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Diabetic kidney disease is a serious complication of diabetes with a complex and incompletely
understood pathology. In this work, the molecular changes in diabetic rat kidneys at a very
early disease stage were studied using nanospray desorption electrospray ionisation mass
spectrometry imaging. Our results demonstrate how disease-relevant metabolites and lipids can
be conveniently analysed on intact kidney tissue sections. A number of significantly increased
metabolites were identified in the diabetic kidney, revealing disturbances in energy metabolism
detectable before histological changes.

Proinsulin C-peptide is produced in the pancreas along with insulin and has shown beneficial
effects in diabetes, but its mode of action is not yet known. 125I radiolabelled C-peptide was
used to study its tissue distribution in healthy and diabetic rats after intravenous injection. The
majority of C-peptide accumulated in renal tissues, with lower levels in the diabetic animals,
showing that there are significant changes in kidney – C-peptide interactions in early stage
diabetes.

The interactions of C-peptide with the orphan receptor GPR146, which has been proposed
as its receptor, were also investigated using Chinese hamster ovary cells overexpressing human
GPR146. Neither dynamic mass redistribution nor β-arrestin recruitment assays showed any
significant response to human or murine C-peptides in the GPR146 overexpressing cells
compared to controls. Fluorescence confocal microscopy revealed no surface binding or cellular
uptake of C-peptides by GPR146 overexpressing cells compared to controls. These combined
results refute the suggestion that GPR146 is the C-peptide receptor.

To further probe the function of C-peptide, 15N-labelled residues were incorporated into the
peptide in preparation for nanoscale secondary ion mass spectrometry imaging of cells and
intact kidney tissue sections. A number of crosslinking C-peptides were also designed and
synthesised for experiments aimed at identifying its binding target. These studies have not yet
been completed. Finally, to investigate the structure-activity relationship of C-peptide, a library
of modified pentapeptide analogues was created for medium-throughput testing in a cell assay.
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Abbreviations 

ATP  Adenosine triphosphate 
ATPase  Adenosine triphosphatase 
BCAA  Branched chain amino acid 
C16:0  Palmitoyl carnitine 
C18:0  Stearoyl carnitine 
C18:2  Linoleyl carnitine 
C2  Acetyl carnitine 
C3  Propionyl carnitine 
C4  Butyryl carnitine, Isobutyryl carnitine 
C4-OH  3-Hydroxyisobutyryl carnitine 
C5  Isovaleryl carnitine /  

2-methylbutyryl carnitine 
CD  Circular dichroism 
CM  Culture medium 
CoA  Coenzyme A 
DESI  Desorption electrospray ionisation 
DG  Diacylglycerol 
DIC  N,N’-Diisopropylcarbodiimide 
DIEA  N,N’-Diisopropylethylamine 
DKD  Diabetic kidney disease 
DMEM  Dulbecco’s modified Eagle’s medium 
DMSO  Dimethylsulfoxide 
ESI   Electrospray ionisation 
FA  Fatty acid 
FAO  Fatty acid oxidation 
FBS  Foetal bovine serum 
Fmoc  Fluorenylmethyloxycarbonyl 
GFR  Glomerular filtration rate 
GLP1R  Glucagon-like peptide 1 receptor 
GPR / GPCR  G-protein coupled receptor 
HCTU O-(1H-6-Chlorobenzotriazole-1-yl)-1,1,3,3-tet-

ramethyluronium 



 

HEK-293 Human embryonic kidney 293 
HK-2 Human kidney-2 
HPLC  High pressure liquid chromatography 
IM  Inner medulla 
IS  Inner stripe of outer medulla 
LPC  Lysophosphatidylcholine 
MALDI  Matrix assisted laser desorption ionisation 
MG  Monoacylglycerol 
MS   Mass spectrometry  
MSI  Mass spectrometry imaging 
MS/MS  Tandem mass spectrometry 
m/z  Mass-to-charge ratio 
NADPH Nicotinamide adenine dinucleotide phosphate  
nano-DESI Nanospray desorption electrospray ionisation 
NanoSIMS Nanoscale secondary ion mass spectrometry 
OS Outer stripe of outer medulla 
PDB  Protein data bank (www.rcsb.org) 
P22  Cell line overexpressing the P22phox protein 
QO2  Oxygen consumption 
ROI  Region of interest 
SAR  Structure-activity relationship 
SD  Standard deviation 
SGLT2  Sodium-glucose transport protein 2 
STZ  Streptozotocin 
TFA  Trifluoroacetic acid 
TFE  Trifluoroethanol 
TIC  Total ion current 
WT  Wild-type 
  
  
 



 

Twenty natural amino acids 

These are the 20 proteinogenic amino acids in the standard genetic code. In 
this work, peptides will normally be described using one-letter code se-
quences. 
 
A, Ala  Alanine 

C, Cys  Cysteine 

D, Asp  Aspartic acid 

E, Glu  Glutamic acid 

F, Phe  Phenylalanine 

G, Gly  Glycine 

H, His  Histidine 

I, Ile  Isoleucine 

K, Lys  Lysine 

L, Leu  Leucine 

M, Met  Methionine 

N, Asn  Asparagine 

P, Pro  Proline 

Q, Gln  Glutamine 

R, Arg  Arginine 

S, Ser  Serine 

T, Thr  Threonine 

V, Val  Valine 

W, Trp  Tryptophan 

Y, Tyr  Tyrosine 
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Introduction 

Diabetic kidney disease (DKD) is a common but serious complication of dia-
betes mellitus. It is a chronic disease which worsens over time and eventually 
leads to kidney failure, requiring dialysis or transplantation. 
There are two main forms of diabetes mellitus (hereafter only ‘diabetes’):  

• Type 1, where the β-cells of the pancreas are destroyed and the body
no longer produces insulin.

• Type 2, where the β-cells dysfunction and insulin secretion is reduced,
in combination with cells being resistant to the effects of insulin.

Without the effects of insulin, many cells are unable to take up glucose which 
is an essential part of energy metabolism. Both scenarios above lead to hyper-
glycaemia – excess blood glucose – and a number of complications. 

Proinsulin C-peptide 
Before insulin is secreted from the pancreas, its A and B chains form part of 
the precursor molecule proinsulin. They are joined by the C chain, known as 
proinsulin connecting peptide or C-peptide (Figure 1). As proinsulin is 
cleaved in the β-cells, C-peptide is released in equimolar amounts to insulin. 
It has a longer half-life than insulin and is therefore used clinically to measure 
β-cell function as well as having its own biological activity. Short term studies 
in diabetic patients as well as animal models of disease have shown that C-
peptide improves glucose uptake, microvascular blood flow, renal histology, 
and reduces hyperfiltration and albuminuria.1, 2 What has not been determined 
is its mechanism of action or indeed what – if any – receptor it binds to. Even 
so, the C-terminal pentapeptide seems to be critical for binding, as it retains 
most or all of the activity of the intact peptide. This includes cross-species 
reactivity, with the human pentapeptide eliciting a strong response in rat kid-
ney cells despite quite a large variation in sequences.3, 4 

E A E D L Q V GQ V E L GGGP G A G S L Q P L A L E G S L Q

E V E D P Q V P Q L E L GGGP E A GD L Q T L A L E V AR Q

Human:

Rat:

Figure 1: Sequences of human and rat C-peptides. Bold letters indicate interspecies 
sequence variations. 
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Pathology of diabetic kidney disease 
DKD is a complex disease with many symptoms, contributing factors, comor-
bidities and an unclear pathogenesis.5, 6 One part of the diagnosis is the clinical 
signs of persistent albuminuria and hyperfiltration followed by declining glo-
merular filtration rate (GFR). The other part is a number of key histological 
changes: mesangial expansion, glomerulosclerosis and interstitial fibrosis. It 
is not clear, however, how these are all interlinked or which is the proverbial 
chicken and which are the eggs. Hyperglycaemia stimulates several pathways 
in susceptible cells such as renal tubuli, both directly and through metabolites 
of glucose. One common feature of these pathways is the overproduction of 
reactive oxygen species in mitochondria, suggesting that hypoxia is a key 
driver in DKD.7 

