Diabetes

CaM Kinase lI-6 is required for diabetic hyperglycemia and
retinopathy but not nephropathy

Jessy Chen'2, Thomas Fleming?, Sylvia Katz!2, Matthias Dewenter’2, Kai Hofmann!?2, Alireza
Saadatmand!2, Mariya Kronlage!24, Moritz P. Werner!-2, Bianca Pokrandt®, Friederike Schreiter!?,
Jihong Lin®, Daniel Katz'?, Jakob Morgenstern3, Ahmed Elwakiel’, Peter Sinn, Hermann-Josef
Groéne?19, Hans-Peter Hammes®, Peter P. Nawroth311.12 Berend Isermann?, Carsten Sticht3, Britta

Briigger®, Hugo A. Katus?#, Marco Hagenmueller:2* and Johannes Backs!2"

1nstitute of Experimental Cardiology, Heidelberg University, Heidelberg, Germany

2German Center for Cardiovascular Research (partner site Heidelberg/Mannheim), Heidelberg,
Germany

3 Department of Internal Medicine | and Clinical Chemistry, University Hospital of Heidelberg,
Heidelberg, Germany.

4 Department of Cardiology, University of Heidelberg, Heidelberg, Germany

SHeidelberg University Biochemistry Center, INF 328, 69120 Heidelberg, Germany.

6 5th Medical Department, Medical Faculty Mannheim, University of Heidelberg, D-68169, Mannheim,
Germany

"Institute of laboratory medicine, clinical chemistry, and molecular diagnostics (ILM), University of
Leipzig, Leipzig, Germany Department of Pathology, Heidelberg University Hospital, Heidelberg,
Germany

9 Department of Cellular and Molecular Pathology, German Cancer Research Center, Heidelberg,
Germany

10 |nstitute of Pathology, University of Marburg, Marburg, Germany.

11 German Center for Diabetes Research (DZD), Neuherberg, Germany.

12 Institute for Diabetes and Cancer IDC Helmholtz Center Munich, Germany & Joint Heidelberg-IDC
Translational Diabetes Program, Neuherberg, Germany.

13Medical Research Center, Medical Faculty Mannheim, Heidelberg University, Mannheim, Germany
* these authors contributed equally

Running title: CaMKIId regulates diabetic hyperglycemia
Word count: 3920 (main text)

Corresponding author:

Johannes Backs

mail: johannes.backs@med.uni-heidelberg.de
Phone: +49-6221-5637714

Diabetes Publish Ahead of Print, published online November 25, 2020

Page 2 of 41


mailto:johannes.backs@med.uni-heidelberg.de

Page 3 of 41

Diabetes

Abstract

Type 2 diabetes has become a pandemic and leads to late diabetic complications of
organs including kidney and eye. Lowering hyperglycemia is the typical therapeutic
goal in clinical medicine. However, hyperglycemia may only be a symptom of
diabetes but not the sole cause of late diabetic complications, Instead, other
diabetes-related alterations could be causative. Here, we studied the role of CaM
Kinase Il & (CaMKII®) that is known to be activated through diabetic metabolism.
CaMKIId is expressed ubiquitously and might therefore affect several different organ
systems. We crossed diabetic leptin receptor mutant mice to mice lacking CaMKIId
globally. Remarkably, CaMKIId-deficient diabetic mice did not develop
hyperglycemia. As potential underlying mechanisms, we provide evidence for
improved insulin sensing with increased glucose transport into skeletal muscle but
also reduced hepatic glucose production. Despite nhormoglycemia, CaMKII&-deficient
diabetic mice developed the full picture of diabetic nephropathy but diabetic
retinopathy was prevented. We also unmasked a retina-specific gene expression
signature that might contribute to CaMKII-dependent retinal diabetic complications.
These data challenge the clinical concept of normalizing hyperglycemia in diabetes
as a causative treatment strategy for late diabetic complications and call for a more

detailed analysis of intracellular metabolic signals in different diabetic organs.
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Introduction

Since 1980 the global prevalence of Type 2 Diabetes (T2D) has doubled. In 2014,
over 420 million people were suffering from T2D (1). Late diabetic complications in
organs like kidney and eye can lead to kidney failure and blindness. Hyperglycemia
has long been suggested to cause diabetic late complications (2). Based on this
assumption, numerous therapeutic strategies were developed to reduce blood
glucose levels. However, some patients with well-adjusted glycemic control still
develop late diabetic complications whereas others with less adequate control do not
(3). Thus, it must be debated whether hyperglycemia is only a symptom of diabetes
whereas other diabetes-related metabolic signaling cause late diabetic complications.
Here, we focused on CaM Kinase Il (CaMKII) that has been shown to be activated in
diabetes (4). CaMKIl is a serine/threonine protein kinase with a broad spectrum of
substrates, consisting of four isoforms. The a- and B-isoforms are almost exclusively
expressed in the brain whereas the 6- and y isoforms are ubiquitously expressed with
higher expression levels of CaMKIId in most organs (5). Besides Ca?*Calmodulin-
binding, diabetes-related post-translational modifications including oxidation and O-
GIcNAcylation lead to CaMKII activation (6-8). CaMKIl in turn is known to regulate
hepatic glucose production (HGP) thereby potentially elevating plasma glucose levels
(9-11). However, the role of CaMKII for late diabetic complications is unclear.

