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Abstract

Objectives: There is a lack of predictive preclinical animal models combining atheroscle-
rosis and type 2 diabetes. APOE*3-Leiden (E3L) mice are a well-established model for
diet-induced hyperlipidemia and atherosclerosis, and glucokinaset/= (GK+/~) mice are a
translatable disease model for glucose control in type 2 diabetes. The respective mice
respond similarly to lipid-lowering and antidiabetic drugs as humans. The objective of this
study was to evaluate/characterize the APOE*3-Leiden.Glucokinaset/~ (E3L.GK*/~) mouse
as a novel disease model to study the metabolic syndrome and diabetic complications.
Methods and results: Female E3L.GK+/~, E3L, and GK*~ mice were fed fat- and cholesterol-
containing diets for 37 weeks, and plasma parameters were measured throughout.
Development of diabetic macro- and microvascular complications was evaluated.
Cholesterol and triglyceride levels were significantly elevated in E3L and E3L.GK*~ mice
compared to GK~ mice, whereas fasting glucose was significantly increased in E3L.GK+~
and GK*~ mice compared to E3L. Atherosclerotic lesion size was increased 2.2-fold in E3L.
GK*+~ mice as compared to E3L (p=0.037), which was predicted by glucose exposure
(R2=0.636; p=0.001). E3L and E3L.GK*~ mice developed NASH with severe inflammation
and fibrosis which, however, was not altered by introduction of the defective GK
phenotype, whereas mild kidney pathology with tubular vacuolization was present in all
three phenotypes.

Conclusions: We conclude that the E3L.GK*~ mouse is a promising novel diet-inducible
disease model for investigation of the etiology and evaluation of drug treatment on
diabetic atherosclerosis.
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Introduction

The metabolic syndrome consists of a cluster of cardiovascular risk factors, including
abdominal obesity, elevated blood pressure, elevated fasting plasma glucose, high serum
triglycerides, and low high-density lipoprotein (HDL) levels, and drives the global
epidemics of type 2 diabetes (T2D) and cardiovascular disease (CVD). Diabetes increases
the CVD risk about twofold (1-3), which is the leading cause of death worldwide, and
aggravates nonalcoholic steatohepatitis (NASH) (4) and diabetic nephropathy (5). These
comorbidities emphasize the need for antidiabetic treatments that are effective against
both T2D and associated cardiovascular complications.

Animal models can be used to learn more about the underlying pathology of diabetic
complications and the effect of pharmacological interventions thereon, and a wide range
of mouse models combining atherosclerosis and diabetes are described (6). Most available
models are dyslipidemic mice, e.g., apoE~~ and LDLr/~ mice, with chemically (STZ) or
genetically (ob/ob, db/db, and IRS2~/~) induced diabetes (6). Although these models are
widely used in biomedical research and drug development, they do not sufficiently reflect
human disease. First, deficiency of the Apoe or Ldlr gene and STZ treatment result in
extreme hyperlipidemia and hyperglycemia, respectively,and may result in overestimation
of the contribution of hyperglycemia to diabetic complications. Besides, STZ treatment is
difficult to control and creates a type 1 diabetic-like condition. Second, commonly used
animal models of T2D (ob/ob and db/db mice) have a wide but unstable hyperglycemic
range (7,8) and are monogenic models of obesity thereby inducing hyperglycemia, which
weakens their translatable value as obesity is seldom caused by a monogenic mutation
(79). Last, apoE~/~ and LDLr~/~ mice do not respond well to lipid-lowering drugs used in
the clinic (10,11), making these models unsuitable in the development of novel therapeutic
strategies against hyperlipidemia and vascular complications.

The objective of this study was to develop a translational mouse model for the
metabolic syndrome and diabetic complications by combining diet-induced dyslipidemia
and hyperglycemia, with plasma levels translatable to the human situation: the
APOE*3-Leiden.Glucokinaset’~ mouse (E3LGK-). We have generated the E3L.GK"~-
mouse by cross-breeding dyslipidemic APOE*3-Leiden (E3L) mice with hyperglycemic
heterozygous glucokinase knockout (GK+~) mice. The E3L mouse was initially developed
as an animal model for mixed dyslipoproteinemia and was generated by the introduction
of a DNA construct obtained from a patient with Familial Dysbetalipoproteinemia (FD) or
type Il hyperlipoproteinemia containing the human APOE*3LEIDEN and APOCT genes (12).
Apocl is an inhibitor of lipoprotein lipase (LPL) and inhibits lipolysis of triglyceride-rich
lipoproteins. The E*3-Leiden mutation results in a dysfunctional protein with reduced
binding to the low-density lipoprotein receptor (LDLr) which leads to impaired clearance
of triglyceride- and cholesterol-rich lipoproteins (chylomicron and VLDL remnants),
thereby mimicking the slow clearance observed in humans, particularly in FD patients. E3L
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mice are prone to develop hyperlipidemia and atherosclerosis upon feeding a Western-
type diet containing saturated fat and cholesterol (13), and they respond similarly as
humans do to lipid-modulating interventions that are being used in the clinic (e.g,, statins,
fibrates, niacin, and PCSK9 inhibitors) (11,14-22).

