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Abstract 

Background  Diabetes mellitus (DM), either preexisting or developing after transplantation, remains a crucial clinical 
problem in kidney transplantation. To obtain insights into the molecular mechanisms underlying PTDM development 
and early glomerular damage before the development of histologically visible diabetic kidney disease, we compara‑
tively analysed the proteome of histologically normal glomeruli from patients with PTDM and normoglycaemic (NG) 
transplant recipients. Moreover, to assess specificities inherent in PTDM, we also comparatively evaluated glomerular 
proteomes from transplant recipients with preexisting type 2 DM (T2DM).

Methods  Protocol biopsies were obtained from adult NG, PTDM and T2DM patients one year after kidney transplan‑
tation. Biopsies were formalin-fixed and embedded in paraffin, and glomerular cross-sections were microdissected. 
A total of 4 NG, 7 PTDM and 6 T2DM kidney biopsies were used for the analysis. The proteome was determined 
by liquid chromatography-tandem mass spectrometry. Relative differences in protein abundance and significantly 
dysregulated pathways were analysed.

Results  Proteins involved in cell adhesion, immune response, leukocyte transendothelial filtration, and cell localiza‑
tion and organization were less abundant in glomeruli from PTDM patients than in those from NG patients, and pro‑
teins associated with supramolecular fibre organization and protein-containing complex binding were more abun‑
dant in PTDM patients. Overall, proteins related to adherens and tight junctions and those related to the immune 
system, including leukocyte transendothelial migration, were more abundant in NG patients than in transplanted 
patients with DM, irrespective of the timing of its development. However, proteins included in cell‒cell junc‑
tions and adhesion, insulin resistance, and vesicle-mediated transport were all less abundant in PTDM patients 
than in T2DM patients.

Conclusions  The glomerular proteome profile differentiates PTDM from NG and T2DM, suggesting specific pathoge‑
netic mechanisms. Further studies are warranted to validate these results, potentially leading to an improved under‑
standing of PTDM kidney transplant pathophysiology and to the identification of novel biomarkers.
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Background
Diabetes mellitus (DM) is a major cause of end-stage 
renal disease (ESRD) [1]. Treatment options for patients 
with ESRD include dialysis and transplantation, the lat-
ter being superior in terms of patient survival, quality 
of life, and economic impact [2].

Chronic kidney disease (CKD) affects 20–40% of 
patients with DM [3]. Although its pathophysiology is 
not fully understood, diabetic kidney disease (DKD) is 
thought to originate from a glucose-driven increase in 
glomerular filtration and tubular reabsorption leading 
to an overload of nephron components and their sub-
sequent injury. Posttransplantation diabetes mellitus 
(PTDM) is a common complication in renal transplant 
recipients that promotes the subsequent development 
of other diseases, such as cardiovascular disorders and 
CKD. Risk factors for PTDM include the use of immu-
nosuppressive drugs, posttransplant viral infections 
and genetic predispositions of the kidney recipient [4], 
in addition to the commonly known risk factors for 
type 2 diabetes (T2DM) [5]. Approximately 60% of non-
diabetic patients present hyperglycaemia in the imme-
diate posttransplant phase [6], and 16% to 37% will 
develop PTDM [7, 8].

Typical histopathological findings in DKD include 
thickening of the glomerular basement membrane, 
mesangial matrix expansion, nodular glomerulosclero-
sis, and arteriolar hyalinosis [9]. DM developing after 
transplantation displays similar features but is also 
frequently associated with allograft rejection-induced 
tubulointerstitial and vascular alterations, as well as 
histological features related to viral infection or immu-
nosuppressive drug-related toxicity [10].

DKD is similarly detectable in patients with recur-
rent T2DM and PTDM, with an incidence of 25% and 
30%, respectively, within 6 years following transplanta-
tion [11]. However, the emergence of specific additional 
diabetic complications, occurring after ~ 1.8  years, is 
accelerated in PTDM patients compared to nontrans-
planted T2DM patients [12].

These differences suggest that at least partially dis-
similar mechanisms might be involved in the patho-
physiology of recurrent kidney injury in T2DM patients 
following transplantation and in PTDM patients. 
Indeed, PTDM and its complications are increasingly 
recognized as a unique form of diabetes, and evidence-
based treatment regimens currently used in patients 
with T2DM are not directly transferable to patients 
with PTDM [13, 14].

To date, proteomic studies have mainly been per-
formed on blood and/or urine samples [15]. However, 
tissue biopsies, while more difficult to obtain, might 
provide valuable data that improves the understanding 

of specific tissue characteristics in normal and patho-
logical states [16].

In this pilot study, we isolated glomeruli from forma-
lin-fixed paraffin-embedded (FFPE) kidney biopsies by 
laser caption microdissection (LCM) and performed 
proteomic analysis. By comparing the proteomes of 
histologically normal glomeruli from normoglycaemic 
(NG), T2DM, and PTDM patients one year after kidney 
transplantation, we sought to gain new insights into 
the molecular mechanisms underlying PTDM develop-
ment and early glomerular damage prior to the devel-
opment of histologically visible diabetic kidney disease. 
Similarities and differences detectable in NG, PTDM 
and T2DM glomerular protein profiles could also be 
addressed by data integration, network analysis and 
immunohistochemistry.

To the best of our knowledge, this is the first time that 
proteomics from microdissected glomeruli has been 
investigated in renal allografts of patients with DM.

Methods
Study design and patients
Adult renal transplant recipients underwent an in-
depth investigation, including protocol biopsies, an 
oral glucose tolerance test (OGTT), and a HbA1C test, 
8–10  weeks and one year after transplantation at Rik-
shopitalet, Oslo University Hospital, Oslo, Norway. 
Kidney biopsy samples were collected between 2014 
and 2017. Data were stored in a local registry, and 
biopsies were stored in a diagnostic biobank. Patients 
signed a written informed consent form. The study 
was approved by the regional ethics committee of the 
South-Eastern Norway Regional Health Authority 
(REK sør-øst: 2016/912).

Adult patients with a valid glucose metabolism status 
and a protocol biopsy at 1  year after transplantation, 
stable renal function with < 20% deviation in serum 
creatinine within the last two months, and immuno-
suppressive therapy stable for more than three months 
before protocol biopsy at 1-year examination were 
selected. Immunosuppressive treatment was similar 
in all groups (Table  1). Insulin and other antidiabetics 
were administered to patients with PTDM and T2DM.

Exclusion criteria included an estimated glomerular 
filtration rate (eGFR) < 30 mL/min/1.73 m2 and any clini-
cal and/or histological manifestations of graft rejection. 
Ultrasound-guided renal biopsies were obtained using 
an 18G needle. Tissues were formalin-fixed and paraffin-
embedded (FFPE) for conservation and further analyses.