We crossed leptin receptor mutant mice (Leprd®db) as a model of T2D to mice with a
global CaMKIId deletion (KO). We show for the first time that CaMKIId plays a crucial
role in regulating diabetic hyperglycemia. To our great surprise, CaMKIId was

required for diabetic hyperglycemia and retinopathy but not nephropathy.
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Materials and Methods

Generation of CaMKII5-deficient Leprdt/d® mice. CaMKII5-deficient (KO) (12)
were crossed to Leprd/d® mice (Jackson lab) to obtain CaMKIId-deficient Leprdb/do
(Leprdd/db/KO) and Leprt* (Leprt/*/KO) as compared to Leprd®d/\WT and Lepr+*/KO.
These mice were maintained in a C57BL/6J genetic background, received a standard
diet and kept on a 12h light and dark cycle at 22 + 2°C and room humidity of 55%. All
experimental procedures were reviewed and approved by the Institutional Animal

Care and Use Committee at the Regierungsprasidium Karlsruhe, Germany.

Measurement of blood glucose and glycated haemogloblin (HbAlc). Blood
glucose was measured with Accu-Check Aviva lll (Roche). HbAlc was determined
by cation-exchange chromatography on a PolyCAT A column (PolyLC Inc.). The
relative amount of HbAlc is expressed as a percentage of Hb, based upon the area

under the respective peaks.

Glucose Tolerance Test (GTT) and Insulin Tolerance Test (ITT). 12-16 weeks old
mice were starved for 12 or 4 hours, respectively, then glucose (2g/g body-weight
solved in 0.9% NaCl) or insulin (0.0005U/g body-weight solved in 0.9% NaCl) were
injected intraperitoneally (ip). Blood glucose was measured from tail vain blood at

baseline and at the timepoints 15min, 30min, 60min and 120min after ip-injection.

Quantification of vasoregression and pericyte loss in retinae. Acellular
capillaries and pericyte loss were evaluated in retinal digest preparations as
described previously (13). For visualization of the retinal morphology and
morphometry, PAS staining was performed on digested retinae. Quantification of
acellular capillaries was done using the CellF software (Olympus Opticals, Hamburg,
Germany). The number of acellular capillaries was calculated to the total retinal area.
The number of pericytes was quantified in the ten randomly selected fields in the

central retina under 400x magnification by a blinded observer.



Diabetes

Quantification of mesangial expansion in kidney. Kidneys were fixed in 4%
formalin and embedded in paraffin. Periodic acid- Schiff (PAS) staining was
performed on kidney paraffin sections. PAS stainings were scanned at 40x
magnification using the Aperio AT2 Digital Pathology Slide Scanner (Leica) for digital
microscopy. The mean mesangial expansion was quantified blinded in 60 randomly
selected glomeruli per kidney with ImageJ software.

Basal membrane thickness. The method of estimating the thickening of the basal
membrane was described previously (14). In brief, specimen are fixed with
Karnovsky and dehydrated with an alcohol series and embedded in araldite
(SERVA). Sections of 70nm thickness were cut using an Ultracut E microtome (Leica,
Wetzlar, Germany). Sections were analyzed with a ZEISS EM 900 or 910
transmission-electron microscope (ZEISS, Oberkochen; Germany) and macrographs
are taken with a CCDK2 camera (TRS-Trondle, Dinzelbach; Germany). Basal

membrane thickness was estimated with the ImageSP software (TRS-Trondle).

Quantification of Proteinuria. Proteinuria was measured with collected spot urine
using the Mouse Albumin Elisa Quantification Kit (Bethyl Laboratories, E90-134). In
brief, a 96-well-plate was coated (1h), washed (5x) and blocked (30min) with
corresponding antibody and solutions. Diluted urine samples and a prepared
standard were added in duplicates and incubated for 1 hour. Subsequently, the plate
was washed again and the HRP detection antibody was added to each well and
incubated for another hour. Afterwards, the plate was developed protected from light
for 15min with TMB substrate solution and the reaction was stopped with stopping
dilution. The absorbance was measured in a micro-plate reader at 450nm (EnSpire,

Multi-Mode reader, Perkin Elmer).

WT-1 immunohistochemistry. Paraffin kidney sections were dewaxed, rehydrated
then incubated with citrate-based antigen retrieval solution (H-3300, Vector
laboratories). Endogenous peroxidase activity was blocked by incubating the sections
with 3% hydrogen peroxide solution. Sections were then blocked with PBS containing

3% donkey serum and 0.5% Triton X-100 for one hour at room temperature. Sections
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were incubated with primary antibody against WT-1 (ab89901, Abcam) in a dilution of
1:300 overnight at 4 °C. Rest of the staining protocol and analysis was performed as

previously described (15).

Masson’s Trichrome staining (MTS). Paraffin kidney sections were dewaxed,
rehydrated then stained using the trichrome staining kit (HT15, Sigma) according to
the manufacturer’s instructions. The slides were then dehydrated and mounted using
anhydrous mounting medium (6638.1, Carl Roth). Ten visual fields per mouse kidney
were randomly selected and the percent of fibrotic area was determined using
ImageJ software.

