted using conditioned medium concurrent with the 
detection of amylin aggregates, specifically at 8 and 24 h. Our findings revealed a noteworthy increase in PERK 
phosphorylation, accompanied by an elevation in the Bip chaperone levels, particularly evident at 24 h in both 
mesangial and tubular cells (Fig. 2B, D, E, G, I and J). Additionally, a reduction in phosphorylation levels of p70 
and ULK1 at residue 757 was observed, being statistically significant at the 24-hour time point in mesangial cells 
(Fig. 2A and C). However, this decrease was not significant in tubular cells (Fig. 2F and H). On the other hand, 
no changes were found in cell death markers neither in Bcl-xL (anti-apoptotic protein) in mesangial cells nor in 
cleaved caspase-3 in mesangial and tubular cells (Supplemental Fig. 1A and Supplemental Fig. 1B). In podocytes, 
a significant increase in Bip levels was observed at 8 h, with no change in p- p70 levels (Fig. 2K, L and M). In 
turn, an increase in cleaved caspase-3 is observed at this time point (Supplemental Fig. 1C). This demonstrates 
how kidney cells respond to the presence of β-amyloid aggregates by regulating three interconnected pathways, 
which are mTORC1, endoplasmic reticulum stress and cell death.

Renal cell lines with amylin aggregates did not exhibit significant changes in mitochondrial 
dynamics
Mesangial and tubular cells did not exhibit significant alterations in the dynamin-related protein 1 (Drp1) 
phosphorylation status or in mitofusins 1 and 2 protein levels (Mfn1 and Mfn2). Although not statistically 
significant, there was a reduction in Mfn1 protein levels in both cell types, being more pronounced after 24 h, 
although not statistically significant (Fig. 3A-. 3 H). However, in podocytes, there was a significant reduction in 
both Mfn1 and Mfn2 protein levels with no significant changes in phospho-Drp1 (Fig. 3I and L). Examination 
of the previous markers, allowed us to assess

 that mitochondria were affected by the presence of aggregates. Reduced mitofusins indicate a fission-driven 
mitochondrial state, as does increased phosphorylation of DRP1.

Accumulation of hIAPP aggregates in the kidney of a diabetic mouse under HFD
After identifying that hIAPP can be incorporated into different kidney cell lines, we wanted to analyze the 
relevance of this finding using a mice model with an overexpression of hIAPP in pancreatic β cells (TghIAPP) 
under a high fat diet (HFD) for the generation of an insulin resistant state. After weaning, mice were treated with 
HFD for either 3 months or 7 months. In 4-month-old (4 M) WT mice under a high fat diet (HFD) there was 
an increase in glucose intolerance. However, in the TghIAPP, under a standard diet (STD) we could observe a 
basal glucose intolerance that it was not worsened after the HFD (Fig. 4A). In addition, there was a concomitant 
increase in insulin resistance in the WT mice after HFD and in the TghIAPP in both situations (Supplemental 
Fig. 2A). In contrast, in 8-month-old (8 M) mice, there was a dramatic increase in glucose intolerance in the 
TghIAPP mice after feeding HFD (Fig.  4B), with an associated insulin resistance in this group of animals 
(Supplemental Fig.  2B). The levels of IAPP in the kidney were evaluated by immunohistochemistry and an 
increase was observed in the TghIAPP mice at both 4 months and 8 months compared to WT, regardless of 
their diet. Paradoxically, the levels of IAPP were lower in TghIAPP 8 M than those observed in TghIAPP 4 M 
mice (Fig. 4C). Similar results were obtained using western blot for amylin detection (Supplemental Fig. 3). Very 
importantly, when we analyzed the presence of aggregates using Congo red staining, we only detected a positive 
staining in the glomerulus and in the periglomerular area in the TghIAPP mice after the HFD at 8 M of age 
(Fig. 4C). On the other hand, oligomeric species detected by immunohistochemistry using A11 antibody were 
only observed in the 4 M TghIAPP mice fed with HFD. These aggregates were observed in the glomerular area 
(Supplemental Fig. 4A) but, mainly observed, in the tubular area (Supplemental Fig. 4B).