Three different groups of patients were analysed: 1) 
patients with PTDM (n = 8), 2) patients with T2DM 
(n = 8), and 3) patients with NG (n = 8). To exclude 
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confounding pathologies, glomeruli that fulfilled one or 
more of the following criteria were excluded from fur-
ther analyses: global sclerosis, ischaemia, and periglo-
merular inflammation. In the case of segmental sclerosis, 
only sections that appeared to be healthy were microdis-
sected. Interstitial fibrosis and tubular atrophy in allo-
graft biopsies were classified using the Banff classification 
[17]. All samples showed less than 25% interstitial fibrosis 
and/or tubular atrophy. The total number of glomeruli 
per sample and the percentages of sclerotic glomeruli and 
glomeruli with glomerulonephritis, interstitial fibrosis 
and tubular atrophy are described in Table S1.

Sample preparation and laser capture microdissection
Ten-micrometre-thick FFPE sections were deparaffi-
nized, rehydrated, stained, and scanned with ScanScope 
XT Aperio. Selected FFPE sections were mounted on 
preirradiated polyethylene naphthalate slides (Mem-
braneSlide 1.0 PEN, Carl Zeiss MicroImaging GmbH), 
and a total area of approximately 2 million μm2 dissected 
glomeruli for each sample tissue was isolated using a 
PALM Microbeam System (P.A.L. M, Bernried, Ger-
many) and pressure catapulted into a tube cap (Adhe-
siveCap 500 clear, Zeiss). Microdissected FFPE glomeruli 
were stored at − 20 °C until peptide extraction. Then, they 
were resuspended in 10 μl of lysis buffer (0.1 M Tris pH 8, 
0.1 M dithiothreitol [DTT], 4% sodium dodecyl sulfate). 
A filter-aided sample preparation (FASP) protocol based 
on trypsin digestion was used to extract the proteins [18]. 
Digested peptides were eluted and desalted using Oasis 
HLB µElution plates (Waters, Milford, MA), dried by a 
vacuum centrifuge, and rehydrated in 2% acetonitrile 
(ACN) and 0.1% formic acid (FA). NanoLC-ESI-LTQ 
Orbitrap Elite was used for tandem mass spectrometry.

Immunohistochemistry
Antibodies against the adhesion-related proteins MLLT4 
(RRID:AB_10599291) and CTNND1 (RRID:AB_1846068) 
and the enzyme LHPP (RRID:AB_1079250) from Atlas 
Antibodies (Sigma‒Aldrich) were selected for immu-
nohistochemical verification. These antibodies have 
been validated as described in the Human Protein Atlas 

(https://​www.​prote​inatl​as.​org/). Immunohistochemistry 
was performed in accordance with the manufacturers’ 
instructions (Table S2). All immunoreactions were visu-
alized using 3,3’-diaminobenzidine (DAB, Dako), coun-
terstained with haematoxylin (Dako), dehydrated, and 
placed under a cover-slip using a nonaqueous mounting 
medium.

Stained slides were scanned in a ScanScope™ system 
(Aperio, Vista, California, USA) at the Department of 
Pathology at Haukeland University Hospital in Bergen, 
Norway. The generated digital slides were viewed in an 
Imagescope 12 (Leica Biosystems, Nussloch, Germany). 
Glomeruli were annotated in each slide, and quantifi-
cation of IHC staining was carried out using the col-
our deconvolution algorithm version 9.1 (Aperio) after 
adjusting for the default parameters for each staining. 
Visualization data was obtained by dividing the number 
of strong positives by the total number of pixels. Data 
are presented as box plot graphs, and the Mann‒Whit-
ney test was used to assess statistical significance. A 
p value ≤ 0.05 was considered statistically significant. 
Graphs and statistics were generated using SPSS Statis-
tics 27 (IBM).

Statistics and computational analysis
Raw mass spectrometer files were analysed using Max-
Quant v 1.6.1.0 [19]. MS/MS spectra were searched in 
the Andromeda search engine against the forwards and 
reverse Human UniProt database (Swissprot reviewed 
canonical and isoforms 23.04.18). Label-free quantifica-
tion was used to identify the relative amount of proteins 
in each sample. Proteome analysis was performed using 
Perseus (v. 1.5.5.3, RRID:SCR_015753). Briefly, data were 
filtered and transformed (log2 (x)). Rows with < 70% 
valid values in at least one group were excluded. Impu-
tation of missing data was performed by random num-
bers drawn from a normal distribution with a width of 
0.3 and downshift of 1.8 applied to each expression col-
umn separately, and data were normalized using Z score. 
Data are available via ProteomeXchange with identifier  
PXD042188 [20].

SPSS (IBM SPSS Statistics v.25; RRID:SCR_019096) was 
used for general statistics. Proteins were compared to the 
complete human proteome to determine overrepresented 
Gene Ontology (GO) categories. The enrichment analy-
sis was performed using STRING-db (v. 11.5) [21, 22]. 
GO, the ShinyGO v. 0.76 (http://​bioin​forma​tics.​sdsta​te.​
edu/​go/), [23, 24] and Kyoto Encyclopedia of Genes and 
Genomes (KEGG) [25] enrichment analyses were used for 
pathway analysis.

The t test was used for data comparisons, and p val-
ues ≤ 0.05 were considered statistically significant.

Table 1  Summary of patients´ treatment

PTDM T2DM NG

Corticosteroids 7/7 (100%) 6/6 (100%) 4/4 (100%)

Mycophenolate 7/7 (100%) 6/6 (100%) 4/4 (100%)

Tacrolimus 7/7 (100%) 6/6 (100%) 4/4 (100%)

Insulin 0/8 (0%) 6/6 (100%) 0/4 (0%)

Other antidiabetics 3/7 (43%) 1/6 (16,6%) 0/4 (0%)

Antihypertensive drugs 6/7 (86%) 6/6 (100%) 4/4 (100%)

https://www.proteinatlas.org/
http://bioinformatics.sdstate.edu/go/)
http://bioinformatics.sdstate.edu/go/)
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Results
Sample selection and analysis
Proteomic analysis was performed on glomeruli iso-
lated from FFPE kidney biopsies sampled one year 
after kidney transplantation. Three groups of adult 
patients were studied: NG patients (n = 8), patients 
with PTDM (n = 8), and patients with pretransplanta-
tion T2DM (n = 8). Following proteomic analysis, two 
samples from the T2DM group, one from the PTDM 
group and four from the NG group were excluded 
because the number of proteins identified was sub-
stantially lower (< 300) than that from the other sam-
ples, or due to paucity of biopsy material and/or not 
normally distributed intensity relative to the base peak. 
Therefore, the final number of samples included in the 
analysis was n = 4 for NG, n = 6 for T2DM and n = 7 
for PTDM. The clinical characteristics of the three 
groups of patients included in the final analyses are 
summarized in Table 2. Patients did not present graft 
dysfunction or micro- or macrovascular complications 
at the time of the biopsy. While T2DM patients were 
diagnosed with DM between 2 and 31 years before the 
surgery (average: 16.8  years), in the PTDM subgroup, 
DM was diagnosed within the first 8 weeks after trans-
plantation in 4 patients and between 8 weeks and one 
year in 3. For NG patients, follow-up 4–5  years after 
biopsy indicated that none of them had developed DM. 
PTDM and NG patients did not present proteinuria 
at the time of biopsy, whereas this was present in 2 
T2DM patients.