Western Blotting. Proteins were isolated from homogenized tissue or from
transfected M1 and MES13 cells with RIPA buffer. Protein concentrations were
determined with BCA. Western Blot analysis was performed with 10% SDS-gels and
proteins were blotted on nitrocellulose membranes. Membranes were blocked with
5% skim milk or 5%BSA, incubated with primary antibodies overnight and secondary
antibodies for 1h on the next day. Detection was performed with Luminol Reagent
(Santa Cruz). Antibodies used for immunoblotting were anti-GLUT1 (abcam, 1:1000),
anti-GLUT4 (LS Bio, 1:1000 or Santa Cruz 1:1000), anti-CaMKIl (BD Bioscience,
1:1000), anti-Tubulin (Sigma, 1:2000), anti-GAPDH (Chemicon, 1:10000), anti-
p38MAPK (Cell Signaling, 1:1000), anti-p-p38MAPK (Cell Signaling, 1:1000) and [3-
actin (1:2000; Cell Signaling, 4967S; rabbit).

Quantitative real-time PCR. RNA was isolated using TRIzol (TRI Reagent, Sigma).
cDNA synthesis was carried out with First Strand cDNA Synthesis Kit (Thermo Fisher
Scientific). gPCR was performed with the Universal Probe Library System (Roche)
using the TagMan Universal PCR Mastermix (Applied Biosystems) and detection on
a 7500 fast cycler (Applied Biosystems). Primers and probes used were 5'-
aacccgttttctgggttga-3° and atgtgtgggcgatgacatt (Probe #105) for Pck-1, 5'-
gaaagtttcagccacagcaa-3' and tctgtcccggatctaccttg (Probe #19) for G6pc and 5'-
acaccatgctccgtcctg-3'° and 5’-gtcattggtgttggcttgtg-3’ (Probe #98) for SGLT2, 5'-
cctggccatagaggtgga-3° and ggggagaggtatccaggtgt  (#32) for CaMK2a, 5'-
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agccccaaaggatctctcc-3’ and gggttatggataacggtggtt (#74) for CaMK2b, 5'-
gatcaaagctggagcctacg-3° and gcttcaggagtgactgtgtcc (#9) for CaMK2g, 5'-
agttcacagggacctgaagc-3’ and cgccttgaacttctatggcta (#68) for CaMK2d, 5'-
ctggcaggccgaagtatg-3° and ttccaatgttactggcaaagag (#49) for SGLT1. Relative
changes in gene expression measured with real-time quantitative PCR were
analyzed using the 2(-Delta Delta C(T)) method (16).

Cell culture. Murine kidney epithelial (M1) and mesangial (MES13) cells,
immortalized with SV40 large T antigen were obtained from ATCC® (Mannassas,
Virginia). A mixture of four siRNAs targeting murine CaMKIId were purchased from
Horizon Discovery Ltd (SiIGENOME, M-040821-01). 1 x 10° cells were transfected
with a total of 500pmol siRNA in 100ul resuspension buffer by electroporation using
the Neon transfection system (Thermo, Karlsruhe, Germany). Cells were also
transfected with a non-targeting pool (sSiGENOME, D-001206-14) as a negative

control.

Glycogen and sorbitol . Glycogen and sorbitol content of muscle tissue(s) were
measured end-point, colorimetric assay (Biovision) according to manufacturer
instructions and normalized to total protein content, as determined by the Bradford

assay.

Plasma Insulin. Plasma insulin was measured by sandwich immunoassay

(ALPCO), according to manufacturer instructions.

MG levels. MG levels were determined by liquid chromatography followed by tandem

mass spectrometric detection (LC-MS/MS), as described previously (17).

RNA Sequencing and Analysis. Most of the procedure was done with R and
bioconductor using the NGS analysis plackage systempipeR (18). Quality control of
raw sequencing reads was performed using FastQC (Babraham Bioinformatics).
Low-quality reads were removed using trim_galore (version 0.6.4). The resulting
reads were aligned to mouse genome version GRCm38.p6 from Genecode and

counted using kallisto version 0.46.1 (19). The count data. was transformed to log2-
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counts per million (logCPM) using the voom-function from the limma package (20).
Differential expression analysis was performed using the limma package in R. A
false positive rate of a= 0.05 with FDR correction was taken as the level of
significance. Volcano plots and heatmaps were created using ggplot2 package
(version 2.2.1) and the complexHeatmap (version 2.0.0) (21). Pathway analysis was
made with fgsea package (22) and the enrichmentbrowser package (23) in R using
the pathway information from KEGG database

(https:/www.genome.jp/kegg/pathway.html).

Lipidomics. Samples (approx. 2 -4 nmol of total lipid) were subjected to an acidic
Bligh and Dyer liquid-liquid extraction (24) . Lipid standards were added prior to
extractions, using a master mix as described (25). Samples were analyzed on an
QTRAP 6500+ mass spectrometer (Sciex) with chip-based (HD-D ESI Chip, Advion
Biosciences) electrospray infusion and ionization via a Triversa Nanomate (Advion
Biosciences) as described (26). Data evaluation was done using LipidView (1.3 beta,

Sciex) and an in-house-developed software (ShinyLipids).