Treatments for diabetic kidney disease 
For the last three decades, aside from glucose control, DKD has been treated 
by inhibition of either synthesis or binding of the hormone angiotensin II. This 
reduces blood pressure and sodium reabsorption, relieving some stress on the 
kidney and reducing disease progression. It does not prevent or reverse the 
damage to the kidneys, nor does it protect from eventual renal failure. One 
new type of drug was recently approved for DKD in type 2 diabetes: a sodium-
glucose transport protein 2 (SGLT2) inhibitor which reduces systemic hyper-
glycaemia by increasing glucose excretion.8 Despite this, DKD is far from un-
der control and several of the processes involved have been and are being in-
vestigated for drug targets.9-11 Some of the drug candidates are already used 
to treat type 2 diabetes and are now being evaluated for specific efficacy and 
safety in DKD. This includes SGLT2 inhibitors and two other classes of hy-
poglycaemic agents acting to increase the release of insulin in patients with 
some remaining pancreatic function: Glucagon-like peptide 1 and dipeptidyl 
peptidase 4 inhibitors. Their mechanisms highlight a distinction between the 
two types of diabetes and a reason why not all treatments are created equal: 
The complete loss of β-cell function in type 1 makes for a vastly different 
setting from the more multifactorial type 2. Candidates which have not been 
successful in late-stage clinical trials include glycosaminoglycan and inhibi-
tors of advanced glycation end-product accumulation to prevent mesangial 
matrix expansion, and anti-oxidants to prevent the decline in GFR. These 
showed promising effects in animal models but failed to provide any signifi-
cant benefits in patients. More systemic approaches included inhibition of the 
vasoconstrictor endothelin, intended to reduce albuminuria and hypertension. 
This was achieved with a number of agents, but they also caused unacceptable 
levels of fluid retention and congestive heart failure. Among the targets which 
are still on the table is the mineralocorticoid receptor, where antagonists are 
showing potential to reduce albuminuria in type 2 diabetes patients.11 
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Animal models of disease 
Many animal models are used to mimic the diabetic state for initial and pre-
clinical studies. In the animal model studies presented here, high-dose strep-
tozotocin (STZ)-treated rats were used. This is a type 1 diabetes model which 
destroys the pancreatic β-cells and therefore closely mimics the pathology and 
complications of the human condition.12 Most of the early studies on angio-
tensin blockade were performed on various rodent models of hypertension, 
both spontaneously occurring and induced by restriction of renal blood flow. 
Type 2 DKD is commonly modelled by three selectively bred, stable strains 
of rats and mice with spontaneous mutations.13-15 These animals develop obe-
sity and hyperglycaemia along with insulin resistance or reduced secretion. 
The mouse strains also display renal histopathology similar to DKD. 

Purview of this work 
The aim of this research was to validate or invalidate the viability of C-peptide 
as a basis for treatment of DKD. Peptide science is at the interface of several 
disciplines, and we chose a number of complementary approaches to investi-
gate kidney disease characteristics and responses to C-peptide. 

A big part of drug development is elucidating the interaction with its target; 
where it is and how it works. We therefore set out to study the biological ef-
fects of C-peptide in cell and animal models, with a view to expanding the 
scope to include drug-like peptidomimetics.  

The peptide synthesis itself is organic chemistry, using established methods 
to create a variety of compounds tailored for the different experiments. 

We also used analytical chemistry to study a model of the disease on a 
molecular level, both to learn more about the pathogenesis and as proof of 
concept for the technique. The origin of C-peptide gives a clue as to why we 
use type 1 diabetic rats when type 2 is the more prevalent disease type and, 
consequently, constitutes the bigger market for a potential treatment: The lack 
of β-cells and insulin secretion equals no residual endogenous C-peptide 
which may confound the study results. 
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Description of employed methods 

Peptide synthesis and characterisation 
Peptide synthesis in the laboratory is an iterative process where a chain is con-
structed by coupling amino acids to each other, one residue at a time, starting 
at the C-terminus. This is in contrast to natural synthesis of proteins and pep-
tides by enzymes, which starts from the N-terminal end. Often the first residue 
is attached to a solid support such as polymer beads, and the peptide is only 
cleaved from this resin once the synthesis is complete. Keeping the product in 
a different phase to the reactants, which are all in solution, reduces synthesis 
time, increases yields and saves many laborious separation and purification 
steps. Any amino acids with reactive side chains carry protecting groups 
which are inert to the coupling reaction conditions but are removed when the 
peptide is cleaved from the resin. 

In this work (Papers II-IV), standard fluorenylmethyloxycarbonyl 
(Fmoc)-protected solid phase peptide synthesis was carried out with and with-
out microwave or vortex assistance (Figure 2). 

 
Figure 2: Generic reaction scheme of Fmoc-protected solid phase peptide synthesis. 

PG = side chain protecting group 

Fmoc deprotection was performed with piperidine and couplings with 
HCTU/DIEA or diisopropylcarbodiimide (DIC)/Oxyma. ChemMatrix resin 
was used for the pentapeptide with C-terminal amide, and Wang resin substi-
tuted with the appropriate C-terminal residue for the remainder. Tenta-Gel S 
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PHB resin substituted with the appropriate C-terminal residue was used for 
the long sequences. Cleavage from the resin and deprotection of side chains 
were performed with TFA and thiol scavengers. Peptides were precipitated 
from Et2O, purified using reverse-phase HPLC with MeCN/H2O and collected 
by freeze-drying. Electrospray ionisation by direct injection or matrix assisted 
laser desorption ionisation (MALDI) mass spectrometry (MS) were used for 
short and long sequences, respectively, to confirm the nominal mass. 

Circular dichroism spectroscopy 
Circular dichroism (CD) is a spectroscopic technique which exploits the fact 
that stereochemistry causes molecules to absorb circularly polarised light ro-
tating left and right to different extents.16 This is used to study the secondary 
structure of proteins, which give characteristic spectral profiles for helices, 
sheets etc.17 CD was used in Paper III to investigate and compare the behav-
iour of two different peptides in an increasingly non-polar environment. 

Cell culturing and respirometry 
Two immortalised lines of mouse proximal tubule cells were cultured to study 
effects on hypoxia in Paper IV. One line had been modified to create a model 
of hypoxia by increased conversion of oxygen to superoxide. The cells were 
maintained under standard conditions in culture medium (CM) consisting of 
Dulbecco’s Modified Eagle’s Medium/Nutrient Mixture F-12 (DMEM/F-12) 
with added foetal bovine serum (FBS), L-glutamate and penicillin/streptomy-
cin. They were grown in 75 ml culture flasks with filter caps, in an incubator 
at 37 °C and 5% CO2. The CM was changed the day after seeding and every 
two days thereafter. In preparation for respirometry analysis, cells were 
changed to starvation medium without serum for 24 hours followed by treat-
ment with 5 nM peptide for 48 h. For analysis, subculturing and storage, a 
solution of 0.25% trypsin was used to detach the cells from the culture flask 
when they had grown to 75% confluency and they were collected by low ve-
locity centrifugation. For storage, cells were resuspended in CM with added 
FBS and DMSO before gradual freezing.  

Oxygen consumption (QO2) was measured using an oxygraph with glass 
chambers thermostatically controlled to 37 °C. The principle of the oxygraph 
is an electrochemical oxygen sensor which monitors the oxygen levels in a 
closed system. The cell pellets were kept on ice before incubation at 37 °C 
and suspension in respiration medium. The cell suspension was added to the 
chambers and stirred at low speed. Measurements were taken when QO2 levels 
were stabilised, and the values were normalised to protein concentration as 
measured by a protein assay. The Na+/K+-ATPase inhibitor ouabain18 was 
added directly to the sample chambers as a negative control. 
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Nano-DESI mass spectrometry imaging 
Nanospray desorption electrospray ionisation (nano-DESI) is a liquid extrac-
tion technique for surface sampling, used with subsequent MS analysis.19 It is 
convenient for molecular imaging of biological samples such as cells or tissue 
sections, as it operates under ambient conditions and does not require any spe-
cial sample preparation. The solvent is under high voltage and pumped slowly 
through a primary capillary onto the sample surface where it forms a liquid 
bridge to a nanospray capillary (Figure 3). Analytes from the sample surface 
are desorbed into the solvent at the liquid bridge and transported to the instru-
ment inlet where they are ionised by nanoelectrospray. If the sample is con-
tinuously moved underneath the probe while MS data is collected, a matrix of 
mass spectra will be generated. Having the information on where each spec-
trum was collected, this data can be used to create ion images of the spatial 
distribution of individual substances. The distinguishing feature of nano-DESI 
is that the analytes are desorbed into the solvent first, followed by the genera-
tion of electrospray close to the instrument inlet. In traditional DESI, the elec-
trospray is generated first and directed at the sample surface at high velocity 
where it desorbs analytes and rebounces towards the instrument inlet. 

 
Figure 3: Schematic view of the nano-DESI experimental setup. 