Glucokinase (GK) catalyzes the first and rate-limiting step in glycolysis, phosphorylation
of glucose to glucose-6-phosphate, and acts as a “glucose sensor” in controlling glucose-
stimulated insulin secretion (23). Loss of function mutations in the GK gene in man results
in persistent hyperglycemia, referred to as maturity-onset diabetes of the young type 2
(MODY2) (24,25). Various transgenic animals with global or tissue-specific GK knockouts
have been generated, each with specific characteristics with respect to metabolic control
(26). In this study, we used the global heterozygous GK knockout mouse, which has
reduced GK activity in both liver and pancreatic B-cells (26). GK*/~ mice are moderately
hyperglycemic when on chow, become diabetic on a high-fat diet (HFD) (26), and respond
well to glucose-lowering therapeutic agents (e.g, metformin, sitagliptin, insulin, and
exendin-4) (8,27).

Materials and methods

Animals and breeding

10-23-week old female E3L, GK+/~, and E3L.GK*~ mice (n=6-10/sex/genotype) were used
in the study. Both E3L and GK*~ mice are bred on a C57BL/6J background. Since
homozygous E3L mice are not viable in utero, these mice are bred heterozygously by
breeding E3L X C57BL/6J. GK*/~ mice are bred heterozygously (GK¥~ X C57BL/6)) as
described previously (26), because the homozygous deletion of GK is postnatally lethal.
E3L.GK*~ mice were generated by cross-breeding E3L mice with GK*~ mice, thereby
generating 27 to 40% offspring of each genotype. Mice were crossed once and were not
backcrossed. E3L mice are huApoE3Leiden-huApoC1 double transgenic mice, with both
genes located on one genomic DNA construct (12), and therefore, the presence of the E3L
phenotype was evaluated by genotyping for APOCT. The presence of the GK*/~ phenotype
was evaluated by gPCR as described previously (26). Females were used because E3L
females are more responsive to dietary cholesterol and fat than males. E3L females have a
higher VLDL production than males (28) resulting in higher plasma total cholesterol (TC)
and triglyceride (TG) levels and development of atherosclerosis (12,29). All mice were
housed under standard conditions with a 12 h light-dark cycle and had free access to food
and water. Body weight was monitored regularly during the study. Animal experiments
were approved by the Regional Animal Ethics Committee for Experimental Animals,
Goteborg University. All in vivo activities were carried out conforming to the Swedish
Animal Welfare Act and regulations SJVFS 2012: 26.
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Experimental design and analyses

First, mice were fed a semisynthetic diet, containing saturated fat with 15% (w/w) cacao
butter (Western-type diet (WTD); Hope Farms, Woerden, the Netherlands) and 0.15%
cholesterol for 7 weeks to study the effect of a mildly lipid-elevating diet on plasma lipid
and glucose levels. Subsequently, this diet was supplemented with 10% glucose in the
drinking water in weeks 6-7 to investigate whether dietary glucose did modulate these
plasma levels. During the following 30 weeks, mice were fed a WTD + 1.0% cholesterol to
induce atherosclerosis (20) (Figure 1). EDTA blood samples were drawn after a 4-hour fast,
and plasma parameters were evaluated at different time points throughout the study. The
last blood sample was drawn at week 36, and all animals were sacrificed by CO, inhalation
at week 37. Plasma TC, TG, glucose, and insulin were measured throughout the study, and
HbATc was measured at week 36. TC and glucose exposure were calculated by adding up
for all intervals the products of the mean cholesterol or glucose level during that interval
times the duration of that interval and expressed as mmol/*weeks. Lipoprotein profiles,
alanine transaminase (ALT), and aspartate transaminase (AST) were measured in group
wise-pooled unfasted sacrifice plasma. Urinary albumin:creatinine levels were measured
in spot urine collected in week 36. Hepatic lipid content was analyzed in homogenized,
snap-frozen liver samples as described previously (30). Heart and aorta, liver, and kidneys
were collected for histopathological analysis of atherosclerosis, NAFLD/NASH and liver
fibrosis, and diabetic nephropathy.