Statistical analysis. Results are expressed as the mean + SD. Statistical analysis
was performed with GraphPad Prism (Version 6.0, GraphPad Software Inc., CA,
USA). Statistical analyses were performed using 1-way ANOVA where appropriate.

p < 0.05 was considered statistically significant.


https://www.genome.jp/kegg/pathway.html
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Results

CaMKII5-deficient Leprdt/d> mice are hyperinsulinemic but not hyperglycemic.
Leprdb/do/KO were viable and had comparable body-weights as Leprdd/do/wT
littermates (Suppl. Fig. 1). Apart from mildly elevated glucose levels at early age,
Leprdv/do/KO did not develop hyperglycemia at age >16 weeks as compared to
Leprdb/do/\WT (Fig.1A/B). Likewise, HbAlc levels in Leprd/db/KO were equal to WT
and KO (Fig. 1C). Insulin plasma levels were equally elevated in Leprd?/d/KO as in
Leprd/do/\WT (Fig. 1D).

CaMKIId deficiency improves insulin responsiveness. We next conducted GTT
and ITT. Glucose tolerance was impaired in both Leprd®d/\WT and Leprdt/do/KO with
prolonged hyperglycemia (Fig. 2A). Upon insulin injection, blood glucose levels of
Leprdv/dd paradoxically increased , which we attribute to an endogenous stress
response and/or dysregulated insulin sensing. Notably, this effect was reduced in
Leprdb/do/KO as compared to Leprddb/\WT, indicating that CaMKIId mutation restores
whole body insulin responsiveness but not glucose tolerance in leptin mutant mice
(Fig. 2B).

Evidence for increased glucose transport into skeletal muscle and for
downregulated hepatic glucose production in CaMKII&-deficient Leprd/db mice.
In skeletal muscle — a major glucose store of the body — protein levels of the insulin-
independent glucose transporter GLUT1 and the insulin-dependent glucose
transporter GLUT4 (27) were increased in both Leprddb/\WT and Leprd®/db/KO (Fig.
3A-B). However, GLUT1 and GLUT4 were also up-regulated in non-diabetic KO,
pointing to a general CaMKII5-dependent mode of GLUT expression. The additional
increase in expression of the insulin-dependent transporter GLUT4 in skeletal muscle
of Leprdddb/KO is suggestive to contribute to the prevention of hyperglycemia. In
support, skeletal muscle glycogen content was relatively higher increased in
Leprdb/db/KO (Fig. 3C). The glucose intermediate sorbitol of the polyol pathway was
not significantly enhanced in Leprdd® mice but we observed a trend towards
elevation in Leprdv/do/KO (Suppl Fig. 2).

Hepatic glycogen content was not significantly decreased (Suppl. Fig. 3A) while

sorbitol levels were increased in both Leprd’d® groups (Suppl. Fig. 3B), indicating
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that glucose enters the polyol pathway, which might result in higher oxidative stress
and the formation of AGEs.

To investigate whether CaMKII® regulates HGP, we examined the levels of
phosphorylated p38 MAPK, which regulates the localization of the transcriptional
regulator of hepatic glucose production FoxO1 (28), and found it to be attenuated in
Leprdb/do/KO (Suppl. Fig. 4A-B). Moreover, gene expression of phosphoenolpyruvate
carboxykinase (Pck-1) and glucose-6-phosphatase (G6pc) - two key enzymes of
gluconeogenesis - are downregulated in CaMKII&-deficient db/db mice (Suppl. Fig.
4C-D), pointing to a contribution of CaMKIId to the activation of hepatic glucose
production. In the liver of in Leprd/d®/WT, we did not observe an upregulation of
CaMKIly which was implied to regulate HGP, pointing to a specific yet unknown effect
of CaMKII3 on HGP (Suppl. Fig. 4E).

Whereas mRNA levels of the sodium/glucose-cotransporter 2 (SGLTZ2) were slightly
but not significantly increased in kidneys of Leprd/db/KO, SGLT1 mRNA was
increased in Leprd®d/\WT but not in Leprd®/d/KO (Suppl. Fig. 5A-B). But, as urinary
glucose concentrations were decreased in Leprd®db/KO as compared to Leprdo/do/\WT
littermates (Suppl. Fig. 5C), it seems rather unlikely that a decrease in renal glucose
excretion contributes to low blood glucose levels.

More studies are needed to determine the relative contributions of the observed

changes to the here described phenoptye.

Diabetic nephropathy despite normoglycemia in CaMKII5-deficient Leprdb/dd
mice. To our big surprise, we observed more pronounced mesangial expansion in
Leprdo/do/KQ despite normoglycemia as compared to hyperglycemic Leprdo/do/\WT
kidneys (Fig. 4A). Likewise, thickening of the basal membrane (Fig. 4B) and loss of
podocytes (Fig. 4C) were more pronounced. Furthermore, we observed fibrosis
(Fig.4D), tubular dilatation (Fig. 4E) and proteinuria (Fig. 4F) in Leprd/d/KO as in
Leprdo/do/\WT, Kidney weight was slightly elevated in 16 week old Leprd®/do/KO and
glomerulum size increased over time in both Leprdd® groups (Suppl. Fig. 6A-D).
These data show that diabetic nephropathy in Leprd®d® can even occur under
normoglycemia. This is a central finding of this study, highlighting that the
development of diabetic nephropathy is a complex process that is not determined by

glucose levels in the blood.
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Because CaMKIlla and CaMKIIf were undetectable and CaMKIlly was not increased
in Leprde/do/KO, it is unlikely that other isoforms compensated to induce nephropathy
(Suppl. Fig. 7A). Indeed, phosphorylated calcineurin, a marker for CaMKII activity
(29), was increased in renal tissue of Leprddb/\WT but not Leprd®d/KO (Fig. 4G),
confirming that CaMKIId contributed entirely to elevated CaMKII activity in diabetic

kidneys.