Nano-DESI mass spectrometry imaging (MSI) was used to image lipids and 
metabolites in tissue sections in Paper I. Rat kidneys had been cryosectioned 
on to regular glass slides and kept at -80 °C until analysis. The glass slides 
were placed on an x-y-z stage which was moved in lines along the x-axis sep-
arated by regular steps in the y direction. The stage was manually adjusted in 
the z direction to maintain contact with the liquid bridge. 
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Mass spectrometry imaging data analysis 
The MSI data was processed using a combination of existing software and 
new purpose-written scripts (Figures 4 and 5) for Paper I. The in-house script 
Massive, based on Decon2LS,20 was used to select the desired signal-to-back-
ground ratio and generate an intensity matrix of mass-to-charge ratio (m/z) vs 
pixel for each sample from the raw data files. ROIextractor is a series of 
scripts21 run in sequence in R Studio on one sample at a time. These scripts 
were used to generate ion images of each m/z in the sample matrix, and one 
representative ion image from each sample was selected for Region of Interest 
(ROI) definition. To aid in the identification of the different tissue regions, the 
ion images were overlaid with optical images of the tissue sections stained 
with hematoxylin and eosin. The ion images were edited in PaintShop to mark 
the ROIs and returned to ROIextractor to generate smaller matrices containing 
only the selected pixels.  

Custom scripts (see Appendices) were written in Matlab 9.1 to import the 
ROI matrices and process them simultaneously. Script 1, GetMean, normal-
ised all intensity values to the mean total ion current (TIC) for each pixel and 
output the mean relative intensity and standard deviation (SD) for each m/z in 
the ROI. These _Mean files were retained for later use in the final step of the 
data extraction process. Script 2, GetInt, configured the _Mean data to create 
files in the raw data file format required in the next step. The in-house script 
SpectrometryToolkit3 was used for peak alignment (identifying and combin-
ing all m/z derived from the same peak) across all samples and generating one 
mean relative intensity matrix of m/z vs ROI. This summary matrix was trun-
cated to only include m/z detected in at least 25% of samples. Script 3, Divid-
eData, separated the data by ROI (cortex and medulla) and grouped it by dis-
ease state (diabetic and control) for comparison.  

All m/z significantly (p ≤ 0.05) different between diabetic and control were 
manually searched in Metlin (https://metlin.scripps.edu) and the human 
metabolome database (http://www.hmdb.ca) to identify biologically relevant 
peaks. All such m/z verified by tandem mass spectrometry (MS/MS) were 
compiled in a spreadsheet grouped by compound class (lipids, amino acids 
etc) and adduct type (H+, Na+, K+). Script 4, GetMSMS, extracted the data for 
each listed m/z from the _Mean files and output comprehensive data tables of 
each compound class as spreadsheets. These were used directly in Excel to 
create graphs and visually compare the data.  

Script 5, GetRatios, used a DividedData output sheet separated by disease 
state to calculate the ratio of signal intensity between two ROIs in each sample 
for a list of m/z. 
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Figure 4: Schematic view of the workflow for processing mass spectrometry imaging 
(MSI) data, part 1. Massive and ROIextractor are existing software. Custom scripts 
in Matlab were created as part of this project. m/z = Mass-to-charge ratio. ROI = 

Region of interest. TIC = Total ion current. SD = Standard deviation. 
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Figure 5: Schematic view of the workflow for processing mass spectrometry imaging 
(MSI) data, part 2. SpectrometryToolkit3 is existing software. Custom scripts in 

Matlab were created as part of this project. m/z = Mass-to-charge ratio. ROI = Re-
gion of interest. MS/MS = tandem mass spectrometry. 
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Statistical considerations 
(Paper I) The selected signal-to-background ratio was intentionally low at 1 
to include as much data as possible, due to the untargeted nature of the study. 
We also tested using a ratio of 10 but this did not reduce the time required to 
generate the first matrix, the most time consuming processing step. 

Intensity values were normalised to mean TIC for each pixel to allow for 
comparison between samples. The data therefore indicates how much each 
compound was detected in relation to all compounds detected. We did not 
work with absolute intensities or concentrations as we did not have representa-
tive standards for all relevant compounds; again, due to the untargeted nature 
of the study this would have been impractical. 

Only m/z detected in at least 25% of samples were included for analysis, 
reducing the final data matrix by 98% to a manageable size. On visual inspec-
tion, there were no apparent trends in the excluded portion but intensities were 
spread across diabetic and control, cortex and medulla. 

Welch’s t-test with two-tailed distribution was used for significance as it 
assumes unpaired samples and unequal variances.  
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Overview of the designed peptides 

In order to study the localisation and binding behaviour of proinsulin C-pep-
tide, a number of variants of both the human and rodent sequences were de-
signed and synthesised (Table 1). The building blocks used to create the mod-
ified peptides were specifically chosen to be compatible with Fmoc solid 
phase peptide synthesis. Rats and mice express a mixture of two C-peptides 
which differ in 2 and 3 residues respectively; they are used interchangeably in 
the work of this thesis.  

The native rat 1 and 2 sequences were synthesised for use in in vivo exper-
iments, to replicate previously reported activity and connect this to the re-
sponses for modified peptides. The native full-length sequences were also in-
tended for studying the metabolic effects of C-peptide treatment in diabetic 
rat kidneys, using nano-DESI MSI as reported in Paper I. 

The full-length human sequence was appended with 125-iodotyrosine and 
used to study the in vivo tissue distribution of C-peptide in Paper II. The sta-
ble isotope 127I-Tyr was incorporated in a “cold” control peptide to verify that 
the extra amino acid does not affect the biological activity. 

We also wanted to probe the in vitro localisation and binding of C-peptide 
on the cellular level. To image this with fluorescence microscopy, a biotin 
molecule was attached via with a (PEG)2 spacer to the full-length human and 
mouse sequences. These peptides can be visualised using fluorophore-tagged 
avidin. In addition, five of the peptides were appended with a Cy3 label by Dr 
J Viljanen and Dr J Yang for Paper III. 

Biotin was also attached to two C-terminal segments of the human se-
quence via a crosslinking spacer. These peptides were designed to bind in a 
cell assay and allow detection by streptavidin. For the same study, the C-ter-
minal segments were also coupled to the epitope tag DTYRYI via another 
crosslinking spacer. This allows for detection by the AU1 tag antibody. 

The third in vitro binding approach aimed to use nanoscale secondary ion 
mass spectrometry (NanoSIMS) to image the localisation of C-peptide on cul-
tured cells or intact tissue. For this, 15N-labelled amino acid residues were in-
corporated into full-length and C-terminal segments of human and rat C-pep-
tides. The rat 2 sequence was chosen over rat 1 or mouse to maximise the 
number of 15N labels using the same readily available amino acids. 

To investigate the specific interaction of C-peptide with the receptor 
GPR146 in Paper III, the full-length human and mouse sequences as well as 
the corresponding C-terminal pentapeptides and a scrambled version of the 
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full-length human sequence were used in cell assays. The scrambling of the 
residues for this sequence was done manually and completely at random, with 
one exception. The C-terminus was originally drawn as AE but changed to 
EA, both for synthesis reasons and to reduce the similarity to the native se-
quence with a charged residue in the C-terminal position. 

For the structure-activity relationship (SAR), including in vivo studies and 
the cell-based assay in Paper IV, a chemical library was compiled based on 
the C-terminal pentapeptide of the rodent sequences, EVARQ. The first mod-
ifications were systematic residue substitution with alanine/glycine and C-ter-
minal amidation. Scrambled versions of both the human and rodent pentapep-
tides were designed for minimum resemblance to the native structure (Figure 
6). As a later objective of this research was to investigate the potential of non-
peptidic analogues of C-peptide, four pentapeptides with N-methylations of 
the interresidual amides were also included. 

 
Figure 6: Illustrative examples of the structural differences between the sequences 
a) EVARQ, b) EVARA and c) QERVA. Red = O. Blue = N. Based on PDB:1T0C. 
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Table 1: The synthesised peptides and the studies they were designed for. 