Biochemical analyses

Plasma TC and TG were determined throughout the study using enzymatic colorimetric
methods (TC: kit no. AT1A01634, Horiba ABX, France and TG: kit no. 12146029, Roche
Diagnostics GmbH, Germany) according to the manufacturer’s protocols and TC exposure
was calculated. HDL-C was measured after precipitation of apoB-containing particles (31).
The distribution of cholesterol over plasma lipoproteins was determined in group
wise-pooled unfasted sacrifice plasma by fast protein liquid chromatography (FPLC) (32).
Blood glucose and HbA1C levels were measured in one drop of blood obtained from the

Termination
01|2|3456|78 12 18 30 36 | 37
Diet 1: Western type diet Diet 1 Diet2
+ 0.15% cholesterol + glucose Western type diet + 1.0% cholesterol

Figure 1 Study design. Female E3L.GK*~, E3L, and GK+/~ mice were fed different diets throughout
the study. Blood samples were drawn at weeks 0,4, 8, 12, 18, 30, and 36 as depicted in grey. All mice
were sacrificed at week 37. +glucose: 10% glucose drinking water.
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tail in awake mice, using Accu-Chek (Roche, REF 05599415370) and HbA1C Now+ (Bayer,
REF81611409-3038), respectively, and total glucose exposure was then calculated. Plasma
insulin levels were measured with a radioimmunoassay (SRI-13K, Millipore Corporation,
USA) on a 1470 Automatic Gamma Counter (PerkinElmer, USA). Plasma ALT and AST were
determined using a spectrophotometric assay (Boehringer Reflotron system) in group
wise-pooled samples. Urinary albumin and creatinine levels were determined using the
mouse albumin ELISA kit (ALPCO, Salem, USA) and the creatinine kit (Exocell, Philadelphia,
USA). All assays were performed according to manufacturer’s instruction. Hepatic lipid
content was analyzed in homogenized, snap-frozen liver samples and analyzed with
TINA2.09 software (Raytest Isotopen MeBgeréte, Straubenhardt, Germany).

Histological assessment of atherosclerosis

Hearts were fixed in formalin, embedded in paraffin and sectioned perpendicular to the
axis of the aorta. Serial cross sections (5 um thick with intervals of 50 um) were stained
with hematoxylin-phloxine-saffron (HPS) for histological analysis. The average total lesion
area per cross-section was then calculated (31,33). For determination of lesion severity the
lesions were classified into five categories according to the American Heart Association
classification (34): 0) no lesion, I) early fatty streak, Il) regular fatty streak, lll) mild plaque, IV)
moderate plaque, and V) severe plaque. Lesion composition was determined for the type
-V lesions as a percentage of lesion area after immunostaining with anti-human
alpha-actin (1:400; PROGEN Biotechnik GmbH, Germany. Cat#:61001) for smooth muscle
cells (SMC), anti-mouse Mac-3 (1:50; BD Pharmingen, the Netherlands. Cat#: 550292) for
macrophages and Sirius Red staining for collagen. Necrotic area and cholesterol clefts
were measured after HPS staining. Lesion stability index was calculated as described
previously (31,33). In each segment used for lesion quantification, the number of
monocytes adhering to the endothelium was counted after immunostaining with AIA
31240 antibody (1:1000; Accurate Chemical and Scientific, New York, New York, USA. Cat#:
J1857) (31). Lesion areas were measured using Cell D imaging software (Olympus Soft
Imaging Solutions).

Histological assessment of liver steatosis and fibrosis

Liver samples (lobus sinister medialis hepatis) were collected from non-fasted mice, fixed
in formalin and paraffin embedded, and sections (3 um) were stained with hematoxylin
and eosin (HE) and Sirius Red. Hepatic steatosis was scored blinded by a board-certified
pathologist in HE-stained cross-sections using an adapted grading system of human
NASH (35,36). Hepatic fibrosis was identified using Sirius Red stained slides and evaluated
using an adapted grading system of human NASH (35,37), in which the presence of
pathological collagen staining was scored as either absent (0), observed within
perisinusoidal/perivenular or periportal area (1), within both perisinusoidal and periportal
areas (2), bridging fibrosis (3) or cirrhosis (4). In addition, liver fibrosis (expressed as the
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percentage of the total liver tissue area) was quantified automatically using Image)
software (version 148, NIH, Bethesda, MD, USA) (38).