Increased in both MCP-1 signal and in the glomerulosclerosis index in tg hIAPP mice
In order to assess the degree of tissue inflammation, monocyte chemoattractant protein-1 (MCP-1) levels were 
measured by immunohistochemistry. In this regard, it was found that both the TghIAPP mice at 4 M and 8 M, 
fed with a standard diet (STD), exhibited a noteworthy increase in MCP-1 levels compared to their respective 
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controls. Although no differences were found between TghIAPP 4 M and 8 M mice under HFD compared to 
their WT counterparts, there was a further increase in the level of MCP1 staining intensity under the treatment 
with the HFD compared with the STD diet (Fig.  5A and C). Glomerulosclerosis is one of the hallmarks of 
diabetic nephropathy and a sign of renal damage. In this regard, we found that both, under STD of HFD, the 
TghIAPP mice showed a significant increase in the glomerulosclerosis index compared to

Fig. 1. Kidney cells present hIAPP aggregates after incubation with CM from INS1E-hIAPP during 8 and 24 h. 
A, B, C: Immunofluorescence staining of podocyte, mesangial and tubular cells, respectively. Aggregates were 
detected with MG5 compound (green signal) and cell nuclei with DAPI (blue). The plot indicates the mean and 
standard deviation, n (independent studies) = 3. * p < 0,05; **: p < 0,01; ***p < 0,005, **** p < 0,0005.
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 WT mice. In addition, the TghIAPP 4 M mice under HFD presented a significant increase in this index 
compared to the Tg 4 M STD mice. However, no major differences were observed between the Tg 8 M STD 
and Tg 8 M HFD mice (Fig. 5D and F). In addition, we observed the appearance of effaced foot processes in the 
podocytes from the TghIAPP 8 M mice under STD conditions and in both WT and TghIAPP mice under HFD 
by electron microscopy (Fig. 5G). To corroborate the observed increase in MCP1 protein levels, we examined the 

Fig. 2. Analysis of mTORC1 and ER pathway in kidney cells. The levels of p-ULK1(757), p-p70, Bip and 
p-PERK are shown, demonstrating the significance increase in ER stress. A- E: show the results in mesangial 
cells, F-J: tubular cells, K-M: podocytes cells. The plots indicate the mean and standard error is represented (n 
(independent studies) = 3–4; * p < 0,05; ** p < 0,01; ***p < 0,005,****p < 0,0005).

 

Scientific Reports |        (2024) 14:24729 6| https://doi.org/10.1038/s41598-024-77063-9

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


levels of caspase-1, a protein integral to the immune response and responsible of the inflammasome signaling 
pathway cascade. Our analysis revealed a significant upregulation of caspase-1 expression in 8 M TghIAPP mice 

Fig. 3. Analysis of mitochondrial dynamics in kidney cells. The levels of p-DRP1, Mfn1 and Mfn2 are shown. 
The decrease in Mfn1 and Mfn2 is observed, being significant only in the case of podocytes. A-D: : show the 
results in mesangial cells, E-H: tubular cells, I-L: podocytes cells. The plots indicate the mean and standard 
error is represented (n (independent studies) = 3–4; * p < 0,05; ** p < 0,01; ***p < 0,005, ****p < 0,0005).
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under both standard STD and HFD diets, compared to Wt mice. Furthermore, among the 8 M TghIAPP mice, 
those on the HFD exhibited the highest levels of caspase-1 (Supplemental Fig. 5).