Human C-peptide variant Purpose Yield % 
EAEDLQVGQVELGGGPGAGSLQPLALEGSLQ Native C 18 A 
GADQPVGSEQQVQAGGLEGGLLLGLELPSEA Scrambled C NC A 
127I-Tyr - EAEDLQVGQVELGGGPGAGSLQPLALEGSLQ Radiolabel  11 A,M 
Biotin - EAEDLQVGQVELGGGPGAGSLQPLALEGSLQ Fluorescence NC A,M 
DTYRYI - ALEGSLQ-OH Crosslink 15 A 
DTYRYI - QPLALEGSLQ-OH Crosslink 30 A 
Biotin - ALEGSLQ-OH Crosslink 32 A,M 
Biotin - QPLALEGSLQ-OH Crosslink NC A,M 
Ac-EGSLQ-OH  SAR, GPR C 17 M 
Ac-SQLEG-OH SAR 31 M 
(15N) EAEDLQVGQVELGGGPGAGSLQPLALEGSLQ NanoSIMS NC A 
(15N) Ac-ALEGSLQ-OH  NanoSIMS NC A 
(15N) Ac-LASQLEG-OH NanoSIMS NC A 
(15N) Ac-EGSLQ-OH NanoSIMS 37 M 
 
Rodent C-peptide variant Purpose Yield % 
EVEDPQVPQLELGGGPEAGDLQTLALEVARQ Rat 1 3 V 
EVEDPQVAQLELGGGPGAGDLQTLALEVARQ Rat 2 11 A 
EVEDPQVEQLELGGSPGDLQTLALEVARQ Mouse 1 C NC A 
Biotin - EVEDPQVEQLELGGSPGDLQTLALEVARQ Fluorescence NC A.M 
Ac-EVARQ-OH SAR, GPR C NC A 
Ac-QERVA-OH SAR 20 M 
Ac-AVARQ-OH SAR 11 V 
Ac-EAARQ-OH SAR 14 V 
Ac-EVGRQ-OH SAR 9 V 
Ac-EVAAQ-OH SAR 38 V 
Ac-EVARA-OH SAR 97 V 
Ac-EVARQ-NH2 SAR 25 V 
Ac-E-(NMe)-VARQ-OH SAR - P 
Ac-EV-(NMe)-ARQ-OH SAR  - P 
Ac-EVA-(NMe)-RQ-OH SAR  - P 
Ac-EVAR-(NMe)-Q-OH SAR - P 
(15N) EVEDPQVAQLELGGGPGAGDLQTLALEVARQ NanoSIMS 23 A 
(15N) Ac-ALEVARQ-OH NanoSIMS 45 A 
(15N) Ac-EVARQ-OH NanoSIMS 59 M  
 
GPR: G-protein coupled receptor. SAR: Structure-activity relationship. NanoSIMS: Nanoscale 
secondary ion mass spectrometry. C: Cy3-labelled version synthesised by co-workers. NC: Not 
cleaved from the resin after synthesis. A: Automated microwave assisted synthesis. V: Auto-
mated vortex-assisted synthesis. M: Manual synthesis. P: Purchased peptide. 
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Metabolic changes in diabetic rat kidney tissue   
(Paper I) 

 
 
 
 
 
 
 
 
in which we test the following working hypotheses: 

 
i. We can visualise the distribution and abundance of relevant  

metabolites in rat kidney sections using nano-DESI MSI. 
 

ii. There are significant metabolic differences between healthy and 
early stage diabetic rat kidneys. 
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Mass spectrometry of homogenates and fluids has previously been used to 
identify metabolic markers in DKD,22-25 but here nano-DESI MSI was used 
for the first time to image sectioned kidney tissue from STZ-induced diabetic 
rats. The rats had been diabetic for the relatively short period of 2 weeks, and 
the kidney tissue did not yet show any physical signs of disease. Other meta-
bolic studies have been performed at later time points,26-28 so our results will 
provide new information on the early stages of disease development. Un-
treated healthy rats from the same litter were used as controls, and the two 
data sets were compared to identify any differences in distribution or abun-
dance of metabolites. 

MS Imaging reveals metabolite localisation and disease effects 
The various regions of the kidney are distinguishable by the intensity patterns 
on the ion images, which correlate well with the optical images of the kidney 
sections (Figure 7). Using an ion image overlaid with the optical image, two 
ROIs were defined corresponding to the two main areas of different signal 
intensities in each kidney section. The outer ROI with the working title ‘cor-
tex’ comprises the cortex and outer stripe of the outer medulla (OS). The inner 
ROI with the working title ‘medulla’ comprises the inner stripe of the outer 
medulla (IS) and the inner medulla (IM). On the optical images the anatomical 
features can be separated in more detail, even down to glomeruli, but the ion 
images are too coarse for this to be feasible. The localisations of compounds 
vary across the cortex, OS and the junction between them, but there is gener-
ally a clear divide between these two ROIs. 

 
Figure 7: a-c) Ion images of [betaine+Na]+ (m/z 140.0068) in control kidney with 

ROIs highlighted in blue. d-f) Optical images of hematoxylin and eosin stained con-
trol kidney with ROIs overlaid in blue. Scale bar = 2 mm 
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When comparing the two regions, clear differences could be seen in the local-
isation of various compounds. The most interesting results, however, came 
from comparing the diabetic kidneys to controls. We focused on metabolic 
changes in and near the cortex, as that is a key region in the progression of 
DKD. A total of 38 endogenous compounds were positively identified with a 
significantly different abundance in the diabetic kidney (Tables S2 and S3 in 
Paper I). 14 of these, mostly amino acids, were decreased as compared to 
controls. The remaining 24 compounds were increased in the diabetic kidneys. 
One of these compounds was glucose – which was reassuring – while the ma-
jority belonged to the classes described below. As our study was exploratory 
rather than targeting a specific compound class, there was no internal standard 
in the solvent. This means that the intensities of the different cationised spe-
cies were subject to the prevalence of cations in the tissue sample, possibly 
creating matrix effects. Our solvent did contain lysophosphatidylcholine 
(LPC) 19:0 for monitoring the electrospray, so this was used as an approxi-
mate internal standard to assess the impact of potential matrix effects on our 
data. The ratio of [LPC 19:0 + K]+/[LPC 19:0 + Na]+ was around 1.5 in the 
cortex and OS, while it was closer to 1 in the IS and IM (Figure 8). The higher 
levels of sodium in the inner parts of the kidney were expected as it forms part 
of the osmotic concentration responsible for water reabsorption. There was no 
difference in adduct ratio between diabetic and control tissues. 

Figure 8: Mean ratios of K+/Na+ adducts of LPC 19:0 in the two ROIs for diabetic 
and control kidneys. n=3 and error bars represent ± SD.  

Lipid species containing unsaturated 18-carbon chains 
Most of the identified neutral lipid species were related, with monoacylglyc-
erols (MG) and diacylglycerols (DG) consisting mainly of the same acyl 
chains as the non-esterified fatty acids (FA) (Figure 9). Both [M+Na]+ and 
[M+K]+ adducts were significantly altered for all of the lipids, whereas the 
protonated species levels were too low to be detected.  
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Figure 9: Mean relative intensities of 10 lipid species in diabetic and control kid-
neys. n=3 and error bars represent ± SD. 

When the raw data from the lipids was normalised to LPC 19:0 instead of TIC, 
there was a minimal impact on both the distribution and intensities in the cor-
tex and OS (Figure 10). We therefore concluded that our analysis of the data 
is valid and not distorted by matrix effects. 

Figure 10: Mean intensities of 10 lipid species in diabetic and control kidneys, nor-
malised to mean intensity of internal standard LPC 19:0.  

n=3 and error bars represent ± SD. 
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There was an increase in selected unsaturated FAs in diabetic kidney but not 
in the longer and more unsaturated metabolites of these, such as 20:4 or 22:5. 
This is consistent with findings that enzymes required for further elongation 
and desaturation are reduced due to insulin deficiency, both in naturally oc-
curring diabetes and animal models.29 One of these elongases is primarily ex-
pressed in the kidney and has a preference for FAs 18:1, 18:2 and 18:3.30 Im-
aging revealed a fairly conserved localisation across the species, with almost 
all the lipids concentrating around the corticomedullary junction. The excep-
tion was DG 36:4 which also had a considerable presence in the IS. The ob-
served changes were only related to signal intensity; the localisation of the 
metabolites did not appear to be affected by disease state. There was no dif-
ference between diabetic and control kidneys when comparing the ratio of in-
tensities in the cortex vs OS. This was the case for all identified compounds 
and is shown for lipid K+ adducts in Figure 11. 

Figure 11: Mean ratios of cortex:OS signal intensities of 10 lipid species in diabetic 
and control kidneys. n=3 and error bars represent ± SD. 