Histological assessment of diabetic nephropathy

Left kidneys were fixed in formalin, embedded in paraffin and sections (3 um) were
stained with HE, Masson’s trichrome (MTC), periodic acid-Schiff (PAS) and immunohisto-
chemically for nephrin. Nephrin was stained using a Ventana Discovery with an antibody
raised in guinea pig (ab6698, Abcam) diluted 1:1000, Link Rb@GP (Abcam) diluted 1:500,
followed by OmniMap@Rb HRP (ROCHE) and ChromoMap DAB-kit (Roche) was used
to detect the positive reaction. Sections were finally counterstained with HE (Roche).
An overall score based on the combination of all evaluated parameters was determined
blinded by a board-certified pathologist where 0 indicates no change in morphology and
5 indicates severe morphological changes. Vacuolized tubuli were scored as 0 indicating
that no vacuolized tubuli are present, 1 indicating small and few vacuoles and 2 indicating
large and many vacuoles. Sections stained with HE were evaluated for the presence of
renal damage focusing on glomerular damage, including mesangial matrix expansion,
and tubule-interstitial damage, including interstitial inflammation, fibrosis and tubular
abnormalities, as central causes for loss of kidney function. MTC was used for detection of
fibrosis, PAS for scoring of matrix expansion and protein deposition in the tubuli, and
nephrin for confirmation of matrix expansion and deletion of nephrin.

Statistical analysis

The E3L.GK*~ phenotype was compared to E3L and GK*/~, and significance of differences
was calculated parametrically using a one-way ANOVA with Dunnett’s post hoc test.
Differences in plasma parameters between the different time points were calculated for
each genotype using a one-way ANOVA with a Bonferroni post hoc test. Significance of
differences between the E3L.GK+~ and E3L mice in atherosclerotic lesion number, severity,
and composition was calculated using an independent sample t-test. A multiple regression
analysis was performed to predict the effect of variables on lesion size, and linear
regression was used to assess correlations between variables. SPSS 22.0 for Windows was
used for statistical analysis. Values are presented as means+SD. All reported p-values <
0.05 were considered statistically significant.
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Results

Safety aspects

No clinical signs of deviant behavior were noted in any of the phenotypes. From week 0
to 36, all three phenotypes gained 5 + 2 gram body weight (Table 1). Plasma pooled per
group showed lower AST and ALT values as markers of hepatocellular damage in GKt/-
mice when compared to E3L.GK*~and E3L (Table 1). One mouse was terminated during
the study based on human end-point criteria.

Table 1 Biochemical parameters in E3L. GK+/, E3L and GK*~ mice

E3L.GK*/- E3L GK+/-
Weight gain (g) 5+2 5+2 5+2
Weight gain (% of body weight at t=0) 23+6 24+6 24+11
Liver weight (g) 19+03t 20+04 14+03
Liver weight (% of body weight at t=36) 8+ 111 8+2 6+1
Cholesterol (mmol/L) 14 + 31+t 1243 2+1
Triglycerides (mmol/L) 20+ 08ttt 1.7+04 05+0.1
Glucose (mmol/L) 10 £ 1%%% 8+1 1242
Insulin (ng/mL) 04+03 0.1+£0.1 0.2+0.1
HbATc (%) 51+£06% 43+02 54+04
ALT (U/L) 272 199 30
AST (U/L) 660 402 125
Urinary albumin:creatinin 19411 16+2 31+34

All depicted parameters are measured at week 36, except for liver weight (week 37). ** P<0.01, *** P<0.001 when
compared to E3L; tP<0.05, t1 P<0.01, 111 P<0.001 when compared to GK+/- . Data are presented as means + SD
(n = 8-10 per group and insulin n=4-8 per group).

Plasma parameters for metabolic disease and response to diets
E3L.GK*- mice are hyperlipidemic and hyperglycemic