Glomerular proteomic profiling and identification 
of differentially abundant proteins
A total of 1329 proteins were detected in the glomerular 
tissue samples. Of these proteins, 1237 could be identi-
fied by at least one unique peptide sequence and were 
used for further analyses. A full list of the identified pro-
teins is provided in Supplementary Table 3.

The molecular mass of the detected proteins ranged 
between 5 and 670  kDa. Initial exploratory assessment 
of the dataset was performed using a two-dimensional 
principal component analysis (PCA) based on ANOVA 
significantly differentially regulated proteins (n = 90). 
A clear separation between the three groups under 
investigation was evident when the samples were plot-
ted on these two axes, with PTDM samples located 
slightly closer to the NG group than the T2DM samples 
(Fig.  1A). These data suggest that variations in the glo-
merular proteomes may allow discrimination among 
these three different groups.

An initial proteome analysis showed that 144, 126 
and 60 glomerular proteins were differentially abun-
dant in NG compared to PTDM, in NG compared to 
T2DM, and in PTDM compared to T2DM, respectively. 
The numbers of shared differentially abundant proteins 
are summarized in Fig.  1B and Table S4. Volcano plots 
comparatively depicting the differential abundance of 
specific proteins in defined glomerular specimens are 
presented in Fig. 1C. A full list of proteins significantly 
differentially abundant in each group is provided in 
Table S3.

Table 2  Clinical characteristics of the final cohort

Abbreviations: BMI Body mass index, pre-tx Pre-treatment, HbA1C Glycated hemoglobin, post-tx Post-treatment, DD Dead donor, LD Living donor

PTDM (n = 7) T2DM (n = 6) NG (n = 4) p-value
PTDM vs T2DM

p-value
PTDM vs NG

p-value
T2DM vs NG

Sex, Male/Female 4/3 5/1 2/2

Age (years), mean (± SD) 60,9 (12.3) 64.3 (12.2) 53 (5.2) 0.620 0.176 0.083

Range 46–76 52–81 48–58

  BMI (kg/m2), mean (± SD) 27.2 (1.6) 30.0 (1.5) 26.2 (2.2) 0.007 0.413 0.010

  Weight gain post-tx (Kg), mean (± SD) -2.7 (5.7) 2.2 (4.6) 0.25 (0.5)

  Fasting glucose-pre-tx (mmol/L), mean (± SD) 5.3 (0.7) 11.1 (5.7) 5.6 (0.3) 0.051 0.277 0.065

Range 4.8–6.3 4.9–20.7 5.4–5.9

  HbA1C test, %, mean (± SD) pre-tx 5.2 (0.4) 6.5 (0.7) 5.3 (0.2) 0.001 0.866 0.006

Range 4.5–5.7 5.8–7.5 5.0–5.5

  HbA1C test, %, mean (± SD) post-tx 6.7 (0.8) 7.4 (0.8) 5.2 (0.2) 0.123 0.008  < 0.001

Range 5.6–8.0 6.5–8.6 5.0–5.5

  eGFR (mL/min/1.73 m2), mean (± SD) post-tx 53 (11) 39 (8) 65 (11) 0.026 0.121 0.003

  Hypertension post-tx % 71 100 75

  Donor (DD/LD) 3/4 5/1 3/1

  Donor age (years), mean (± SD) 47.8 (15.8) 64.2 (15.4) 57.0 (14) 0.076 0.346 0.477
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Fig. 1  NG, PTDM, and T2DM protein profile analysis. A Protein Principal component analysis (PCA) based on protein data from PTDM (blue dots), 
T2DM (red dots), and NG (green dots). Group NG is separated along with principal component 1 (PC1) from both PTDM and T2DM, whereas PTDM 
and T2DM are separated along with component 2 (PC2). B Venn diagram depicting the overlap of proteins differentially expressed in the three 
statistical comparisons obtained using http://​bioin​fogp.​cnb.​csic.​es/​tools/​venny. C Proteins up or down represented in each comparison 
with a selection of protein names represented (D) Hierarchical clustering of proteins differentially expressed in glomeruli from patients with PTDM, 
T2DM and NG (average linkage, Pearsons correlation, Z-score)

http://bioinfogp.cnb.csic.es/tools/venny
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Hierarchical clustering of proteins differentially abun-
dant in the PTDM, T2DM and NG groups was per-
formed to identify specific expression patterns. Notably, 
T2DM, NG and, to a somewhat lower extent, PTDM 
samples clustered with a clear differentiation pattern 
(Fig. 1D).

Differentially abundant proteins in NG and PTDM 
glomeruli
The characteristic feature of patients in the PTDM group 
was that they had developed DM following transplanta-
tion, whereas patients in the NG group had not, which 
may indicate renal transplant-specific effects, including 
immunosuppressive treatment. To obtain insights into 
involved pathways and potential early disease markers, 
we performed category enrichment analysis of proteins 
differentially abundant in NG and PTDM glomeruli.

A large majority of differentially abundant proteins 
(123 of 144) were less abundant in PTDM glomeruli than 
in NG glomeruli (PPI enrichment p value < 1.0e-16). In 

particular, proteins related to adhesion, including the 
nephrin-family proteins SPATN1, SPTBN1, MAGI2, 
IQGAP1 and KIRREL, the immune system, leukocyte 
transendothelial filtration, and cell localization and 
organization were downregulated in glomeruli from 
PTDM patients compared to NG patients (Fig. 2A, B, C).

The 21 less abundant proteins in NG compared 
to PTDM glomeruli also had significant PPI enrich-
ment (p = 0.000765) and were mainly associated with 
supramolecular fibre organization (enrichment FDR: 
6.3 × 10–5; fold enrichment: 10.6) and protein-contain-
ing complex binding (enrichment FDR: 1.6 × 10–6; fold 
enrichment: 8.3). In addition, tacrolimus binding protein 
FKBP1A was significantly overrepresented in glomeruli 
from PTDM patients compared to NG patients. The 
results for NG compared to T2DM were largely similar 
to those for NG compared to PTDM (Table S3) glomer-
uli. However, the expression levels of tacrolimus binding 
protein FKBP1A in NG and T2DM glomeruli were simi-
lar (p = 0.72).

Fig. 2  Gene ontology (GO) and KEGG pathway enrichment analysis of proteins underrepresented in PTDM vs. NG. A GO Biological Process; B 
Cellular component; C KEGG. The 20 most enriched pathways are represented. (http://​bioin​forma​tics.​sdsta​te.​edu/​go/)

http://bioinformatics.sdstate.edu/go/
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Nondiabetic and diabetic glomerular proteomes in kidney 
transplant patients: gene ontology and protein interaction 
analysis
Data generated in our study allowed proteomic profiling 
of glomeruli from transplanted patients with DM, irre-
spective of its preexistence or “de novo” posttransplant 
development. Therefore, we sought to identify proteins 
differentially abundant between NG glomeruli and the 
combination of PTDM and T2DM glomeruli. A category 
enrichment analysis was performed and revealed that, 

overall, these proteins were biologically connected as a 
group (PPI enrichment p = 7.9 × 10–7).