Evidence for increased renal glucose uptake in normoglycemic CaMKII5-
deficient Leprdt/d> mice. GLUT1 expression was elevated in Leprd?d/\WWT but also in
Leprt*/KO (Fig. 5A) and GLUT4 was slightly but not significantly increased in both
KO groups, suggestive for increased renal glucose uptake in KO. In Seahorse
experiments, siRNA-mediated CaMKII® deletion in immortalised tubular cells (M1)
and mesangial cells (MES13) did not reveal differences in the glycolysis stress tests,
suggesting that substrate utilization for energy production in mesangial and tubular
cells is not regulated by CaMKIId (Suppl. Fig. 8A-D). Therefore, we speculated that
the higher glucose uptake in Leprd/d/KO does not contribute to energy production
via glycolysis but ‘fuels’ glycolysis side pathways, that may result in accumulation of
reactive glucose metabolites. Thus, we measured total O-GIcNAcylation in renal
tissue (30), and we found elevated protein O-GIcNAcylation in Leprd®/do/WT and
Leprdv/do/KO but also in Lepr”* /KO (Fig. 5B), suggesting that protein O-
GIcNAcylation is governed by CaMKIId. Methylglyoxal (MG) has been suggested as
another diabetes-associated reactive glucose metabolite (31). We measured levels of
MG in the kidney and found increased concentrations in both Leprd®d/\WT and
Leprdb/do/KO mice compared to their respective non-diabetic littermates (Fig. 5C),
suggesting that MG is CaMKII&-independently produced and may be additive to renal

protein O-GIcNAcylation as cause for diabetic nephropathy.

No diabetic retinopathy in normoglycemic CaMKII5-deficient Leprdt/db mice. As
markers for diabetic retinopathy we measured the number of acellular capillaries,
pericytes and migrating pericytes (32) (Fig. 6A). Leprd/do/WT showed a significant
increase in the number of acellular capillaries (Fig. 6B), a loss of pericytes (Fig. 6C)
and a higher number of migrating pericytes (Fig. 6D) compared to non-diabetic mice.
Remarkably, Leprd®db/KO did not show pathological alterations in the aforementioned

parameters, indicating that these mice are protected from diabetic retinopathy. Other
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than in kidney, we found a general upregulation of all CaMKII genes in Leprdt/do/\WT
but surprisingly not in Leprd®/d/KO (Suppl. Fig. 7B), pointing to a yet known positive
feedback loop of CaMKII®- or diabetes-induced CaMKlla —, CaMKIIf —, CaMKlIly —
gene expression. The profound changes in CaMKIl gene expression prompted us to
systematically analyze diabetes-related gene expression in different diabetic organs
by RNAseq (GSE157739 provides access to all data). In analogy to the clear
CaMKIId-dependent phenotypic data, we found a clear pattern of CaMKII-dependent
differential gene expression in the retina as compared to the kidney (Suppl. Fig. 9A-
B). We were patrticularly interested in the genes that were only regulated in WT retina
under diabetic conditions but not in KO (CaMKII-dependent specific diabetic
retinopathy genes; Fig. 6E-F) and in genes that were regulated in WT retina and
kidney under diabetic conditions but not in KO retina (Fig. 6E, Suppl. Fig. 9C-D). A
few of the top-regulated genes in the retina (Suppl. Fig. 9A-B) were retina-specific
(marked in red, Fig. 6C). The signature of retina-specific and CaMKII&-dependent
diabetes-induced genes need further functional analysis. Many genes, e.g. Gpat2,
with “lipid” as keyword in Gene Ontology were differentially regulated in the retina of
Leprd?do/\WT vs Leprt*/WT but not Leprd®d/KO vs Leprt*/KO (Suppl. Fig. 10A)
whereas CaMKII®-dependent changes in the kidney was less clear (Suppl. Fig.
10B). In an attempt to validate the significance of retinal gene expression changes
concerning lipid mediators, we failed to identify differences by lipidomics (Suppl. Fig.
10C). Specific diabetes-induced phosphatidylethanolamine (PE) and Cholesterol
(Chol) reduction in the retina appeared to be CaMKII5-dependent (Suppl. Fig. 10D-
F) but the detectable quantitative differences questionably contribute to the striking

phenotype rescue (Suppl. Fig. 10G).