Plasma TC and TG levels in E3L.GK*~ mice were similar to E3L mice and increased by 540%
(TC) and 450% (TG) when compared to GK+- mice (Figure 2A and B), resulting in a
significantly increased cholesterol exposure (mmol/*weeks) (+316%, p<0.001) (Figure 2D).
Cholesterol in the E3L and E3L.GK*~ mice was mainly contained in VLDL and LDL, and in
GK*~ in HDL (Figure 2C). Glucose levels were significantly elevated at all time points
except at t=4 weeks when compared to E3L mice (Figure 2E). Total glucose exposure
(mmol/*weeks) was 429 + 60, 299 + 14 and 492 + 52 mmol/L for E3L.GK~, E3L and GK*/,
respectively, and significantly increased in E3L.GK+~ when compared to E3L mice (+40%,
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Figure 2 E3L.GK*~ mice have comparable lipid levels and higher glucose levels as E3L mice.
Plasma cholesterol (A) and triglycerides (B) were measured throughout the study. Lipoprotein
profiles were assessed by FPLC lipoprotein separation in group wise-pooled unfasted sacrifice
plasma (C). Cholesterol exposure over time was calculated as mmol/*weeks (D). Plasma glucose
(E) and insulin (F) were measured throughout, HbATc (%) was measured at week 36 (G), and glucose
exposure was calculated as mmol/*weeks (H). Data are presented as means + SD (n=8-10 per group
and for insulin n=4-8 per group). E3L.GK*~ compared to E3L. *p<0.05, **p<0.01, and ***p<0.001;
E3L.GK*~ compared to GK*~: Tp<0.05, T1<0.01, and Tt p<0.001. Abbreviations: FPLC, fast protein
liquid chromatography; HbAlc, hemoglobine Alc.
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p<0.001) (Figure 2H). Insulin levels did not differ between the strains (Figure 2F). HbAlc
was increased by 17% when compared to E3L mice (p=0.005) (Figure 2G). In conclusion,
these data show that E3L.GK*- combine both adverse phenotypes with increased lipid
levels as in E3L mice and mildly elevated glucose levels as of GK*/- mice.

Plasma cholesterol levels are modulated by the diet in E3L.GK*- and E3L mice

Different diets were used in this study to evaluate the response of the mouse model to
dietary interventions. Plasma TC, but not TG, increased in both E3L.GK*~ and E3L mice
when switched from a chow diet (t=0 weeks) to a WTD with 0.15% cholesterol added
(+143%, p=0.038; +173%, p=0.001), whereas plasma lipid levels were not affected in GK*+-
mice (Table 2). Plasma glucose and insulin levels were not affected by the WTD with 0.15%
cholesterol added, except for glucose which increased in E3L mice (+26%, p=0.010).
Adding 10% glucose to the drinking water further increased plasma TC levels: when
compared to t=0 weeks (chow) TC levels increased by 215% in E3L.GK*~ mice (p=0.001)
and by 224% in E3L mice (p<0.001). However, this increase was not significant when
compared to t=4 (WTD with 0.15% cholesterol) (Table 2 Increasing the amount of
cholesterolin the diet to 1.0%, further increased plasma TC levels in E3L.GK+-and E3L mice
when compared to t=0 and when compared to t=8 (+89%, p<0.001; +43%, p=0.013).
Insulin levels dropped in E3L mice at t=36 weeks when compared to t=0 weeks (-60%,
p=0.020) and t=8 weeks (-66%, p=0.010), whereas this effect was less pronounced in GK+-
mice (-41%, p=0.081 compared to t=8 weeks), and absent in E3L.GK- mice. Interestingly,
plasma glucose levels in E3L.GK*-and GK*~ mice were not modulated by glucose in the
drinking water, indicating that despite reduced glucokinase activity (26) the mice maintain
their glucose homeostasis at increased glucose supply. Altogether, these data show that
plasma lipids can be modulated in the E3L.GK*~- mouse model, as in E3L mice, whereas the
elevated glucose levels on chow are not further increased by these dietary interventions.

Diabetic macro- and microvascular complications in E3L.GK+- mice
Atherosclerotic lesion size and severity are aggravated in E3L.GK*- mice