In particular, a number of proteins were overrepre-
sented in glomeruli from NG patients compared to all 
DM patients (PPI enrichment p = 1.27 × 10–5). Nota-
bly, proteins included in biological processes related 
to cell‒cell communication, such as adherens junc-
tions (Fig.  3) and tight junctions, and the immune 
system, such as leukocyte transendothelial migra-
tion, were more abundant in NG samples than in all 

Fig. 3  Map of the KEGG pathways “Adherens junction”. Violet: proteins underrepresented in PTDM compared to both, NG and T2DM; Blue: proteins 
underrepresented in PTDM compared T2DM; Red: proteins underrepresented in PTDM compared to NG; Orange: proteins highly represented in NG 
compared to both, PTDM and T2DM; Green: proteins detected by MS in our dataset but not significantly differentially abundant in any comparison.  
Modified from Kyoto Encyclopedia of Genes and Genomes (KEGG)
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DM samples, irrespective of their PTDM and T2DM 
nature (Fig.  4). In contrast, in the group of proteins 
less abundant in NG, no significant PPI enrichment 
was observed, likely due to the low number of pro-
teins included (n = 13).

Taken together, these results reveal alterations in 
transport regulation, cell organization and commu-
nications, and in the immune system, as detected in 
glomeruli from all transplanted patients with DM, 
irrespective of the timing of its development.

The proteomes of the two diabetic groups: gene ontology 
and protein interaction analysis
PTDM is characterized by “de novo” development fol-
lowing transplantation. Although our data consistently 
documented commonalities between PTDM and T2DM 
glomerular proteomic profiles, we addressed the identifi-
cation of the few differentially expressed proteins, poten-
tially suggesting specificities of PTDM development.

Indeed, proteins involved in insulin secretion, such as 
VAMP2, GNAQ and ATP1B1, and cell‒cell junctions and 
adhesion, including RAB10, ESAM, ponsin (SORBS1), 
afadin (MLLT4), and catenin beta (CTNNB1), appeared 
to be downregulated in PTDM compared to T2DM. Von 
Willebrand factor (VWF), whose circulating levels were 
previously reported to be increased in patients with CKD 
and ESRD compared with healthy control individuals, 
was also overrepresented in T2DM glomeruli [26, 27]. 
Furthermore, VAMP2, which belongs to the SNAP recep-
tor protein family (SNARE) and has been associated with 
insulin resistance in T2DM, was underrepresented in 
PTDM [28, 29]. Interestingly, the expression level of the 
tacrolimus binding protein FKBP1A was also slightly, 
although not significantly, lower in PTDM (p = 0.06).

In contrast, proteins overabundant in glomeruli from 
PTDM patients compared to those from T2DM patients 
included CCT4, which is a component of the T-complex 
protein ring that has been proposed as a biomarker of 

Fig. 4  Network representation using KEGG terms of differentially abundant proteins overrepresented in NG compared to PTDM and T2DM. The 20 
most enriched pathways are represented. (http://​bioin​forma​tics.​sdsta​te.​edu/​go/)

http://bioinformatics.sdstate.edu/go/
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glomerular hyperfiltration [30, 31], and CNDP2, which is 
possibly also associated with diabetic kidney disease [32] 
(Fig. 5A).

In the total analysis of differentially abundant proteins, 
we found a protein‒protein interaction (PPI) enrich-
ment p = 0.0118. Thus, the PPI network contained more 
interactions than expected in a set of similar size, and the 

proteins detected could be considered at least partially 
biologically connected as a group.

GO analysis, focusing on significantly enriched catego-
ries with an FDR < 0.05, indicated that proteins related 
to exocytosis and vesicle lumen and adherens junctions 
were overrepresented in T2DM (FDR ≤ 10–4, data not 
shown) (Fig. 5B, C and D).

Fig. 5  PTDM and T2DM protein interaction and pathway enrichment analyses. A Protein–protein Interaction network using proteins 
with significantly different abundance in PTDM and T2DM. The network nodes represent specific proteins. Blue halo refers to protein abundance 
lower in PTDM vs. T2DM; red halo refers to higher abundance in PTDM vs. T2DM. Edges represent protein–protein associations. (http://​www.​
string-​db.​org). B GO Biological Process pathway enrichment analysis of proteins underrepresented in PTDM vs. T2DM. C Cellular component 
pathway enrichment analysis of proteins underrepresented in PTDM vs. T2DM. D KEGG pathway enrichment analysis of proteins underrepresented 
in PTDM vs. T2DM. The 20 most enriched pathways are represented (http://​bioin​forma​tics.​sdsta​te.​edu/​go/)

http://www.string-db.org
http://www.string-db.org
http://bioinformatics.sdstate.edu/go/
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Taken together, these results show that proteomic 
alterations of cell‒cell and cell-extracellular matrix struc-
tures in PTDM occur early but remain undetectable at 
the histological level since the glomeruli selected for 
microdissection looked normal under the microscope.

Immunohistochemical analysis for the validation 
of differentially abundant proteins
To validate the altered pattern of protein abundance 
observed by proteomic evaluation, MLLT4, CTNND1, 
and LPHH proteins were selected for immunohistochem-
ical (IHC) analysis based on their high degree of dys-
regulation between the groups under investigation and 
the availability of Prestige Antibodies (Sigma‒Aldrich), 
as described in the Human Protein Atlas (https://​www.​
prote​inatl​as.​org/). MLLT4 and CTNND1 are adherens 
junction-related proteins that are also linked to leu-
kocyte transendothelial migration (TEM) and adhe-
sion. In the proteomics data, MLLT4 levels were lower 
in the PTDM group than in both the T2DM and NG 
groups, and CTNND1 levels were significantly lower in 
the group PTDM than in the NG group. Additionally, a 
similar trend was observed between the T2DM and NG 
groups, and this trend was consistent with the disrup-
tion in adherens junctions in PTDM and T2DM that was 
more apparent in PTDM. LHPP, a histidine phosphatase 
that has been proposed as a proliferation marker [33, 34], 
was expressed to lower extents in the PTDM and T2DM 
groups compared to the NG group.

The immunohistochemistry results showed changes 
consistent with the quantitative proteomics results, as 
depicted in Figs.  6A and B. Pixel analysis showed that 
the expression levels of MLLT4 and CTNND1 were sig-
nificantly higher in NG samples than in PTDM samples, 
and MLTT4, CTNND1 and LHPP expression levels were 
lower in T2DM samples than in NG samples. Moreover, 
the expression levels of MLLT4 were significantly lower 
in PTDM samples than in T2DM samples.