Discussion

In this study we show 1) that CaMKII® induces diabetic hyperglycemia possibly by
reducing insulin sensing with decreased glucose uptake into stores and an increase
in HGP, 2) that hyperglycemia per se does not lead to diabetic nephropathy and 3)
that hyperglycemia is a good measure to assess the risk of diabetic retinopathy.
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To date, little is known about the role of CaMKII in insulin signalling and the
regulation of GLUTs. In a rat skeletal muscle cell line, CaMKIl mediates
phosphorylation of the insulin receptor substrate 1 (IRS1) at Serine 612 and this in
turn blocks downstream signalling of the insulin receptor (33). As a consequence,
expression of GLUTA4 is inhibited, indicating that CaMKII regulates GLUT4 expression
via the insulin signalling pathway in their model system. Another report describes the
regulation of GLUT4 through CaMKIl on gene expression level via the transcription
factor myocyte enhancer factor 2 (MEF2) (34) - a prominent downstream target of
CaMKIl signalling (35).

Regarding the influence of CaMKII® on HGP, it has been shown that CaMKIlly is a
regulator of HGP (9-11; 36). Compared to the aforementioned study we observed a
similar but more modest impact of CaMKIId on HGP. However, the seemingly lower
impact of CaMKII® deficiency on baseline glucose production in the liver is may be
due to a compensatory activation of CaMKIly and suggest that CaMKIly is the more
predominant isoform involved in hepatic glucose production. However, in the liver
CaMKlly is not upregulated in a CaMKII&-dependent manner as in the diabetic retina,
suggesting that either CaMKIId contributes to HGP in the diabetic liver more than
CaMKIlly or that CaMKIly compensates at the functional levels as it was described in

pathological cardiac remodelling (29).

Another striking finding is that the CaMKII&-dependent reduction of blood glucose in
Leprdb/db/KO mice does not affect the integrity of all organ systems to the same extent
(i.e., no effect on diabetic nephropathy but on retinopathy), indicating that diabetes-
related defects occur in a tissue and cell-type specific manner. This observation
challenges the prevailing idea that reducing hyperglycemia is a unifying target to limit
late complications in diabetic patients. We propose, that not the clinical presentation
of hyperglycemia but rather specific not well-defined alterations of glucose handling
and the production of glucose metabolites such as MG or O-GIcNAc contribute more

directly to late diabetic complications.

Accordingly, the opposite phenotypes observed in the kidney and the retinae of
Leprdb/do/KO mice can be explained by specific differences in glucose metabolism in

these organs. A recent study described tissue-specific alterations in kidney and
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retinae in diabetic vs. non-diabetic mice using transcriptomics, metabolomics and
metabolic flux analyses (37). However, whereas in this study the activity of glucose
and fatty acid metabolism was more enhanced in the kidney than the retina, we
found more specific gene expression signatures in the retina, which depended largely
on CaMKIl. However, we closely checked the possible contribution of lipid
metabolites but could not provide evidence for a significant contribution. While renal
glucose metabolites such as MG and O-GIcNAc persisted in CaMKII&-deficient mice,
the retina showed e.g. a significant attenuation of the rate limiting enzyme of the

hexosamine biosynthesis pathway in a CaMKIIl-dependent manner.

Based on the collected data, we cannot distinguish whether the observed
retinoprotection depends directly on normoglycemia or retinal CaMKII$ itself. The
latter is supported by an in vitro study with primary cultures of retinal Muller cells
prepared from Sprague-Dawley rats. In this model system high glucose induced
expression of HIF-a and VEGF in a CaMKII-CREB-dependent manner. Activation of
this pathway was suggested to be the underlying pathogenesis of retinopathy (38;
39). The newly obtained list of diabetes-induced and CaMKII-dependent retinal
genes will be helpful to further study this issue. Conditional deletion of CaMKIId in
retina vs other glucose storage tissue are also warranted. Our qPCR data
demonstrating relatively high expression of all four CaMKII isoforms in retinal tissue
in a CaMKII&-dependent manner also point to a specific role of CaMKII in the retina,
although the induction of the o, p and y CaMKII isoform can be secondarily triggered
by hyperglycemia. Further promoter analysis of these CaMKII genes may lead to a
better understanding of this interesting finding.

Putting our observation in a clinical context we can conclude that monitoring glucose
and HbAlc levels is not sufficient to predict late complications in diabetic patients, in
particular diabetic nephropathy. This is supported by a 10-year follow up study on
T2D patients receiving either conventional therapy with dietary restriction or an
intensive therapy with either sulfonylurea or insulin or metformin for glucose control
(40). The investigators reported that levels of HbAlc in both conventional and
intensive treated patients were reduced to the same degree after a one year therapy,
and reduction in vascular risk and death from any cause was continued. However,

patients receiving an intensified therapy show lesser late complications compared to
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patients with simple dietary restriction despite equally adjusted blood glucose.
Moreover, it was suggested that normalising blood glucose is not sufficient to prevent
diabetic late complications until the acquired metabolic alterations are restored (41).
However, to date therapeutic approaches that target reactive metabolites are not
shown to combat neither diabetic nephropathy nor retinopathy (42; 43). Based on
these observations, recent therapeutic approaches focus on the identification of
protective factors that potentially neutralize hyperglycemia-associated damage rather
than assessing risk factors. Individuals monitored in the Joslin Medalist Study
suffered from long-term T1D (>50years) without presenting the typical late
complications and their glycemic control did not correlate with damage neither in
kidney nor in retinae (44; 45). Only 12% of the observed diabetic patients suffered
from diabetic nephropathy. Individuals with or without diabetic nephropathy from the
same study underwent proteomic analysis of glomeruli isolated post-mortem to
identify potential protective targets (46). They observed a strongly clustered
proteomic signature of enzymes related to glycolysis, the sorbitol pathway, MG
production and mitochondrial function suggesting that reduction of free glucose and

its reactive metabolites can preserve the kidney function.