One of the most important diabetic complications is increased risk for CVD (1-3) and
therefore, we assessed atherosclerotic lesion size, lesion severity and plaque phenotype,
as marker of vulnerability to rupture, in the aortic root. E3L mice developed 0.4 + 0.5 mild
(1), 3.6 + 2.3 moderate (Ill) and 1.6 + 1.8 severe (IV-V) lesions per cross-section. The number
of severe lesions was significantly increased in E3L.GK*~ mice (2.8-fold; p=0.038) (Figure 3A).
When lesion severity was depicted as the percentage of total plaque area that consisted
of mild or severe lesions, there was no difference between E3L and E3L.GK"- mice (Figure 3B).
However, the total atherosclerotic lesion size was significantly increased by 2.2-fold in the
E3L.GK* mice (68 + 42 *1000 um?2) as compared to E3L (32 £ 29 *1000 um?2) (p=0.037)
(Figure 3C). There were no lesions visible in the GKt- mice (Figure 3C). The plaque
composition was analyzed in the type lll-V lesions, as illustrated by representative images
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Figure 3 Atherosclerotic lesion size and severity are aggravated in E3LGK*" mice which is
correlated to glucose exposure. The number of lesions (A), lesion severity classified as mild (type I-Il
lesions), moderate (type Ill) and severe (type IV and V) lesions (B), and atherosclerotic lesion size per
cross-section (C). Necrotic and macrophage content as pro-inflammatory factors, and aSMCs and
collagen as fortifying factors, were determined in type lll-V lesions and expressed as percentage of
total plaque area (D). Linear regression analyses were performed on the square root of the lesion
area plotted against glucose exposure (E) or cholesterol exposure (F). Data are presented as means
+ SD (n = 6-8 per group).*P<0.05 when compared to E3L; Tt P<0.001 when compared to GK*-,

in Figure 4. There were no significant differences between E3L.GK*~ and E3L mice in
plague composition (Figure 3D), plaque stability index or monocyte adherence to the
endothelium (data not shown). Collectively, these data show that atherosclerotic lesion
size is aggravated in E3LGK*- as compared to E3L mice without affecting plaque
composition and monocyte adherence.
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Figure 4 Plaque composition in a severe plaque of a E3L and E3L.GK*~ mouse. Representative
images of HPS staining, Movat staining, Sirius red staining for collagen, immunostaining with
a-actin for SMCs and immunostaining with Mac-3 for macrophages. The arrows depict necrotic
areas, including cholesterol clefts. Abbreviations: HPS, hematoxylin-phloxine-saffron; SMCs, smooth
muscle cells.
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Elevated plasma glucose levels contribute to the increased development of
atherosclerosis in E3L.GK*/- mice

To explore the contribution of the elevated plasma glucose levels to the increased lesion
size, a multiple regression analysis was performed with cholesterol and glucose exposure
as covariates after square root transformation of the lesion area. Lesion size was predicted
only by glucose exposure (p<0.001). In addition, univariate regression analysis showed a
clear association of lesion size with glucose exposure (R2=0.636, p=0.001) (Figure 3E) but
not with cholesterol exposure (Figure 3F), pointing towards an important role for glucose
in the accelerated atherosclerosis development in E3L.GK- mice.

The GK+- phenotype does not aggravate hepatic steatosis, inflammation or fibrosis
NAFLD/NASH is strongly associated with the metabolic syndrome and type 2 diabetes
(39,40). To assess whether the GK*- phenotype worsens the development of NASH, liver
sections were examined for hepatic steatosis, inflammation and fibrosis, and liver lipid
content was measured. Hepatic macrosteatosis did not differ between the phenotypes
(Figure 5A), whereas hepatic microsteatosis was significantly elevated by 2.7-fold
(p=0.003) in E3L.GK*~ mice when compared to GK+~ (Figure 5B), and both E3L.GK- and
E3L had severe liver inflammation which was 6.8-fold increased (p<0.001) in E3L.GK*-
relative to GK*/- (Figure 5C). Furthermore, mean fibrosis stage in E3L.GK*~ was significantly
elevated when compared to GK+~ (2.3-fold, p<0.001) (Figure 5D), as well as the percentage
Sirius red positive area of total liver area (6.1-fold, p=0.011) (Figure 5E). Liver lipids did
not differ between the phenotypes (Figure 5F-H). Representative images are shown
(Figure 51-N). Collectively, these data show that E3L and E3L.GK*" mice, but not GK*/,
develop NASH with severe inflammation and fibrosis, which is not worsened by increased
glucose levels. This indicates a dominant role for the combination of the E3L phenotype
and dietary cholesterol in the progression of NASH and liver fibrosis.

Mild kidney pathology is present in all three phenotypes

Diabetic nephropathy is becoming an increasingly important cause of morbidity and mortality
worldwide and is related to the increasing prevalence of type 2 diabetes. Therefore, kidneys
were analyzed for the presence of renal damage focusing on glomerular damage, including
mesangial matrix expansion, and tubulo-interstitial damage, including interstitial inflammation,
fibrosis and tubular abnormalities, as central causes for loss of kidney function. Nephrin staining
was performed to study renal filtration barrier function. There were no differences in in-
flammation, fibrosis (data not shown), mesangial matrix expansion (Figure 6A) or nephrin score
(Figure 6B) between the phenotypes. Abnormal tubular structures were observed in all three
phenotypes but were most pronounced in GK- mice, wherein the tubuli showed vacuolization
(Figure 6C). The pathological changes did not affect permeability in the glomerulus,
as measured by the urinary albumin:creatinine ratio (Table 1). Altogether, we can conclude
that mild pathological changes are present, which are not aggravated in E3LGK+~ mice.
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Figure 6 Mild matrix expansion and vacuolized tubuli in all phenotypes. Presence of matrix
expansion (A), nephrin score (B) and vacuolized tubuli (C) was scored in a range of 0-5. Data are
presented as means + SD (n = 7-10 per group). .