Discussion
PTDM is a frequent condition following kidney trans-
plantation and has an adverse impact on clinical out-
come and patient survival. Although previous literature 
indicates that PTDM is a variant of T2DM that might 
need different therapeutic interventions [35, 36], little is 
known about the molecular mechanisms underlying this 
disease. To gain new insights into DM development and 
early glomerular damage in PTDM compared to T2DM 
following transplantation, we combined proteomics on 
glomeruli from kidney transplant biopsies with data inte-
gration and network analysis. In this study, we focused 
on glomeruli, as podocyte dysfunction and glomerular 
enlargement have been described as key characteristics 

of DKD [37, 38]. Growing evidence implicates inflam-
matory cells modulating local immune responses in the 
pathogenesis of diabetic kidney disease [39]. Indeed, 
increased levels of pro-inflammatory cytokines and 
chemokines and an activation state of lymphocytes and 
myeloid cell populations have been described in T2DM 
[39, 40]. Furthermore, persistent complement protein 
activation has not only been associated with insulin 
resistance and complications in DM [41, 42] but also with 
diabetic nephropathy [43]. Thus, it has been proposed as 
a therapeutic target in diabetic kidney disease [44]. These 
features were also found to be associated with increased 
apoptosis of adipocytes and islet cells and tissue fibrosis. 
Moreover, the link between obesity and inflammation is 
also well established [45].

Nevertheless, surprisingly, our data indicate that pro-
teins associated with immune responses are underrep-
resented in glomeruli from transplanted patients with 
PTDM or T2DM compared to NG patients, even if 
immunosuppressive treatment was similar. However, the 
expression of complement proteins C3, C1QS, C1S, C4, 
and C8B was not significantly different between groups. 
However, C5 appeared to be lower in PTDM than in 
T2DM, and C6 was higher in T2DM than in NG. 

Active cell‒cell communication, achieved through 
direct contact or via secreted factors, is required to main-
tain homeostasis in all multicellular organisms. Inter-
estingly, proteins driving cell‒cell communication were 
underrepresented in both the PTDM and T2DM groups 
compared to the NG group.

These underrepresented proteins included the nephrin 
family interaction-related proteins SPTAN1, SPTBN1, 
IQGAP1, KIRREL, and MAGI2 and the transmembrane 
4 superfamily member CD151. CD151 is essential for 
the proper assembly of glomerular and tubular base-
ment membranes in the kidney [46]. Moreover, nephrin 
family interaction-related proteins are closely associated 
with podocytes and kidney filtration, as they all function 
as scaffolds connecting junctional membrane proteins to 
the cytoskeleton in the nephrin–slit diaphragm protein 
complex, which is essential for glomerular ultrafiltration. 
However, in nephrotic syndrome, podocyte architecture 
is lost, with foot process effacement and loss of slit dia-
phragms, leading to proteinuria [47, 48]. Our finding of 
the downregulation of the nephrin family interaction-
related proteins are in accordance with the alterations 
observed in podocytes and glomeruli during DKD devel-
opment [38]. Intriguingly, in a study on microdissected 
glomeruli from kidney autopsies of diabetes patients with 
nephropathy (DN) and patients without diabetes or renal 
disease (ND), nephronectin, a protein also related to 
cell‒cell adhesion, was found to be overexpressed in DN. 
Although we did not find any difference in nephronectin, 

https://www.proteinatlas.org/
https://www.proteinatlas.org/
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probably due to the remodelling of the extracellular 
matrix occurring in transplantation [49], we found that 
other proteins, such as clusterin, laminin gamma and 
collagen, Type VI, alpha, were significantly modified in 
DN. These findings were similar to our current findings 

[50]. Clusterin was especially interesting, as it has been 
proposed as a biomarker of nephrotoxicity [51]. Moreo-
ver, in our study, it was also significantly overexpressed in 
PTDM and T2DM compared to NG.

Fig. 6  Immunohistochemical analysis of proteins of differential abundance as detected by proteomic profiling. A Representative IHC detection 
of MLLT4, CTNDD1 and LHPP in NG, T2DM and PTDM glomeruli (B) Boxplot representing pixel analysis-based protein quantification for MLLT4, 
CTNND1 and LHPP in NG, T2DM and PTDM. FFPE from six different biopsies from each group were stained with each specific antibody. Statistical 
analysis was performed using the Mann–Whitney test. *p-value ≤ 0.05; **p-value ≤ 0.005
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Vesicle-mediated transport of proteins, lipids, nucleic 
acids and other molecules delivers information within 
and between cells. Abnormal extracellular vesicles can 
contribute to the occurrence of and complications asso-
ciated with diabetes by inducing insulin resistance [52]. 
Accordingly, extracellular vesicles from the urine and 
circulation have gained significant interest as potential 
diagnostic biomarkers in renal diseases [53] and DM 
[54]. The STX4 protein facilitates the fusion of glucose 
transporter 4 (GLUT4) vesicles with the plasma mem-
brane, thereby eliminating glucose from the circulation 
[55, 56]. In our study, STX4 was expressed to lower 
extents in T2DM and PTDM than in NG. Thus, differ-
ences in extracellular vesicle-related protein profiles 
could provide therapeutic targets for the treatment and 
prevention of kidney disease in posttransplant patients.

Interestingly, while cell‒cell communication, includ-
ing leukocyte transendothelial migration, appeared to 
be disrupted in glomeruli from both PTDM and T2DM 
patients compared to NG patients, these alterations 
were particularly noticeable in PTDM patients. Indeed, 
the adherens junction-related proteins CTNNB1, 
MLLT4 and SORBS1 were less abundant in PTDM than 
in T2DM, although cadherin and nectin were undetect-
able. The latter is probably because our water-based 
protein extraction method fails to isolate lipophilic 
membrane proteins [57, 58]. Leukocyte transendothe-
lial migration is a multistep process that begins with 
adhesion. This is followed by firm adhesion and ends 
with either transcellular or paracellular passage of the 
leukocyte across the endothelial monolayer [59]. Dif-
ferent types of activated leukocytes play crucial roles 
in the pathogenesis of kidney diseases. Although there 
is growing evidence for inflammatory cells that modu-
late the local response and thus increase inflammation 
in diabetic kidneys, the precise mechanisms are still 
unclear [40].

The differences in inflammation between PTDM and 
T2DM could be influenced by BMI as well as long-term 
DM. However, although the BMI of PTDM patients 
was not significantly different from that of NG patients, 
proteins related to transendothelial migration were still 
expressed to lower extents in PTDM. Overall, these data 
suggest that despite similar immunosuppressive treat-
ment, proteins associated with leukocyte transendothe-
lial migration are overrepresented in the NG group 
compared to both PTDM and T2DM patients.

However, notably, diabetic kidney disease markers, 
such as CCT4 and CNDP2, were more abundant in glo-
meruli from PTDM patients than in those from T2DM 
patients.

Limitations of our work should be acknowledged.

In particular, while age and kidney donor age did not 
significantly differ in PTDM and T2DM patients, higher 
body mass index and lower eGFR in T2DM patients 
could have played a role in the elicitation of the observed 
differential protein profiles. Additionally, all the patients 
in this study were treated with tacrolimus, a drug asso-
ciated with a higher incidence of diabetes mellitus after 
renal transplantation [60], and corticosteroids, promot-
ing increased blood glucose levels and insulin resistance 
[5]. Moreover, the number of patients in each group is 
relatively low, and confounding factors, such as differ-
ences in medication, cannot be dismissed.