Thus, there is an urgent need for innovative treatment strategies to combat diabetic
late complications. Our present work suggests that adjusting blood glucose levels in
clinical management alone is not sufficient to prevent diabetic patients from organ
damage. It is rather necessary to gain a mechanistic understanding leading to failure

of individual organ systems in diabetic patients.
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Figure legends

Figure 1

CaMKII5-deficient Leprdt/d> mice are hyperinsulinemic but not hyperglycemic.
(A) Time course showing blood glucose levels over a period of 32 weeks in Leprt/*
and Leprd/dd mice with or without CaMKIId deficiency. Concentration of blood
glucose in Leprdo/do/KO mice is reduced to normoglycaemic levels from 24 weeks of
age. (B) Graph showing levels of blood glucose in animals at 24 weeks of age. (C)
Levels of HbAlc are increased in Leprd®d®/WT and blunted in Leprd®de/KO mice. (D)
Plasma insulin levels are increased to an equal level in both Leprd/dd groups.
Numbers of animals investigated are n=7 in box and whisker plots or indicated as
dots in each group. Values are expressed as mean and SD in scatter plots and as
mean and min to max in box and whisker plots. *p<0.05 Leprdt/db ys, Leprt*, #p<0.05
Leprdb/dd ys, | eprdd/db/KQ, ****p<0.0001, ns=not significant.

Figure 2

CaMKII5 deficiency improves insulin responsiveness.

(A) Intraperitoneal Glucose tolerance test (GTT) in 13-14 week old animals. Area
under the curve analysis (AUC) shows impaired blood glucose normalisation in
Leprdb/de groups after intraperitoneal injection of glucose. (B) Intraperitoneal insulin
tolerance test (ITT) in same animals. AUC analysis indicates improved insulin
sensing in Leprd®d animals. Numbers of animals investigated are indicated as dots.

All values are expressed as mean and SD. *p <0.05, ns=not significant.

Figure 3

Evidence for increased glucose transport into skeletal muscle and for
downregulated hepatic glucose production in CaMKII&-deficient Leprd/db mice.
(A) Immunoblot showing levels of GLUT1 and GLUT4 in the skeletal muscle of
indicated mice, (B) graphs showing quantification of immunoblot respectively, (-
tubulin was used as loading control. (C) Left graph showing increased glycogen
levels in skeletal muscle of both Leprd/d®/WT and Leprd®/d/KO groups compared to
their non-diabetic littermates. Right graph shows increased delta of glycogen content

in Leprdb/do/KO mice compared to their Leprd/do/WT littermates. Numbers of animals
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investigated are n=3 in each group or depicted as dots. All values are expressed as
mean and SD. *p <0.05, **p <0.01, **p <0.001, ns=not significant.

Figure 4

Diabetic nephropathy despite normoglycemia in CaMKII3-deficient Leprdb/dd
mice. (A) Representative PAS staining of tissue slides showing glomeruli of indicated
animals. PAS positive areas are more prominent in Leprddd animals independently
from the genotype. (B) Electron microscopic images and quantification showing
thickening of the basal membrane in both Leprddo/WT and Leprd®db/KO mice. (C)
WT-1 staining and quantification showing podocyte loss in both Leprd®/de groups. (D)
Masson-trichrome staining depicturing equal tubularinterstitial fibrosis in both
Leprd/de groups. (E) Graph showing increased Albumin/Creatinine Ratio in both
Leprd?do/\WT and Leprd®d/KO mice. (F) Immunoblot and quantification showing levels
of Calcineurin and phospho-Calcineurin in kidneys. Numbers of animals investigated
for each group are indicated as dots or n>7 in box and whisker blots. Values are
expressed as mean and SD in scatter plots and as mean and min to max in box and

whisker plots. *p <0.05, **p<0.01, ns=not significant.

Figure 5

Evidence for increased renal glucose uptake in normoglycemic CaMKII5-
deficient LeprdP/ddb mice. (A) Immunoblot and quantification of GLUT1 and GLUT4 in
renal tissue of indicated mice. (B) Immunoblot and quantification of protein O-
GIcNAcylation in renal tissue, graph indicates increased O-GIcNAcylation in
Leprdv/do/\WT and KO mice with or without Leprdt/d® hackground. (C) Levels of
Methylglyoxal (MG) are increased in both WT and KO Leprd®d mice. Numbers of
animals investigated for each group are indicated as dots. All values are expressed
as mean and SD. *p <0.05, *p<0.01, **p <0.001, ****p<0.0001, ns=not significant.