Acylcarnitines containing long and short acyl chains 
Carnitine is a zwitterionic derivative of lysine (K) and plays an important role 
in energy metabolism by binding to and transporting metabolic substrates for 
the β-oxidation and citric acid cycles.31 Five short-chain and three long-chain 
acylcarnitines were found to be significantly increased in the diabetic kidney 
(Figure 4 in Paper I). The short-chain complexes differed in intensity by as 
much as an order of magnitude, while the long-chain species did not even 
reach detectable levels in the healthy control kidneys. The relative intensity 
tended to decrease with increasing carbon chain length across all 8 compounds 
in both diabetic and control kidneys. Looking at all detected adducts, this 
translates to molecular weight and is likely a result of decreasing ionisability. 
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3-Hydroxyisobutyrylcarnitine (C4-OH) bucks this trend with the higher inten-
sity of its H+ adduct, which could be explained by the polar hydroxyl group. 
Although the two groups of acylcarnitines are structurally similar, they differ 
both in localisation and function: 

The short-chain acylcarnitines are carnitine esters of key intermediates in 
branched chain amino acid (BCAA) metabolism (Figure 12).32 Isobutyryl-
carnitine (C4) and C4-OH are derived from valine breakdown, 2-methylbutyr-
ylcarnitine (C5) from isoleucine and isovalerylcarnitine (C5) from leucine. C4 
additionally corresponds to butyrylcarnitine, an intermediate product from 
fatty acid metabolism. The remaining short-chain conjugates propio-
nylcarnitine (C3) and acetylcarnitine (C2) are end products of the BCAA path-
way and also substrates of the citric acid cycle.  

 
Figure 12: Schematic overview of branched chain amino acid metabolism pathways. 

Arrows represent multiple enzymatic steps. R = carnitine, R’ = Coenzyme A. 

These compounds were all detected strongly in the cortex with variable local-
isations to the medulla, indicating different metabolic activities. C4-OH and 
C3, which relate only to valine and isoleucine, localised mainly to the cortex 
and OS. In contrast, C5, C4 and C2 which are also produced from leucine and 
fatty acids, were observed in the inner parts of the medulla.  

A more ATP-efficient energy source, favoured by the kidney over the citric 
acid cycle, is fatty acid oxidation (FAO) which takes place in the mitochon-
drial matrix. Free FAs and the coenzyme A (CoA) thioesters which are rea-
gents and products of energy metabolism cannot pass the inner mitochondrial 
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membrane, necessitating conversion to acylcarnitines to utilise the carnitine-
acylcarnitine translocase shuttle (Figure 13).33  

 
Figure 13: Schematic overview of the carnitine shuttle and fatty acid oxidation cy-

cle.  = Coenzyme A. = Carnitine-Acylcarnitine Transporter.  
C16:0 = Palmitoylcarnitine. C2 = Acetylcarnitine. 

The increased levels of palmitoyl- (C16:0), linoleyl- (C18:2) and stea-
roylcarnitine (C18:0) indicate a dysregulation of this process already in the 
early stages of diabetes. The final product of the FAO cycle is acetyl-CoA 
which is converted to C2, the universal end-product of mitochondrial metab-
olism. The long-chain acylcarnitines were localised to the cortex but also the 
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IS, which was surprising as this area has fewer mitochondria and does not 
normally use FAO for energy production.34  The localisation of C4 and C2 
was similar to that of the long chain acylcarnitines, which makes sense when 
we know how they are related. Several studies have shown metabolic signa-
tures of diabetes and DKD involving dysregulation of energy metabolism, in-
cluding increases in acylcarnitine products.24, 35-37 In fact, a growing body of 
evidence shows that mitochondrial dysfunction could be the driving force be-
hind DKD.38-41 This corresponds well with the early time point of this study, 
with distinct metabolic changes detectable before histological ones. 

Implications and outlook for nano-DESI MSI of kidney tissue 
A new MSI technique has been successfully used to show significant meta-
bolic changes in rat kidneys at an early stage of insulinopenic diabetes. These 
results bring new insights into the mechanisms leading from hyperglycaemia 
to renal dysfunction. As some of the identified metabolites are detectable in 
blood and urine samples, this knowledge could potentially be used in clinical 
practice to detect incipient renal disease. At present, clinical testing relies on 
albumin and creatinine levels which only change once the kidney function has 
been severely reduced.  

This proof-of-concept study also shows that nano-DESI MSI is a suitable 
platform for analysing disease-relevant lipids and metabolites in kidney tissue. 
Continued experiments should look at later stages of diabetes and DKD to 
monitor the metabolites identified here as well as detect any further changes 
throughout the disease progression. The method can be used to examine the 
molecular effects of the current standard treatments of DKD as well as evalu-
ating new or potential drug candidates. By correlating this information with 
data from in vivo trials in models such as the STZ rat, we can gain a better 
understanding of the pathogenesis of DKD as well as metabolic effects of 
treatments. 

 
 
 
 

Outcomes of the working hypotheses: 
 

i. We can visualise the distribution and abundance of relevant me-
tabolites in rat kidney sections using nano-DESI MSI. – TRUE 
 

ii. There are significant metabolic differences between healthy and 
early stage diabetic rat kidneys. – TRUE 
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Localisation and binding of C-peptide   
(Papers II – IV) 

 
 
 
 
 
 
 
 
in which we test the following working hypotheses: 

 
iii. C-peptide, administered intravenously, localises to kidney tissue.  

 
iv. We can demonstrate specific binding of C-peptide to a human 

kidney cell line.  
 

v. We can verify or rebut a functional interaction of C-peptide with 
the orphan receptor GPR146.  

 
vi. We can establish a proximal tubule cell model assay for conven-

ient evaluation of compounds by respirometry.  
 

vii. The C-terminal pentapeptide of C-peptide shows a structure-ac-
tivity relationship in its effect on the kidney.  
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The effects of C-peptide in DKD have been thoroughly reviewed,42 but many 
uncertainties remain around its direct molecular interactions. There were three 
aspects of C-peptide binding that we wanted to investigate: Its localisation on 
tissue and cellular levels; the target receptor or structure; and the SAR of the 
C-terminal pentapeptide. Each aspect came with a number of questions and 
several complementary methods were chosen to find answers to them (Figure 
14). 

 
Figure 14: Several methods were used to study the different aspects (in red) of C-

peptide binding. Green = In vivo experiemts. Blue = In vitro experiments. 
Light blue = In vitro experiments not yet completed. 

Organ distribution – where does C-peptide go? 
The first step in figuring out how C-peptide acts should reasonably be to es-
tablish where it acts. After all, if the endogenous peptide doesn’t reach the 
renal tubuli, we cannot expect to find its receptor there.  



 34 

The full-length human C-peptide radiolabelled with 125I-Tyr was used in 
Paper II to trace the in vivo fate of intravenously injected peptide in the 
healthy and STZ rat. The addition of an N-terminal Tyr residue had no detri-
mental impact on the renal effects: ‘Cold’ 127I-Tyr-labelled C-peptide reduced 
hyperfiltration and increased Na+ excretion in diabetic but not healthy rats, in 
line with the native sequence.43 The tissue localisation was heavily dominated 
by the kidney, with a relative majority being in the nephron /collecting duct 
junction of the papilla. The distribution was consistent with previous in vivo 
imaging studies of human C-peptide in monkeys and humans, with accumu-
lation to a lesser extent in other highly perfused organs: the aorta, spleen, liver 
and heart.44 There was also some localisation to skeletal muscle, where C-
peptide has a role in energy metabolism.45 As all blood and urine had been 
removed, this localisation should not reflect an accumulation of C-peptide in 
fluids, but rather an association with the tissue itself. Although it could simply 
reflect the non-specific distribution of any peptide, our results show a distinct 
association of exogenous C-peptide with tissues relevant to its activity and 
metabolism.  

Low molecular weight proteins are filtered freely in the glomeruli and 
mostly reabsorbed and subsequently metabolised in the proximal tubule.46 In 
addition, C-peptide is extracted directly from peritubular capillaries.47 Studies 
with various N-terminally radiolabelled proteins have shown that there is ac-
tive uptake by at least two different mechanisms along the nephron, covering 
a variety of substrates.48 In one of these studies, imaging showed a very dis-
tinct peptide localisation, concentrated in a striped pattern in the inner cortex.49 
In fact, this pattern was very reminiscent of the one observed for lipids de-
tected in rat kidney in Paper I (Figure 15). It is noteworthy, therefore, that our 
radiolabelled C-peptide does not seem to localise mainly to this region but to 
the inner medulla. 

 
Figure 15: A striped pattern of metabolite localisation in the inner cortex.  

Ion images of a) m/z 319.2034 [FA 18:2+K]+, b) m/z 395.2559 [MG 18:1+K]+ and 
c) m/z 631.4699 [DG 34:2+K]+ in diabetic rat kidney. 