Nevertheless, our results suggest that cell‒cell com-
munication and organization are decreased in PTDM 
compared to T2DM and NG. This finding is consist-
ent with a loss of glomerular structure and a faster 
progression of DKD in these patients despite the 
apparently more favourable clinical factors in PTDM 
compared to T2DM. It is also interesting to note that 
the cell adhesion and metabolism-related molecular 
pathways were also similarly disrupted in both PTDM 
and T2DM compared to NG.

Thus, despite patient heterogeneity and the limited 
statistical power of our study, proteome quantitation 
appears to be able to differentiate the three posttrans-
plantation groups of patients by PCA and hierarchical 
clustering analysis.

These results can be considered a first approach to 
improve our understanding of the pathogenesis of glo-
merular filtration barrier alterations in transplantation 
and DM development. Future studies are warranted 
to address the reproducibility of these results in other 
cohorts.

Conclusions
Proteomics studies in kidney disease have mainly been 
performed using blood and/or urine samples [15] due to 
the difficultly in accessing posttransplant tissue biopsies. 
However, these specimens, while more difficult to obtain, 
might provide valuable data to clarify specific tissue char-
acteristics in normal and pathological states [16]. This 
is the first pilot study to perform proteomics analysis of 
microdissected glomeruli from posttransplant PTDM, 
T2DM, and NG patients.

By revealing differential molecular profiles in glomeruli 
from PTDM, T2DM and NG patients, these results con-
tribute to an improved understanding of the early impact of 
PTDM in the kidney glomerulus prior to the development 
of histologically visible diabetic kidney disease and pave 
the way towards the identification of novel biomarkers dis-
tinguishing PTDM from T2DM with the ultimate goal of 
developing more effective patient-specific treatments.



Page 13 of 15Kipp et al. BMC Nephrology          (2023) 24:254 	

Abbreviations
ACN	� Acetonitrile
BMI	� Body Mass Index
BP	� Biological Process
CC	� Cellular Component
CKD	� Chronic kidney disease
DAB	� 3,3’-Diaminobenzidine
DD	� Dead donor
DM	� Diabetes Mellitus
DKD	� Diabetic Kidney Disease
DTT	� Dithiothreitol
eGFR	� Estimated Glomerular Filtration Rate
ESRD	� End-Stage Renal Disease
FA	� Formic Acid
FASP	� Filter Aided Sample Preparation
FFPE	� Formalin-Fixed Paraffin Embedded
GO	� Gene Ontology
HbA1C	� Glycated haemoglobin
KEGG	� Kyoto Encyclopedia of Genes and Genomes
LCM	� Laser Caption Microdissection
LD	� Living donor
MF	� Molecular Function
NG	� Normoglycaemia
OGTT​	� Oral Glucose Tolerance Test
PCA	� Principal Component Analysis
pretx	� Pretreatment
PPI	� Protein‒Protein Interaction
PTDM	� Posttransplant Diabetes Mellitus
posttx	� Posttreatment
T2DM	� Type 2 Diabetes Mellitus
TEM	� Leukocyte Transendothelial Migration
TFA	� Trifluoroacetic Acid

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s12882-​023-​03294-z.

Additional file 1: Table S1. Histological characterization of the three 
groups: NG, T2DM and PTDM.

Additional file 2: Table S2. Proteins and antibodies used in 
immunohistochemistry.

Additional file 3: Table S3. Number of total, less- and more abundant 
proteins for each comparison.

Additional file 4: Table S4. Number of differentially abundant proteins.

Acknowledgements
The authors acknowledge the contribution of Even Birkeland at the Proteom‑
ics Unit at the University of Bergen (PROBE) for mass spectrometry assistance 
and statistical advice. We thank Erik Heyerdahl Strøm at the Department of 
Pathology Oslo University Hospital – Rikshospitalet for his assistance collecting 
the biopsies and Veronica Krogstad from the Department of Transplantation 
Medicine, Oslo University Hospital – Rikshospitalet for helping with the data 
collection.

Authors’ contributions
T.J., H.P.M., and B.E.V. designed the study. A.Å. and T.A.S.H. collected data from 
patient records. A.K., S.L., S.N. and J.F. participated in the research. J.F. analysed 
the data. J.F. wrote the article. H.P.M., J.B., A.Å., G.E. and B.E.V. critically reviewed 
the article. J.F. submitted the article. All authors read and approved the final 
manuscript.

Funding
Open access funding provided by University of Bergen. The study was 
sponsored by the South-Eastern Norway Regional Health Authority (project 
2016069) and Oslo Diabetes Research Centre (Novo Nordisk).

Availability of data and materials
The mass spectrometry proteomics data have been deposited to the Pro‑
teomeXchange Consortium via the PRIDE [20] partner repository with the 
dataset identifier PXD042188. The clinical data that support the findings of this 
study are available on request from the corresponding author. Individual, dei‑
dentified participant data are not freely available because of the risk of patient 
reidentification. However, interested parties can request access to deidentified 
participant data or anonymized clinical study reports through submission of 
a request for access to the corresponding author, provided that the necessary 
data protection agency and ethical committee approvals are provided in com‑
pliance with relevant legislation.

Declarations

Ethics approval and consent to participate
This study was approved by the regional ethics committee of the South-
Eastern Norway Regional Health Authority (REK sør-øst: 2016/912). All 
methods used in this manuscript were carried out in accordance with relevant 
guidelines and regulations. Informed consent was obtained from all individual 
participants included in the study.

Consent for publication
Not applicable.

Competing interests
The authors have no conflicts of interest to declare that are relevant to the 
content of this article.

Author details
1 Department of Clinical Medicine, University of Bergen, Bergen, Norway. 
2 Department of Medicine, Haukeland University Hospital, Bergen, Norway. 
3 Institute of Molecular Biomedicine, Faculty of Medicine, Comenius University, 
Bratislava, Slovakia. 4 Department of Pathology, Haukeland University Hospital, 
Bergen, Norway. 5 Department of Transplantation Medicine, Oslo University Hos‑
pital, Rikshospitalet and University of Oslo, Oslo, Norway. 6 Metabolic and Renal 
Research Group, Faculty of Health Sciences UiT, The Arctic University of Norway, 
Tromsø, Norway. 7 Department of Medicine, Haugesund Hospital, Haugesund, 
Norway. 8 Department of Pharmacy, University of Oslo, Oslo, Norway. 9 Institute 
of Translational Pharmacology, National Research Council, Rome, Italy. 

Received: 28 June 2022   Accepted: 8 August 2023

References
	1.	 Madan S. Changes in diabetes-related complications in the United 

States. N Engl J Med. 2014;371(3):285–6.
	2.	 Jansz TT, Bonenkamp AA, Boereboom FTJ, van Reekum FE, Verhaar MC, 

van Jaarsveld BC. Health-related quality of life compared between kid‑
ney transplantation and nocturnal hemodialysis. PLoS ONE. 2018;13(9): 
e0204405.

	3.	 Gheith O, Farouk N, Nampoory N, Halim MA, Al-Otaibi T. Diabetic 
kidney disease: world wide difference of prevalence and risk factors. J 
Nephropharmacol. 2016;5(1):49–56.

	4.	 Shaked A, Loza BL, Van Loon E, Olthoff KM, Guan W, Jacobson PA, et al. 
Donor and recipient polygenic risk scores influence the risk of post-
transplant diabetes. Nat Med. 2022;28(5):999–1005.