Figure 6

No diabetic retinopathy in normoglycemic CaMKII&-deficient Leprd®/de mice. (A)
Representative retinae tissue slides taken from Lepr** and Leprd®d® mice with or
without knockout of CaMKII®. Blue arrow shows a migrating pericyte, green arrow
shows acellular capillaries. (B) Numbers of acellular capillaries are increased in

Leprd/d/\WT animals and at levels of Lepr*/WT mice in Leprddb/KO mice. (C)
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Graph shows loss of pericytes in Leprdd/\WT mice compared to their Lepr/*
littermates. Number of pericytes in Leprd®d®/KO mice remained unchanged. (D)
Graph indicates elevated numbers of migrating pericytes in Leprd/d/WT animals.
Numbers of migrating cells is blunted in Leprd®db/KO animals. (E) Venn Diagram of
significantly regulated genes in retinae and kidneys in WT or KO (Leprdd/db ys,
Lepr**). Dark-blue coloured field represents significantly regulated genes only in
retinas of WT but not of KO mice (“594 counts”). Light-blue field represents
significantly regulated genes in retina of WT mice and in kidneys of WT mice but not
retinas of KO mice (“174 counts”). (F) Heatmap of genes regulated in WT retina
under diabetic conditions but not in KO. Genes only regulated in the retina are
marked in red. Numbers of animals investigated are indicated as dots (B-D) or n23 in
each group (E-F). All values are expressed as mean and SD. ***p<0.001,

****n<(0.0001, ns=not significant.

Figure 7

Working model

CaMKIId is required for the development of hyperglycemia in type 2 diabetes (T2D).
Diabetic retinopathy but not nephropathy depends on CaMKII®.
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Supplementary data

Supplementary Figure S1: (A-C) Box and whisker plots showing bodyweights of Leprt*
(WT/KO) and Leprde’dd (WT/KO) mice at age of 8, 16 and 24 weeks respectively. Numbers of
animals investigated are n=8. Values are expressed as mean and min to max. ****p <0.0001,

ns=not significant.
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Supplementary Figure S2: Levels of sorbitol in skeletal muscle are equal in Leprt* and
Leprdo/dd conditions in WT and KO animals. Numbers of investigated animals are indicated as

dots. All values are expressed as mean and SD.
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Supplementary Figure S3: (A) Glycogen and (B) Sorbitol content in liver tissue of indicated
mice. Numbers of investigated animals are indicated as dots. All values are expressed as
mean and SD. *p <0.05.
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Supplementary Figure S4: (A) Immunoblot showing phosphorylated and total p-38 MAPK
levels in livers of indicated mice, B-tubulin was used as loading control. (B) Graph showing
reduced phosphorylation of p-38 MAPK in Leprd®d®/KO animals. mMRNA expression of Pck-1
(C) and G6pc (D) is reduced in Leprd®d®/KO compared to Leprd®/d®/\WWT mice. (E) mRNA
expression of CaMKIl-a, -B, -y and -6 isoforms in liver. Numbers of animals investigated are
indicated as dots. All values are expressed as mean and SD. *p <0.05, *p<0.01, ****p

<0.0001, ns=not significant, n.d.=not detectable.
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Supplementary Figure S5: (A/B) mRNA expression of renal Sglt2 and Sgltl normalized to
18s mRNA respectively. (C) Urinary glucose concentrations of indicated mice normalized to
creatinine. Numbers of animals investigated are indicated as dots. All values are expressed

as mean and SD. *p <0.05, **p<0.01, ns=not significant.
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Supplementary Figure S6: (A/B) Kidney weight and relative glomerulum size of 8- and
(C/D) 16 week old mice showing glomerular hypertrophy in both Leprd®d® (WT and KO)
groups. Numbers of animals investigated are indicated as dots or n=8 in box and whisker
plots. Values are expressed as mean and SD in scatter plots and as mean and min to max in
box and whisker plots. *p <0.05, *p<0.01, ***p <0.0001, ns=not significant.
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Supplementary Figure S7: (A) mRNA expression of CaMKIl-a, -B, -y and -0 isoforms in
kidney and (B) in retina. Numbers of animals investigated are indicated as dots. All values

are expressed as mean and SD. *p <0.05, **p<0.01, ****p <0.0001, n.d.=not detectable.
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Supplementary Figure S8: (A/C) Immunoblot demonstrating successful siRNA mediated
knockdown of CaMKIl in M1 and MES13 cells. (B/D) Glycolysis stress test performed with a

seahorse analyser in M1 and MES13 cells.
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Supplementary Figure S9: (A/B) Heatmaps of top regulated genes in WT kidney or WT
retina compared to KO in retina or kidney. (C/D) Heatmaps of genes differentially regulated
in retina and kidney of WT mice but not in retina of KO mice. Numbers of animals

investigated are n=4 in A and C and n23 in B and D.
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Supplementary Figure S10: (A) Heatmap of differentially regulated genes involved in lipid
metabolism in retina and (B) kidney. (C) Heatmap of lipid classes represents only minor
changes of lipidome in serum, kidney and retina between the indicated groups. (D) PCA plots
of lipidome changes in serum, kidney and retina Lepr”*/WT vs. Leprd®®/WT (left diagrams)
and Lepr**/KO vs. Leprdd/KO. (E) Bar graph showing levels of Phosphatidyl ethanolamine
(PE) and Cholesterol (Chol) in Retina. Numbers of animals investigated are n=3 in A and B
and n24 in C-E.
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