Interestingly, there was a significantly lower accumulation in the diabetic kid-
ney, with a particularly marked reduction in the papilla. This reduced accu-
mulation could be related to reduced peritubular reuptake and increased ex-
cretion of C-peptide, previously shown in diabetic patients.50 There was in-
deed higher excretion from the diabetic kidneys in the first 20 minutes after 
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administration. Most of the extrarenal tissues also saw small changes in accu-
mulation, but none to the same extent as in the kidney. 

A limitation of our study is the single N-terminal label, which means that 
the signal corresponds not only to intact C-peptide but also to N-terminal me-
tabolites. Therefore, we cannot claim with absolute certainty that the observed 
radiolabel distribution directly corresponds to that of the C-terminus, which is 
thought to be the main pharmacophore. Nevertheless, as the majority of C-
peptide is metabolised in the kidney rather than the liver or systemic circula-
tion, it can be surmised that where the N-terminal label is present, the intact 
C-peptide has gone before it. With this caveat in mind, we have demonstrated 
that exogenously administered C-peptide reaches and accumulates in kidney 
tissue. 

Cellular localisation – inside or outside? 
Knowing that C-peptide localises in the kidney, we turned our attention to its 
uptake or surface binding on a cellular level. For this, we wanted to use na-
noscale secondary ion mass spectrometry (NanoSIMS) which can generate 
images on a subcellular scale.51 The technique uses a high-energy ion beam, 
in our case consisting of Cs+, to sputter material from the sample surface. A 
portion of this material is ionised and detected by a mass spectrometer. To 
identify the localisation of C-peptide on or in cells, a set of 15N-labelled pep-
tides were made, to give a distinct C15N- isotope signal (Figure 16). 

 
Figure 16: Two of the human C-peptide variants with 15N labels highlighted in red. 

The more isotope labels in a peptide, the easier it will be to detect; hence the 
seven C-terminal residues were used, giving 50% 15N rather than the 33% of 
the pentapeptide. By the same logic, the rat 2 sequence was chosen over rat 1 
or mouse. Before going through the laborious sample preparation for in vacuo 
MSI, we wanted to make sure that C-peptide does in fact interact with the cells 
in some way. For this, confocal microscopy with fluorescently labelled pep-
tides was used in Paper III. Initially, biotin was coupled to the full-length 
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human and mouse sequences to allow for labelling with a variety of fluores-
cent avidin conjugates. However, for practical reasons Cy3 labelling was cho-
sen instead and carried out by Dr Viljanen and Dr Yang. 

The microscopy was carried out by our collaborators on Human kidney-2 
(HK-2) and Human embryonic kidney 293 (HEK-293) cells, two commonly 
used cell lines which are relevant for kidney disease research.52, 53 The HK-2 
cells showed no binding of any C-peptides to the cell surface, and no uptake 
of human or mouse C-peptide compared to vehicle (Figure 17). There were 
higher intensities for the two pentapeptides and significantly higher uptake of 
the scrambled control peptide. Most of the HEK-293 cells detached during 
fixation and washing, but the ones that remained followed the same pattern 
with no uptake of the full-length C-peptides. 

Figure 17: Cellular uptake of 0.5 µM Cy3-labelled peptides in HK-2 cells by fluo-
rescence microscopy. Values are normalised to vehicle (DMSO). Human and Mouse 
= full-length C-peptides. 5Human and 5Mouse = pentapeptides. HumScr = Scram-

bled full-length human C-peptide. n=3 and error bars represent ± SD. 

The relatively higher uptake of the full-length scrambled sequence is curious, 
and could either be unspecific or related to the sequence. It is possible –alt-
hough unlikely – that the randomisation of the residues unintentionally created 
a peptide with a very membrane-permeable secondary structure. Human C-
peptide has a mostly disordered secondary structure in solution, with only 
short sections forming turns or helices.54 These structural features can be en-
hanced by co-solvation with trifluoroethanol (TFE), inducing a more helix-
like formation.55 CD was used to compare the behaviour of our scrambled se-
quence to the native peptide in increasing concentrations of TFE, as a model 
of an increasingly non-polar environment. Both peptides showed an unstruc-
tured profile with one minimum at around 197 nm in pure water (Figure 18). 
At higher TFE concentrations they both shifted towards the helical profile of 
a maximum at 192 and minima at 208 and 222 nm.17 This is in accordance 
with previous results for human C-peptide55 and indicates that the two peptides 
are likely to behave similarly in the non-polar environment of cell membranes. 
The cellular uptake of the scrambled peptide is thus more likely to be related 
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to its primary structure. A search in the UniProt database56 reveals that the 
scrambled C-terminal sequence LPSEA is indeed present in many human pro-
teins, and may therefore contribute to this interaction. This was an unexpected 
result for the control peptide, but does not detract from the fact that we ob-
served no uptake of the native peptide. 

 
Figure 18: Circular dichroism spectra of 50 µM native and scrambled sequences of 

human C-peptide at increasing ratios of trifluoroethanol (TFE) to water. 

As no C-peptide binding or uptake was observed by the cell lines we were 
intending to study with NanoSIMS, we did not go ahead with these experi-
ments. The 15N-labelled peptides remain though, and could be used on tissue 
sections to study interactions with extracellular matrices or other cell types. 

Target – what does it bind to? 
C-peptide has been reported to interact with a number of different cell type 
membranes and intracellular components.57 The methods and readouts vary 
between studies, but many of the responses relate to G-protein signalling and 
one specific G-protein-coupled receptor (GPCR), GPR146, has been proposed 
as the C-peptide receptor.58 This was based on its essential role in C-peptide 
induced cFos-expression in a gastric tumour cell line, as well as co-localisa-
tion of C-peptide with GPR146 on the cell surface.  

The claim of GPR146 being the C-peptide receptor has neither been con-
firmed nor refuted by the scientific community, so we set out to examine this 
interaction further in Paper III. The first cell model chosen for our studies 
was Chinese hamster ovary (CHO-K1) cells artificially overexpressing the hu-
man GPR146 (hGPR146) receptor. The full-length sequences and pentapep-
tides of the human and mouse 1 C-peptides were used, and the experiments 
were carried out by our collaborators. The first approach measured G-protein 
induced responses using a dynamic mass redistribution (DMR) assay. The 
technique uses biosensors to monitor the wavelength changes in reflected light 
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caused by intracellular movements after ligand binding.59 At the highest tested 
concentration of 100 µM, i.e. several orders of magnitude above physiological 
levels, the full-length human C-peptide induced a slight response (Figure 1 in 
Paper III). However, the pentapeptide at the same concentration did not, 
which suggests that it was a non-specific effect. There was no response from 
either of the mouse peptides. CHO-K1 cells overexpressing the glucagon-like 
peptide 1 receptor (hGLP1R) were used as a control system, and as expected 
there was no response from any of the tested C-peptides. The GLP1R agonist 
exenatide was used as a control substance and induced the expected response 
in the hGLP1R- but not in the hGPR146-expressing cells at 5 µM.  

The DMR assay was also performed on HK-2 and HEK-293 cells, without 
any artificially overexpressed receptors. HEK-293 was one of the cell lines in 
the original GPR146 publication,58 and both of these cell lines have previously 
been reported to interact with C-peptide.60, 61 Our results show no DMR re-
sponse for any of the human or mouse C-peptides at 11, 33 or 100 µM con-
centrations in either of the two cell lines. This indicates that there is no C-
peptide induced G-protein dependent signalling in these cell lines, contrary to 
previous reports of pertussis toxin sensitive effects.61 

To further probe the potential interaction of C-peptide with GPR146, the sec-
ond approach employed a β-arrestin assay using the CHO-K1 hGPR146 cells. 
These cells are transfected with complementary fragments of the enzyme β-ga-
lactosidase which combine on arrestin recruitment to the G-protein coupled re-
ceptor, activating a chemiluminescent substrate.62 Again the full-length and 
pentapeptides of human and mouse C-peptides were applied at three concentra-
tions and the CHO-K1 hGLP1R cells were used as controls. No recruitment of 
arrestin was observed for any of the peptides at any of the concentrations tested 
(Figure 2 in Paper III). The C-peptides also elicited no response in the hGLP1R 
control cells, whereas the positive control substance exenatide did.  