Discussion

In the present study, we evaluated the E3L.GK-mouse as an animal model for diet-induced
hyperlipidemia and hyperglycemia and the pathological consequences thereof. We
showed that plasma lipids can be titrated to desired and for humans relevant levels by
adding cholesterol and fat to the diet, and that these levels remain stable for a long period
(up to 37 weeks). In addition, E3L.GK*~ mice were mildly hyperglycemic and developed
more atherosclerosis than E3L mice, which was related to the higher glucose levels in the
E3L.GK*" mice. E3L and E3L.GK- mice both developed hepatic steatosis with severe
inflammation and fibrosis, which, however, was not altered by introduction of the
defective GK phenotype, whereas only mild kidney pathology with tubular vacuolization
was present in all three phenotypes.

Translatability of animal models is essential when investigating the pathogenesis of
diabetic complications and evaluating drug treatment thereon. Plasma cholesterol and
glucose levels in the diet-induced E3L.GK*- mouse model were similar to levels in patients
with increased cardiovascular risk (2,41). Partial deletion of the Gk gene in the E3L mice did
not affect the response of plasma lipids to dietary modulation, and in both E3L.GKY- and
E3L mice plasma cholesterol levels raised similarly upon feeding a WTD with increasing
amounts of cholesterol. Interestingly, glucose and insulin levels were not affected by the
diet, but remained stable representing mild hyperglycemia in E3L.GK*- and GK* mice
(104 + 1.4 mmol/L and 14.1 £ 2.6 mmol/L at end-point, respectively). In contrast, glucose
levels in male GK+~ mice increase over time on a high-fat diet with plasma levels reaching
189 + 1.0 mmol/L and impaired glucose tolerance (8,26). This gender difference may be
explained by the C57BL/6J background of the E3L and GK*- transgenic mice. Upon a
high-fat diet, insulin and glucose levels increase over time in C57BL/6J males, consistent
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with insulin resistance and glucose intolerance, whereas C57BL/6J females have normal
serum insulin concentrations and glucose levels remain constant (42). Estrogens affect
different metabolic pathways in the glucose hemostasis (43), thereby protecting against
the risk of developing type 2 diabetes in both pre-menopausal women (44) and mice (43).

We observed a markedly increased atherosclerotic lesion size in E3L.GK*/-as compared
to E3L mice which was highly significantly correlated with glucose exposure (R2=0.636,
p=0.001), suggesting a pro-atherogenic role of glucose in the development of athero-
sclerosis. Indeed, it is known that prolonged exposure to hyperglycemia negatively affects
the endothelium, vascular smooth muscle cells and macrophages, and it increases thrombosis
while impairing fibrinolysis, leading to formation of atherosclerotic plaques (45). This may
explain the association of diabetes type 2/hyperglycemia with cardiovascular disease as
found in both humans (1,2,45,46) and hyperglycemic mice (6), including E3L.GK*- mice.

In the present study, both the hyperglycemic GK+- mice as well as the hyperlipidemic
E3L and E3L.GK"" mice developed hepatic steatosis, in line with the pathogenesis of NAFLD
wherein both metabolic overload and hyperlipidemia contribute to the accumulation of
triglycerides and cholesterol in the liver. Interestingly, E3L and E3L.GK*~, but not GK*/-
mice, developed extensive inflammation and hepatic fibrosis, pointing towards a role for
cholesterolin the transition of NAFLD to NASH. Consistent with this view, when cholesterol
is supplied to HFD diet, E3L mice develop NASH and liver fibrosis as well (47), and E3L and
E3L.CETP mice have been shown to be established diet-induced NASH and liver fibrosis
models (4748). In a previous study with E3L mice, an increased amount of hepatic cholesterol
crystals was found and intrahepatic free cholesterol levels were positively correlated with
the number of inflammatory aggregates and the expression of hepatic pro-inflammatory
and pro-fibrotic genes (49). Similarly, it has been shown that accumulation of free cholesterol
leading to the formation of cholesterol crystals in hepatocyte lipid droplets may trigger
the progression of simple steatosis to NASH both in patients and in mice (50). Since no
additional effects of glucose were observed on hepatic inflammation or fibrosis in E3L.
GK*~ mice, we suggest that hyperlipidemia rather than hyperglycemia is an initiator of
hepatic inflammation and fibrosis.