Fig. 4. Glycaemic profile and the levels of IAPP with the presence of hIAPP aggregates in kidney of TghIAPP 
8 M HFD mice. A, B: Glucose tolerance test of 4 M and 8 M TghIAPP and Wt mice. C: Immunohistochemistry 
of IAPP and Congo Red staining. The plots indicate the mean and standard error (n (mice number) = 4–7). * 
p < 0,05; ** p < 0,01; ***p < 0,005, ****p < 0,0005).
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Fig. 5. Inflammation and damage kidney detection. A, B: MCP-1 levels were measured by 
immunohistochemistry in 4 M and 8MTghIAPP and Wt mice. D, E: Glomerulosclerosis index. The plots 
(C, F) indicate the mean and standard error is represented (n (mice number) = 4–7). *: p < 0,05; **: p < 0,01; 
***p < 0,005, **** p < 0,0005). The arrows in Fig. 3D and E indicates the glomerulosclerotic regions in the 
TghIAPP mouse model. G: Electron microscopy of the kidney of TghIAPP and Wt of 8 M at STD and HFD 
conditions. Red arrows point to the effaced foot processes.
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mTORC1 pathway and ER-stress are altered in the kidney of TghIAPP mice
mTORC1 gathers signals coordinating the presence of nutrients and growth factors availability, being disrupted 
in diabetic nephropathy24. In the present study, we have observed that at 4 M of age, there were no changes in 
mTORC1 signaling activation, as indicated by the phosphorylation of its direct target, p70S6K, when comparing 
TghIAPP with WT mice. However, at older stages (8 M), there was an increase in the phosphorylation state of 
p70S6K, indicating an increase in mTORC1 activity, particularly in the TghIAPP under HFD mice (Fig. 6A and 
B). Since, mTORC1 is one of the main regulators of ER-stress25, we analyzed the resident chaperone Bip protein. 
It was observed that Tg 4 M mice, fed with either STD of HFD conditions, presented an increase in Bip levels 
compared to their WT. However, at 8 M there was a decrease in Bip protein levels (Fig. 6A and C), suggesting 
that ER stress may decrease with age.

Mitochondrial dynamics is affected in the kidney of TghIAPP mice
Regarding mitochondrial dynamics, mitochondria undergo two dynamic processes, fusion and fission, which 
regulate their function and adaptation to the metabolic state of the organism26. Although we observed an increase 
in Mfn1 levels in TghIAPP mice at 4 M (Fig. 7A and B), we did not observed changes in Mfn2 (Fig. 7A and C). 
Importantly, we noticed that in the TghIAPP mice fed with either STD or HFD, there was a reduction in the 
phosphorylation status of DRP1 protein compared to their corresponding controls (Fig. 7A and D). However, 
in the TghIAPP mice at 8 M, fed with either STD or HFD, there was an increase in the phosphorylation state of 
DRP1 compared to control mice (Fig. 7A and D). Overall, comparing the TghIAPP 8 M mice with the TghIAPP 
4 M mice, there is a reduction in phospho-DRP1 and an increase in MFN1 and in MFN2 in both STD and HFD 
(Fig. 7). This data suggests a transition in mitochondrial dynamics from a predominantly fusion state at 4 M in 
the TghIAPP mice to a more fissioned state in the TghIAPP 8 M mice

Fig. 6. Analysis of the mTORC1 and ER pathway of the whole kidney tissue. Western blotting was used 
to measure the levels of p-p70 (B), one of the main targets of mTORC1, and Bip (C), a chaperone whose 
levels increase under ER conditions. The plots indicate the mean and standard error is represented (n (mice 
number) = 4–7).
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Discussion
IAPP is a peptide mainly synthesized by the pancreas and co-secreted along with insulin. In certain species 
and under certain pathological conditions such as T2DM, IAPP could aggregate and form amyloid plaques 
like the human isoform (hIAPP)27. During the progression of T2DM, there are processes that promote hIAPP 
aggregation, such as reticulum overload and alterations in the insulin-amylin ratio in the secretory granules, 
among others. These aggregates present cytotoxic effects that include disruption of lipid membranes, generation 
of ROS and induction of apoptosis28.

A previous study from our group established that pancreatic β-cells are capable of secreting amylin 
internalized into extracellular vesicles as an additional mechanism of hIAPP clearance. This contributes to the 
elimination of hIAPP and helps to avoid its deleterious consequences