Finally, the Cy3-labelled versions of the four C-peptides plus the scrambled 
full-length human sequence were used to study their GPR146-specific uptake 
in CHO-K1 hGPR146 cells by confocal microscopy. For this experiment, wild-
type (WT) CHO-K1 cells were used as controls. There was no observed binding 
of any of the C-peptides to the cell surfaces. There was also no uptake of human 
or mouse C-peptide compared to vehicle, neither in the hGPR146-expressing 
nor the control cells (Figure 19). Similarly to in the human kidney cell lines, 
there was some uptake of the pentapeptides and scrambled human sequence, but 
as the same was true for the control cells it can probably be ascribed to a non-
specific effect. Comparing these results to those obtained by Yosten et al in the 
original GPR146 paper,58 they might seem contradictory at first glance. However, 
a careful look at their reported data of co-localisation of GPR146 and C-peptide 
on the cell surface reveals that their numbers are remarkably low and could argu-
ably be equated to those of our mouse pentapeptide or scrambled human control  
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sequence. Considering both the functional assays and the fluorescence micros-
copy, our results strongly contest the notion that GPR146 is the C-peptide receptor.  

Figure 19: Cellular uptake of 0.5 µM Cy3-labelled peptides in CHO-K1 cells by flu-
orescence microscopy. Values are normalised to vehicle (DMSO). Human and 

Mouse = full-length C-peptides. 5Human and 5Mouse = pentapeptides. HumScr = 
Scrambled full-length human C-peptide. n=3 and error bars represent ± SD 

Although the cFos activity Yosten et al demonstrated for GPR146 in the gas-
tric tumour cell line seems quite apparent, other parts of their results are less 
clear.58 The initial step in identifying candidate receptors was a screen of re-
ceptor expression in three cell lines. The band on the gel for GPR146 in HEK-
293 cells is all but invisible in the published figure, raising the question 
whether GPR146 is in fact endogenously expressed in this cell line. This ir-
regularity is picked up and discussed further in a thesis aiming to reproduce 
these results.63 Other receptors which were not highlighted by the authors or 
included for further analysis, such as GPR17, appear more consistently de-
tected across the three cell lines. It is also important to remember that the ini-
tial receptor screening in the study by Yosten et al was not exhaustive, and 
therefore did not rule out the possibility of another receptor, even a GPCR, 
being the receptor for C-peptide. It was limited to orphan GPCRs from the 
outset, and of those that were considered present in the three cell lines used in 
the study, the majority were discounted based on sequence homology with 
known receptor classes. This could have excluded potential candidates as it is 
possible for receptors to interact with more than one type of ligand, a fact that 
is also mentioned by the authors in a subsequent publication.64 Although not 
specified in the paper, the screened GPCRs do not seem to include the gluta-
mate family of Class C orphan receptors, one of which has recently been 
linked to the development of DKD.65  

Another approach to identifying the target is to let C-peptide bind to cells, 
tissue or even homogenates, and extract the bound components for identifica-
tion. This is what we aimed to do when we designed our crosslinking peptides. 
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The seven and ten C-terminal residues of the human sequence were attached 
to two different tags to create four different peptides (Figure 20).  

Figure 20: Structures of one long and one short crosslinking peptide. Residues not 
part of the native sequence are highlighted in red. 

The reason for using a longer part of the sequence, rather than just the pen-
tapeptide, was to increase the radius of potential crosslinking interactions. 
This is, of course, assuming that the C-terminal pentapeptide is the pharmaco-
phore. The first N-terminal tag used was biotin, which is recognised by and 
binds strongly to streptavidin. The second N-terminal tag was the peptide se-
quence DTYRYI, which is a virus protein epitope that is recognised by and 
binds to the AU1 antibody. Between the C-peptide fragment and the tag a ly-
sine or cysteine residue was included, intended to form an additional bond to 
the target structure near the pharmacophore binding site. This crosslinking of 
the C-peptide to its target should strengthen the connection and improve our 
chances of isolating it for identification. These experiments have not yet been 
completed; our collaborator is working on the crosslinking and extraction 
while a nearby facility will perform the target identification. 

Structure-activity relationship 
The main drawbacks of using intact C-peptide as a treatment are low bio-
availability and a short half-life due to peptidases. The ideal therapeutic prod-
uct would therefore be a small drug-like molecule retaining the effects of the 
native peptide. In order to develop this, one first needs to know which features 
of the native peptide are necessary for it to achieve these effects.  

Two cultures of immortalised mouse kidney cell lines were set up to inves-
tigate the effect of various compounds on the hypoxia in DKD in Paper IV. 
The purpose of the cell assay was mainly to establish the SAR for C-peptide 
and to assess activity during subsequent development of mimetics, but also 
evaluation of other drug candidates (Figure 21). 

A number of pentapeptides based on the rat sequence EVARQ were syn-
thesised to form the base of the chemical library, and used for testing. 
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Figure 21: Schematic overview of cell assay workflow. 

The cells chosen for the assay were from the proximal tubule, a part of the 
kidney which is relevant to DKD and the progression to end-stage renal dis-
ease. It is also a part of the kidney where C-peptide has beneficial effects.42 
The modified strain (P22) overexpresses the NADPH oxidase subunit P22phox, 
which effectively models the increased respiration and hypoxia caused by hy-
perglycaemia. The hypoxia in this cell line can be normalised by treatment 
with full-length or the pentapeptide of C-peptide, according to a preliminary 
study (unpublished results). The WT cell line actually responds to C-peptide 
with an increase in QO2, and was therefore used as a control.  

The cell cultures were very sensitive to their environment, sometimes fail-
ing to proliferate or contracting fungi despite stringent sanitation, fresh culture 
medium components and appropriate humidity and CO2 levels.  

Cells from both lines were incubated with peptides and collected for respi-
rometry. The collected cells were suspended in respiration medium, their ox-
ygen consumption measured using an oxygraph and the data was normalised 
to protein concentration (Figure 22).  

Figure 22: Oxygen consumption by NADPH oxidase subunit P22phox over-expressing 
(P22) and wild type (WT) mouse proximal tubule cells after treatment with ouabain 

or pentapeptides. Control cells are untreated. Error bars represent ± SD. 
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Untreated WT cells (data not available to include on the graph) have a lower 
QO2 than the P22 line due to the difference in superoxide production. The P22 
cells treated with the Na+/K+-ATPase inhibitor ouabain show a normalised 
QO2 compared to the untreated cells, as expected. The WT cells incubated 
with pentapeptides show the same QO2 as the inhibited P22 cells. This indi-
cates that these two pentapeptides are not functional analogues of C-peptide. 
Previous studies have shown that the 27E residue is critical for activity, which 
correlates well with our data.4  

Many of the samples from the oxygraph analysis did not register in the 
protein assay, as their concentrations were below the detection limit. This se-
verely reduced the dataset and eliminated any statistical significance from the 
comparisons. The raw data values from the oxygraph in these experiments 
were also low and at times close to 0. Increasing the amount of cells in each 
sample, however, would not allow for a reasonable amount of technical repli-
cates. The aim had been to set up a convenient cell assay for medium through-
put testing of interesting compounds, but having faced a number of challenges 
it was clear that there was nothing convenient about this assay and the exper-
iments were concluded. 

To validate the transferability of the results from the cell assay, promising 
compounds were to be tested in vivo in STZ rats for their effect on hyperfil-
tration and Na+/K+ excretion.43 As most of the chemical library remains un-
tested in cells, it was not necessary to perform animal studies of the modified 
pentapeptides. In vivo studies were, however, performed for the crosslinking 
peptides to verify their functionality, and they retained the activity of the na-
tive sequences. A scrambled version of the pentapeptide was used as a nega-
tive control and as expected showed no effect on hyperfiltration or Na+/K+ 
excretion.  
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Outcomes of the working hypotheses: 

 
iii. C-peptide, administered intravenously, localises to kidney tissue. 

– TRUE  
 

iv. We can demonstrate specific binding of C-peptide to a human 
kidney cell line. – FALSE 

 
v. We can verify or rebut a functional interaction of C-peptide with 

the orphan receptor GPR146. – TRUE 
 

vi. We can establish a proximal tubule cell model assay for conven-
ient evaluation of compounds by respirometry. – FALSE 
 

vii. The C-terminal pentapeptide of C-peptide shows a structure-ac-
tivity relationship in its effect on the kidney. – Unanswered  
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Conclusions and Outlook 

Our nano-DESI MSI analysis of kidney tissue showed that there are clear met-
abolic alterations in nascent DKD. This opens up the potential for identifying 
clinically relevant markers that may be used to detect renal changes at earlier 
stages of disease than currently possible. It also demonstrates the potential for 
the method to assess the effects of existing treatments and new drug candidates 
on numerous lipids and metabolites throughout the diabetic kidney. Addition-
ally, it would be a convenient platform for studying tissues after C-peptide 
treatment, giving fresh insights into which cellular pathways it affects. 