Chronic kidney disease is a largely irreversible disease characterized by tubulo-
interstitial inflammation, fibrosis, and glomerulosclerosis. The present study describes only
mild kidney pathology without microalbuminuria in all three phenotypes. In addition to
risk factors investigated in this study (hyperglycemia and dyslipidemia), hypertension
plays a central role in renal injury through increasing renal tubular reabsorption and
causing a hypertensive shift of renal-pressure natriuresis (5). Studies on nephropathic
patients showed that decreased blood pressure reduced the incidence of renal events
and improved kidney function (51,52). In the present study blood pressure was not
measured. However, it is known that E3L mice do not develop hypertension upon a WTD,
but do respond to anti-hypertensive treatment (15,17), and although there are no reports
in GK*- mice, GK deficiency in humans does not aggravate blood pressure (25).

179




CHAPTER 7

Previously, the GK+-ApoE”- mouse model has been developed as model combining
hyperlipidemia and hyperglycemia, which had impaired glucose tolerance and a minimal
increase of atherosclerosis relative to ApoE” mice (53). A disadvantage of this model is the
ApoE~-background. ApoE7- mice are, like LDLR7- mice, a severe model for hyperlipidemia,
and due to the absence of a functional apoE-LDLR-mediated clearance pathway these
mice do not respond well to lipid-lowering drugs (e.g. statins (10), PCSK9 inhibitors (11))
and therefore cannot be used for the evaluation of combination treatment. In contrast,
E3L mice are very suited to study lipoprotein metabolism and lipid modulation (10,54).

In Figure 7 we give an overview of all registered cholesterol- and glucose-lowering
drugs that have been evaluated in E3L and GK*- mice, respectively. E3L mice respond
similarly as humans do to lipid lowering agents, including statins, fibrates, niacin and
PCSK9-inhibitors (11,14-22), whereas glucose levels are successfully reduced in GK+~ mice
by standard therapeutic agents as insulin, metformin, exendin-4 and GKAs at doses
corresponding to therapeutic drug levels in man (8,27). Although these interventions have
not been assessed in E3L.GK- mice yet, we carefully speculate about the effects and
discuss how the model can be of value for future research. As E3L.GK*~ mice have similar
lipid and glucose levels as their parent models, and respond in a similar way to dietary
modulations, we propose that both lipid and glucose lowering agents will be effective in
the combined model. Also, we propose that E3L.GK*- mice can be used to examine
interactions between glucose and lipid metabolism, e.g. how statin treatment increases
the risk of diabetes incidence (55). Last, atherosclerosis development and CV safety can be
evaluated in the E3LGKY- model, which is especially interesting regarding the currently
unknown mechanisms by which glucose-lowering agents (e.g. empagliflozin, liraglutide,
semaglutide) improve CV outcome (56-58).

Altogether, we conclude that the E3L.GK*- mouse is a promising translatable diet-
inducible model, combining dyslipidemia and hyperglycemia with human-like plasma
cholesterol and glucose levels and aggravated atherosclerosis, to study the etiology of
diabetic atherosclerosis and for the evaluation of lipid-lowering and anti-diabetic drugs
and their combination thereon.
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Figure 7 Overview of intervention studies with cholesterol- and glucose-lowering drugs performed
in the E3L and GK*- mouse models. The effects of cholesterol-lowering interventions on plasma
TC levels were evaluated in E3L mice in long-term (5-28 weeks) exposure studies. The effects of
glucose-lowering interventions on free-feeding blood glucose profiles were evaluated in GK*/- mice
after single or repeated™ dosing. In all studies, mice where fed a high fat or high fat/cholesterol
containing diet. Data are extrapolated from published studies (see references). The depicted plasma
parameters were measured at end-pointin the present study. “!: Data shown of both APOE*3-Leiden
and APOE*3-Leiden.CETP mice. *2: Unpublished. See reference 58 for data obtained from APOE*3-
Leiden.CETP mice. *3: Repeated dosing. ": As doses in diabetic patients are generally adapted to
reach the desired plasma glucose level of < 8 mM, reductions are not depicted as percentages.
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