	5.	 Jenssen T, Hartmann A. Post-transplant diabetes mellitus in patients 
with solid organ transplants. Nat Rev Endocrinol. 2019;15(3):172–88.

	6.	 Cohen E, Korah M, Callender G, Belfort de Aguiar R, Haakinson D. 
Metabolic Disorders with Kidney Transplant. Clin J Am Soc Nephrol. 
2020;15(5):732–42.

	7.	 Luan FL, Steffick DE, Ojo AO. New-onset diabetes mellitus in kidney 
transplant recipients discharged on steroid-free immunosuppression. 
Transplantation. 2011;91(3):334–41.

	8.	 First MR, Dhadda S, Croy R, Holman J, Fitzsimmons WE. New-onset 
diabetes after transplantation (NODAT): an evaluation of definitions in 
clinical trials. Transplantation. 2013;96(1):58–64.

https://doi.org/10.1186/s12882-023-03294-z
https://doi.org/10.1186/s12882-023-03294-z


Page 14 of 15Kipp et al. BMC Nephrology          (2023) 24:254 

	9.	 Anders H-J, Huber TB, Isermann B, Schiffer M. CKD in diabetes: diabetic 
kidney disease versus nondiabetic kidney disease. Nat Rev Nephrol. 
2018;14(6):361–77.

	10.	 Peev V, Reiser J, Alachkar N. Diabetes mellitus in the transplanted kidney. 
Front Endocrinol (Lausanne). 2014;5:141.

	11.	 Nagib AM, Elsayed Matter Y, Gheith OA, Refaie AF, Othman NF, Al-Otaibi 
T. Diabetic nephropathy following posttransplant diabetes mellitus. Exp 
Clin Transplant. 2019;17(2):138–46.

	12.	 Burroughs TE, Swindle J, Takemoto S, Lentine KL, Machnicki G, Irish WD, 
et al. Diabetic complications associated with new-onset diabetes mellitus 
in renal transplant recipients. Transplantation. 2007;83(8):1027–34.

	13.	 Hecking M, Werzowa J, Haidinger M, Horl WH, Pascual J, Budde K, et al. 
Novel views on new-onset diabetes after transplantation: development, 
prevention and treatment. Nephrol Dial Transplant. 2013;28(3):550–66.

	14.	 Jenssen T, Hartmann A. Emerging treatments for post-transplantation 
diabetes mellitus. Nat Rev Nephrol. 2015;11(8):465–77.

	15.	 Dubin RF, Rhee EP. Proteomics and metabolomics in kidney disease, 
including insights into etiology, treatment, and prevention. Clin J Am Soc 
Nephrol. 2020;15(3):404–11.

	16.	 Currie G, Mary S, Delles C. Is there a role for proteomics in diabetic renal 
disease? Nephrol Dial Transplant. 2020;35(7):1133–5.

	17.	 Roufosse C, Simmonds N, Clahsen-van Groningen M, Haas M, Henriksen 
KJ, Horsfield C, et al. A 2018 reference guide to the banff classification of 
renal allograft pathology. Transplantation. 2018;102(11):1795–814.

	18.	 Wisniewski JR. Filter-aided sample preparation for proteome analysis. 
Methods Mol Biol. 2018;1841:3–10.

	19.	 Tyanova S, Temu T, Cox J. The MaxQuant computational platform 
for mass spectrometry-based shotgun proteomics. Nat Protoc. 
2016;11(12):2301–19.

	20.	 Perez-Riverol Y, Bai J, Bandla C, Garcia-Seisdedos D, Hewapathirana S, 
Kamatchinathan S, et al. The PRIDE database resources in 2022: a hub 
for mass spectrometry-based proteomics evidences. Nucleic Acids Res. 
2022;50(D1):D543–52.

	21.	 Szklarczyk D, Gable AL, Nastou KC, Lyon D, Kirsch R, Pyysalo S, et al. The 
STRING database in 2021: customizable protein-protein networks, and 
functional characterization of user-uploaded gene/measurement sets. 
Nucleic Acids Res. 2021;49(D1):D605–12.

	22.	 von Mering C, Huynen M, Jaeggi D, Schmidt S, Bork P, Snel B. STRING: a 
database of predicted functional associations between proteins. Nucleic 
Acids Res. 2003;31(1):258–61.

	23.	 Ge SX, Jung D, Yao R. ShinyGO: a graphical gene-set enrichment tool for 
animals and plants. Bioinformatics. 2020;36(8):2628–9.

	24.	 Luo W, Brouwer C. Pathview: an R/Bioconductor package for 
pathway-based data integration and visualization. Bioinformatics. 
2013;29(14):1830–1.

	25.	 Kanehisa M, Furumichi M, Sato Y, Ishiguro-Watanabe M, Tanabe M. 
KEGG: integrating viruses and cellular organisms. Nucleic Acids Res. 
2021;49(D1):D545–51.

	26.	 Huang MJ, Wei RB, Wang Y, Su TY, Di P, Li QP, et al. Blood coagulation sys‑
tem in patients with chronic kidney disease: a prospective observational 
study. BMJ Open. 2017;7(5): e014294.

	27.	 van der Vorm LN, Visser R, Huskens D, Veninga A, Adams DL, Remijn 
JA, et al. Circulating active von Willebrand factor levels are increased 
in chronic kidney disease and end-stage renal disease. Clin Kidney J. 
2020;13(1):72–4.

	28.	 Lu H, Yang Y, Allister EM, Wijesekara N, Wheeler MB. The identifica‑
tion of potential factors associated with the development of type 2 
diabetes: a quantitative proteomics approach. Mol Cell Proteomics. 
2008;7(8):1434–51.

	29.	 Mohseni R, ArabSadeghabadi Z, Ziamajidi N, Abbasalipourkabir R, 
RezaeiFarimani A. Oral administration of resveratrol-loaded solid lipid 
nanoparticle improves insulin resistance through targeting expression of 
SNARE proteins in adipose and muscle tissue in rats with type 2 diabetes. 
Nanoscale Res Lett. 2019;14(1):227.

	30.	 Chen JS, Chang LC, Wu CC, Yeung LK, Lin YF. Involvement of F-actin in 
chaperonin-containing t-complex 1 beta regulating mouse mesangial 
cell functions in a glucose-induction cell model. Exp Diabetes Res. 
2011;2011: 565647.

	31.	 Wu CZ, Chang LC, Lin YF, Hung YJ, Pei D, Chen JS. Chaperonin-containing 
t-complex protein-1 subunit beta as a possible biomarker for the phase 

of glomerular hyperfiltration of diabetic nephropathy. Dis Markers. 
2015;2015: 548101.

	32.	 Ahluwalia TS, Lindholm E, Groop LC. Common variants in CNDP1 and 
CNDP2, and risk of nephropathy in type 2 diabetes. Diabetologia. 
2011;54(9):2295–302.

	33.	 Wu F, Chen Y, Zhu J. LHPP suppresses proliferation, migration, and 
invasion and promotes apoptosis in pancreatic cancer. Biosci Rep. 
2020;40(3):BSR20194142.