C-peptide may still be relevant as a basis for treatment of DKD, but any 
further research should be fundamental and focussed on the mode of action – 
what does it bind to or interact with and how. Our results from microscopy 
and functional assays demonstrate that it is high time to move on from a focus 
on GPCRs – and from GPR146 in particular – to considering alternative path-
ways and targets. Interactions with other cell types than tubular cells, such as 
podocytes or fibroblasts, can be studied in tissue sections using for example 
NanoSIMS. We have synthesised a set of 15N-labelled C-peptides which are 
ready to use for this purpose. Potential target molecules could be identified by 
e.g. pull-down or surface plasmon resonance assays. Our crosslinking pep-
tides are one approach to this, and initial experiments are being carried out 
using whole cells. Establishing a functional assay that can define the SAR and 
evaluate peptidomimetics is also an essential next step towards drug develop-
ment. In this work we have shown that oxygraph analysis of cultured mouse 
tubule cell lines can measure the effects of peptide treatment on cellular oxy-
gen consumption, but it is not efficient enough for use on a large library of test 
compounds.  

Something that has hampered other drug candidates is non-transferability 
of in vitro and in vivo results to the human condition. Finding the target for C-
peptide will help clarify results from clinical trials, which so far have been 
contradictory. Moreover, potential future trials should be conducted using rea-
sonable drug candidates, preferably SAR-optimised entities based on the con-
veniently sized pharmacophore. Establishing a potential drug’s mode of action 
is especially pertinent in a disease as diverse as diabetes with two separate 
pathologies, several comorbidities and stages with different needs and com-
plications.  
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Populärvetenskaplig sammanfattning 

Diabetisk njursvikt är en allvarlig och vanlig komplikation av diabetes. Den 
drabbar både typ 1- och typ 2-diabetiker och leder så småningom till så svår 
sjukdom att det krävs dialys eller transplantation. Många olika funktioner och 
delar av njuren påverkas och det är ännu inte känt exakt hur de olika störning-
arna förvärras av varandra, eller om det finns en specifik förändring som or-
sakar hela förloppet. Just för att den bakomliggande orsaken inte är känd är 
det ännu inte möjligt att bota diabetisk njursvikt, utan de behandlingar som 
finns minskar symtomen och bromsar försämrandet. 

Vi använde en analytisk metod som heter avbildande masspektrometri för 
att studera vilka molekylära förändringar som sker i den diabetiska njuren, 
tidigt i sjukdomsförloppet innan de kliniska symtomen börjar märkas. Pro-
verna kom från både diabetiska och friska råttor och bestod av tunna snitt av 
frysta njurar. Tekniken vi använde för att studera dessa snitt heter nano-DESI, 
och fungerar genom att en prob med lösningsmedel förs över provet medan en 
masspektrometer analyserar de substanser som tas upp av lösningsmedlet. På 
så vis skapas bilder som visar hur mycket av varje ämne som uppmätts och 
var det finns på provytan (Figur 1). Vi jämförde datan från de friska och dia-
betiska njurarna och såg att flera grupper av ämnen hade ökat i den sjuka väv-
naden. Det visade bland annat att metabolismen av vissa aminosyror och oxi-
deringen av fettsyror för energiutvinning är märkbart förändrade. 

 
Figur 1: Jonbilder av en monoglycerid i diabetisk (t.v.) och frisk (t.h.) njure.  

Eftersom njurarna ännu inte hade börjat visa tecken på vävnadsskador, är 
denna kunskap värdefull både för förståelsen av sjukdomsförloppet och kli-
nisk provtagning. Om något av dessa ämnen kan användas som markör i blod- 
eller urinprov kan förändringar i njurfunktionen kanske upptäckas i ett tidigare 
stadium än vad som är möjligt nu.  
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När insulin, som består av två peptidkedjor, produceras i kroppen bildas 
samtidigt en tredje peptid. Den länkar samman de två insulinkedjorna och kal-
las därför proinsulin connecting peptide, eller C-peptid (Figur 2). 

 
Figur 2: Strukturen av proinsulin bestående av C-peptid och de två insulinkedjorna. 

När insulin inte produceras normalt, som i diabetes, produceras alltså heller 
inte C-peptid. Tidigare resultat har visat att behandling med C-peptid eventu-
ellt kan motverka en del av komplikationerna av diabetes, men det är inte känt 
exakt hur eller var den har sin verkan. För att ta reda på om C-peptid kan vara 
en lämplig startpunkt för att utveckla ett läkemedel mot njursvikt, använde vi 
flera tekniker för att undersöka dess funktion. Till att börja med studerade vi 
vart C-peptid tar vägen i kroppen genom att ge C-peptid inmärkt med jod-125 
till friska och diabetiska råttor. Efter mätning av andelen jod-125 i olika organ 
kunde vi se att C-peptid främst hamnar i njurarna och stora kroppspulsådern, 
med mindre mängder i hjärta, lever och muskler. De diabetiska njurarna hade 
lägre nivåer av C-peptid än de friska, speciellt i den innersta delen, men i öv-
riga vävnader var det inga stora skillnader. Detta visar att C-peptid ansamlas 
i njurarna och att diabetes påverkar den processen. En bra utgångspunkt för 
vårt arbete! 

Det har föreslagits att C-peptid kanske fungerar genom att binda till en re-
ceptor kallad GPR146, som ännu inte blivit kopplad till någon bestämd sig-
nalsubstans eller funktion. Om man visste att C-peptid binder till en viss re-
ceptor skulle det underlätta mycket både i förståelsen av hur den fungerar och 
i utvecklingen av ett eventuellt läkemedel. Vi använde därför speciellt fram-
tagna celler med extra många GPR146-receptorer i tre olika tester för att be-
kräfta eller avvisa den interaktionen. Den första metoden bygger på ett enzym 
som aktiveras när något binder till den utvalda receptorn, och orsakar en mät-
bar ljussignal som resultat. Den andra metoden registrerar de rörelser av mo-
lekyler inne i cellen som sätts igång när någonting binder till en receptor. Efter 
att ha behandlat cellerna med tre olika höga koncentrationer av C-peptid var 
det ingen av de två metoderna som visade någon aktivering av receptorn. Vi 
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såg alltså varken tecken på att C-peptid binder till GPR146 eller att någon 
signalering sker i cellerna som svar på en sådan interaktion.  

Till sist använde vi mikroskopering för att visuellt undersöka om C-peptid 
fäster på ytan av cellerna med GPR146-receptorer eller tas upp inuti dem. För 
detta fäste vi en fluorescerande molekyl längst ut på C-peptiden och mätte 
ljusstyrkan på, i och runt de behandlade cellerna. Vi jämförde resultaten från 
cellerna med extra många GPR146-receptorer med likadana celler utan 
GPR146-receptorer och såg att det inte var någon skillnad på mängden C-
peptid som satt på ytan eller fanns inuti cellerna. GPR146 hade alltså inte på-
verkat mängden C-peptid som interagerade med cellerna. Eftersom våra första 
experiment inte heller visat någon funktionell koppling, drar vi slutsatsen att 
GPR146 sannolikt inte är receptorn för C-peptid. 

Det finns många olika sätt att fortsätta leta efter vilken receptor eller annan 
måltavla C-peptid binder till; vi har påbörjat sådana experiment men väntar 
fortfarande på resultaten. Det finns också många sätt att undersöka vilka spe-
cifika processer den påverkar i olika typer av celler och vävnader. Gemensamt 
för de olika studierna är att det kan vara lättare att handskas med molekyler 
som är mindre än C-peptid. Om det skall utvecklas ett läkemendel i framtiden 
är det också lättare för kroppen att ta upp, och undvika att bryta ner, en liten 
molekyl som inte ser ut som en peptid. Det har visat sig att en liten del av C-
peptid, en pentapeptid som består av fem aminosyror, har samma effekt som 
hela peptiden och därför kan användas som utgångspunkt. Vi har börjat skapa 
ett bibliotek med olika modifierade versioner av pentapeptiden, för att studera 
hur det påverkar peptidens effekt (Figur 3). 

 
Figur 3: Strukturer av C-peptids naturliga pentapeptid (t.v.) och samma pentapeptid 

med exempel på två olika modifieringar (t.h.). 

Den här samlingen modifierade peptider kan användas för att fastställa vilka 
delar av strukturen som krävs för aktivitet, och vilka delar som kan förenklas 
genom att t.ex. ta bort stora sidokedjor. Det är möjligt att C-peptid kan leda 
till en behandling av diabetisk njursvikt, men först finns det många frågor kvar 
att besvara om vilken receptor eller annan struktur den binder till och hur den 
interaktionen ser ut. 
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