13. In this current study, we have demonstrated that mesangial, tubular and podocyte cells can take up 
amylin from β-cells, and aggregate inside these recipient cells. This result was crucial in establishing a possible 
link between β-cell and kidney cells. On the other hand, it has been previously described that some patients 
with diabetic nephropathy (DN) have IAPP deposits in the kidneys16. Considering these results, we decided 
to study the kidneys of Tg mice to hIAPP in a diabetic context induced by HFD. Using this transgenic mouse 
treated with HFD, we observed a time-dependent progression of glucose intolerance and insulin resistance. We 
have determined the accumulation of amylin in the kidney in the glomerular and periglomerular area using 
immunohistochemistry. Although this accumulation of amylin was clear at 4 M in the TghIAPP, at 8 M, there 
was a decrease in IAPP levels compared to TghIAPP 4 M mice. At the same time, TghIAPP mice 8 M under 
HFD were only positive for Congo Red staining, which indicates the aggregation of amylin. We interpret this 
paradoxical effect observed in amylin staining, as the TghIAPP 8 M mice may have lower levels of monomeric 
IAPP because this protein might be aggregating and the antibody we used, only detects the soluble form of 
amylin. As mentioned above, hIAPP is the isoform that can fold into aggregates. This aggregation process follows 
a sigmoidal kinetic where lower levels of monomeric hIAPP could be due to the initiation of this aggregation 
process29. In the process of amylin aggregate formation, previously formed oligomers serve as nucleation sites for 
the assembly of larger oligomers and pre-fibrillar structures, resulting in the disappearance of smaller oligomers. 
This observation aligns with our findings: in the TghIAPP mouse model fed with HFD, only oligomers were 
detected at 4 months of age, whereas at 8 months, only mature aggregates were present.

It is known that amylin can deposit in the mesangial area and is able to thicken Bowman´s capsule in patients 
with diabetic nephropathy16. However, these changes are produced by the extracellular form of amylin, which is 
freely transported in the bloodstream. In this study, however, we propose that the deleterious effects of amylin 
are generated within the kidney cells, because of its capacity to be incorporated into the cells in an endocytic-
dependent manner, as it has been previously observed13.

Inflammation is a key factor in the development and progression of T2DM and consequently DN30. MCP-1 
is a specific chemokine that recruits monocytes to the site of inflammation. Levels of this chemokine have been 
correlated with many glomerulopathies31,32. Another study reported that MCP-1 may contribute to the initiation 
and progression of DN33. In addition, treatment with anti-MCP-1 antibodies reduces glomerulosclerosis34. All 
these results support the role of MCP-1 in DN. Our results show that both TghIAPP at 4 M and 8 M mice under 
the STD diet had higher levels of this inflammatory protein compared to WT. However, in mice fed HFD there is 
no difference between Tg and Wt. These results suggests that HFD is the main factor by which the levels of this 
protein increase, regardless of the genotype. In this regard, HFD has been shown to increase circulating MCP-1 
levels in Wistar rats35, as well as in neutrophils36.

On the other hand, it is interesting that TghIAPP 4 M and 8 M under the STD dietshowed higher levels 
of MCP-1 in comparison with their corresponding controls and increased levels of caspase-1 in the TghIAPP 
at 8 M. These results suggest that in a non-proinflammatory situation, a higher inflammation can be detected 
in the TghIAPP than in WT mice. As it was previously mentioned, glomerulosclerosis is a hallmark of DN 
and renal damage. In our study we found that all TghIAPP mice had an increased glomerulosclerosis index 
compared to WT mice. This is very important since it has been previously described that DN patients with IAPP 
deposition in the kidney had more severe glomerulosclerosis than those without IAPP deposition16. In addition, 
TghIAPP 4 M HFD mice showed a significant increase in the glomerulosclerosis index compared to TghIAPP 
4 M STD mice. Also, TghIAPP 4 M HFD mice have significant higher levels of IAPP than TghIAPP 4 M STD 
mice. However, TghIAPP 8 M STD mice show a similar glomerulosclerosis index to TghIAPP 8 M HFD mice. 
Furthermore, these two groups of mice have similar levels of IAPP. Therefore, it is suggested that the increase in 
the glomerulosclerosis index it may be associated with IAPP deposition in the kidney.

Additionally, we observed the emergence of foot effacing processes in podocytes of TghIAPP 8 M mice under 
STD conditions, as well as in both WT and TghIAPP mice under HFD conditions, as evidenced by electron 
microscopy. This finding is of significant importance since transgenic TghIAPP mice under STD conditions 
exhibit damage similar to that observed in mice under a HFD, underscoring the role of hIAPP in the injury to 
these cells. Podocytes play a crucial role in renal physiology, and their injury has been recognized as a pivotal 
event leading to glomerulosclerosis and loss of renal function.