	34.	 Zhang X, Kang H, Xiao J, Shi B, Li X, Chen G. LHPP inhibits the pro‑
liferation and metastasis of renal cell carcinoma. Biomed Res Int. 
2020;2020:7020924.

	35.	 Hecking M, Kainz A, Werzowa J, Haidinger M, Doller D, Tura A, et al. 
Glucose metabolism after renal transplantation. Diabetes Care. 
2013;36(9):2763–71.

	36.	 Stallons LJ, Funk JA, Schnellmann RG. Mitochondrial Homeostasis in 
Acute Organ Failure. Curr Pathobiol Rep. 2013;1(3):169–77.

	37.	 Reidy K, Kang HM, Hostetter T, Susztak K. Molecular mechanisms of 
diabetic kidney disease. J Clin Invest. 2014;124(6):2333–40.

	38.	 Thomas MC, Brownlee M, Susztak K, Sharma K, Jandeleit-Dahm KA, Zoun‑
gas S, et al. Diabetic kidney disease. Nat Rev Dis Primers. 2015;1:15018.

	39.	 Donath MY, Shoelson SE. Type 2 diabetes as an inflammatory disease. Nat 
Rev Immunol. 2011;11(2):98–107.

	40.	 Galkina E, Ley K. Leukocyte recruitment and vascular injury in diabetic 
nephropathy. J Am Soc Nephrol. 2006;17(2):368–77.

	41.	 Ghosh P, Sahoo R, Vaidya A, Chorev M, Halperin JA. Role of complement 
and complement regulatory proteins in the complications of diabetes. 
Endocr Rev. 2015;36(3):272–88.

	42.	 Acosta J, Hettinga J, Fluckiger R, Krumrei N, Goldfine A, Angarita L, et al. 
Molecular basis for a link between complement and the vascular compli‑
cations of diabetes. P Natl Acad Sci USA. 2000;97(10):5450–5.

	43.	 Flyvbjerg A. The role of the complement system in diabetic nephropathy. 
Nat Rev Nephrol. 2017;13(5):311–8.

	44.	 Budge K, Dellepiane S, Yu SM, Cravedi P. Complement, a therapeutic 
target in diabetic kidney disease. Front Med (Lausanne). 2020;7: 599236.

	45.	 de Heredia FP, Gomez-Martinez S, Marcos A. Obesity, inflammation and 
the immune system. Proc Nutr Soc. 2012;71(2):332–8.

	46.	 Lehtonen S, Ryan JJ, Kudlicka K, Iino N, Zhou H, Farquhar MG. Cell 
junction-associated proteins IQGAP1, MAGI-2, CASK, spectrins, and alpha-
actinin are components of the nephrin multiprotein complex. Proc Natl 
Acad Sci U S A. 2005;102(28):9814–9.

	47.	 Itoh M, Nakadate K, Horibata Y, Matsusaka T, Xu J, Hunziker W, et al. The 
structural and functional organization of the podocyte filtration slits is 
regulated by Tjp1/ZO-1. PLoS One. 2014;9(9): e106621.

	48.	 Grahammer F, Schell C, Huber TB. The podocyte slit diaphragm–from a thin 
grey line to a complex signalling hub. Nat Rev Nephrol. 2013;9(10):587–98.

	49.	 Clotet-Freixas S, Konvalinka A. Too Little or Too Much? Extracellular 
Matrix Remodeling in Kidney Health and Disease. J Am Soc Nephrol. 
2021;32(7):1541–3.

	50.	 Nakatani S, Wei M, Ishimura E, Kakehashi A, Mori K, Nishizawa Y, et al. 
Proteome analysis of laser microdissected glomeruli from formalin-fixed 
paraffin-embedded kidneys of autopsies of diabetic patients: nephronec‑
tin is associated with the development of diabetic glomerulosclerosis. 
Nephrol Dial Transplant. 2012;27(5):1889–97.

	51.	 Khan Z, Pandey M. Role of kidney biomarkers of chronic kidney disease: 
An update. Saudi J Biol Sci. 2014;21(4):294–9.

	52.	 Xiao Y, Zheng L, Zou X, Wang J, Zhong J, Zhong T. Extracellular vesicles in 
type 2 diabetes mellitus: key roles in pathogenesis, complications, and 
therapy. J Extracell Vesicles. 2019;8(1):1625677.

	53.	 Erdbrugger U, Le TH. Extracellular Vesicles in Renal Diseases: More than 
Novel Biomarkers? J Am Soc Nephrol. 2016;27(1):12–26.

	54.	 Aslamy A, Thurmond DC. Exocytosis proteins as novel targets for diabetes 
prevention and/or remediation? Am J Physiol Regul Integr Comp Physiol. 
2017;312(5):R739–52.

	55.	 Salunkhe VA, Veluthakal R, Kahn SE, Thurmond DC. Novel approaches to 
restore beta cell function in prediabetes and type 2 diabetes. Diabetolo‑
gia. 2018;61(9):1895–901.

	56.	 Oh E, Stull ND, Mirmira RG, Thurmond DC. Syntaxin 4 Up-Regulation 
Increases Efficiency of Insulin Release in Pancreatic Islets From Humans 
With and Without Type 2 Diabetes Mellitus. J Clin Endocr Metab. 
2014;99(5):E866–70.



Page 15 of 15Kipp et al. BMC Nephrology          (2023) 24:254 	

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	57.	 Yang Y, Anderson E, Zhang S. Evaluation of six sample preparation 
procedures for qualitative and quantitative proteomics analysis of milk fat 
globule membrane. Electrophoresis. 2018;39(18):2332–9.

	58.	 Kar UK, Simonian M, Whitelegge JP. Integral membrane proteins: 
bottom-up, top-down and structural proteomics. Expert Rev Proteomics. 
2017;14(8):715–23.

	59.	 Allingham MJ, van Buul JD, Burridge K. ICAM-1-mediated, Src- and 
Pyk2-dependent vascular endothelial cadherin tyrosine phosphoryla‑
tion is required for leukocyte transendothelial migration. J Immunol. 
2007;179(6):4053–64.

	60.	 van Hooff JP, Christiaans MHL, van Duijnhoven EM. Tacrolimus and post‑
transplant diabetes mellitus in renal transplantation. Transplantation. 
2005;79(11):1465–9.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	Glomerular proteomic profiling reveals early differences between preexisting and de novo type 2 diabetes in human renal allografts
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Study design and patients
	Sample preparation and laser capture microdissection
	Immunohistochemistry
	Statistics and computational analysis

	Results
	Sample selection and analysis
	Glomerular proteomic profiling and identification of differentially abundant proteins
	Differentially abundant proteins in NG and PTDM glomeruli
	Nondiabetic and diabetic glomerular proteomes in kidney transplant patients: gene ontology and protein interaction analysis
	The proteomes of the two diabetic groups: gene ontology and protein interaction analysis
	Immunohistochemical analysis for the validation of differentially abundant proteins

	Discussion
	Conclusions
	Anchor 22
	Acknowledgements
	References