To stablish the consequences of the increased IAPP deposits and the presence of hIAPP aggregates in the 
TghIAPP mice, we decided to study some signalling pathways that are disrupted in situations of diabetic 
nephropathy (DN) in vitro and in vivo. Regarding this, we studied mTORC1, ER stress and mitochondrial 
dynamics. We also, evaluated kidney damage by analysing glomerulosclerosis index and inflammation. 
mTORC1 is a kinase that regulates fundamental processes for cell homeostasis such as protein synthesis and 
autophagy. This pathway is disrupted in several tissues involved in the development and progression of T2DM. 
In pancreas, the activity of this kinase is fundamental in the first stage of the disease to increase in insulin 
production. However, a chronic activation of this pathway is detrimental to β cells [2].
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Regarding mTORC1 pathway, our findings revealed that mesangial and tubular cells exposed to conditioned 
medium for 8 and 24  h exhibited a reduction in mTORC1 activation, as evidenced by decreased levels of 
p-ULK1 (757) and p-p70. This reduction was particularly significant in mesangial cells at 24 h. These results are 
likely linked to the observed elevation in p-PERK and Bip. It is evident that cells harbouring amylin aggregates 
experience a notable increase in ER stress, which triggers the unfolded protein response (UPR). This UPR leads 
to elevated levels of Bip and p-PERK, while simultaneously reducing protein synthesis, thereby inhibiting the 
mTORC1 pathway37. This adaptive mechanism enables the cell to respond to damage, as inhibition of mTOR has 
been demonstrated to enhance cell viability under ER stress conditions38.

Fig. 7. Analysis of mitochondria dynamics of the whole kidney tissue. Western Blotting quantification of 
different proteins involved in mitochondria fusion and fission. The plots indicate the mean and standard 
error is represented (n (mice number) = 4–7). A: Western Blot images B, C, D: plots of Mfn1, Mfn2, p-DRP1 
respectively.
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Moreover, this cellular adaptation mechanism prevents cells from undergoing apoptosis, as evidenced by 
the absence of changes in Bcl-xL and cleaved caspase-3 levels in mesangial and tubular cells, respectively. It 
is apparent that ER stress can lead to two outcomes: either attempting to resolve the issue or triggering cell 
death. In this scenario, the cell responds downregulating protein synthesis via mTORC1, thereby averting cell 
death38. However, chronic ER stress may paradoxically elevate mTOR activity, as will be further elucidated in the 
subsequent in vivo model analysis.

On the other hand, podocytes exhibit an increase in ER stress at 8  h, accompanied by elevated levels of 
cleaved caspase-3, rendering them more susceptible to acute damage. However, by 24 h, they seem to recover 
and manage this damage effectively, indicated by a decrease in Bip and cleaved caspase-3 levels. Thus, it is evident 
that mesangial and tubular cells display higher ER stress compared to podocytes. However, mitochondrial 
dynamics appear to be more significantly affected in podocytes than in mesangial and tubular cells, as will be 
discussed further.

In the in vivo model, we did not find any difference in all 4 M mice, neither between genotypes nor between 
diets. It is described that mTORC1 activation is associated with aging39. Then, if we compare the groups only 
by their ages, we found an increase in the activation of this pathway in 8 M compared with 4 M mice in both 
genotypes. When we compare 8 M mice only considering their diet, we found that mice fed with HFD had 
high levels of p-p70 in both Wt and Tg. It is well stablished that HFD induce an activation of mTORC1, as 
well as insulin resistance40. In addition, an increase in the phosphorylation status of p70 was also observed in 
Tg 8  M HFD mice, which is the only group showing amyloid aggregates, suggesting a relationship between 
this signalling pathway and the presence of hIAPP aggregates. In Alzheimer´s disease, it has been stablished 
a concomitant increase in the activation of mTOR and Aβ deposition. Regarding this, previous studies have 
shown that mTOR signalling was abnormally upregulated after direct injection of Aβ oligomers into mouse 
hippocampus. Besides, it has been described that mTOR hyperactivation can enhanced both Aβ generation and 
deposition41. Although Tg 8 M mice present a slight increase in the levels of Bip chaperone, an indicator of ER-
stress, compared to Wt. The increase in Bip may initially be due to activation of the unfolded protein response 
(UPR), which induces chaperone synthesis to deal with the accumulation of proteins. However, prolonged ER-
stress can promote apoptosis through an inhibition of Bip expression42. This could be operating in the TghIAPP 
8 M mice, which could justify the reduction in Bip levels, compared to 4 M Tg mice.

Mitochondrial status is necessary for insulin secretion, under sustained conditions of hyperglycemia 
mitochondria increase the production of reactive oxygen species (ROS), which contribute and exacerbates the 
microvascular complications of T2DM such as nephropathy. This is why the homeostasis of this organelle is 
fundamental for maintaining a correct cellular state. Mitochondria undergo fusion and fission processes to adapt 
to the energetic state and protect themselves against damage, either by exchanging components when fusing or 
by secreting damaged mitochondria when fission43.

In vitro studies revealed no significant alterations in mitochondrial dynamics; however, there was a tendency 
for Mfn1 levels to decrease across all types of kidney cells, suggesting a potential initiation of the fission process. 
This decrease in Mfn1 and Mfn2 is only significant for podocytes, demonstrating greater impairment of 
mitochondrial dynamics in podocytes compared to mesangial and tubular cells.

We demonstrate how TghIAPP mice have altered mitochondrial dynamics at both 4 M and 8 M mice. Firstly, 
no significant differences were found between neither mouse fed with HFD diet versus STD. However, it was 
observed that Tg 4 M mice showed a fused mitochondrial state, represented by a reduction in the phosphorylation 
state of DRP1 levels and a concomitant increase in MFN1 protein level. This result could indicate a compensatory 
mechanism of mitochondria, in which they protect themselves from damage by combining components of their 
mitochondrial matrix. In fact, it has been previously described that, in the early stages of DN, mitochondria 
tend to a fused state44. In contrast, Tg 8 M mice exhibited a more fissioned mitochondrial state compared to 
their respective controls, with no difference between diets. Besides, we did not find any difference between 4 M 

Fig. 8. Scheme of the main results. This work shows for the first time the pathological role of hIAPP, which 
has been found to be deposited in the kidneys of ND patients. TghIAPP 8 M mice treated with HFD exhibit 
hIAPP aggregates and an increased in mTORC1 signaling pathway, inflammation, and altered mitochondrial 
dynamics.
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and 8 M Wt mice. Therefore, age may not be playing a role in the mitochondrial dynamics switch observed 
between 4 M and 8 M mice. This change in mitochondrial dynamics could be due to the fact that in the TghIAPP 
8 M mice have a higher damage. In this case mitochondria tend to a fissioned state to subsequently be either 
eliminated by mitophagy or to promote apoptosis if the cellular state requires it, as it has been suggested before45. 
Studies on DN in both patients and rodents have shown that a fissioned mitochondrial state is associated with 
markers of renal damage46. In addition, silencing genes essential for fission, such as DRP1, has been reported to 
protect against the development of DN in rodents47.

In summary, we report that renal cells (podocytes, mesangial and tubular cells), can take up hIAPP coming 
from β-cells and have aggregates of this protein inside them. On the other hand, we have shown for the first time 
hIAPP aggregates in the kidney of TghIAPP mice. In addition,

 these TghIAPP mice have shown more levels of MCP-1, caspase 1 and glomerulosclerosis index and 
disruption in some proteins involved in mTORC1 pathway, mitochondria dynamics and ER-stress. Although 
our experimental model using both in vitro as well as in vivo approaches indicates that overexpressing human 
amylin is deleterious for kidney cells, it is necessary to corroborate these data using type 2 diabetic patients. In 
Fig. 8, it is resumed the main findings obtained in the present manuscript both in vitro as well as in vivo.

Data availability
The datasets analysed during the current study are available from the corresponding author on reasonable re-
quest.
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