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Similarities and differences in IL-18KO and IL- 5..2 mouse phenotypes: Arole
for the Na-Cl Co-transporter?

As discussed before, deletion of the ligand IL-18 (IL-18KO) results in a phenotype
of obesity and T2D (°6°8). However, mildly differing phenotype results have been
observed after the genetic deletion of the IL-18Ra, responsible for binding IL-18. IL-
18RaKO mice display hyperinsulinemia and decreased glucose tolerance akin to IL-18KO
mice; however, regardless of diet, they exhibit body weight changes and food intake

levels that resemble wild-type mice more than IL-18KO mice (Figure 10) (102 104),
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Figure 10. IL-18KO and IL-18RKO divergence. Adapted from Lindegaard et al Diabetes 2013 and
Pazos et al Scientific Reports 2015. (Top) Body weight gain on either standard diet (SD, CH, chow) or
high-fat diet (HFD) of wild-type, IL-18RaKO, or IL-18KO mice. Apparent is the trend that IL-18RaKO mice
do not have a growth pattern that is alike IL-18KO mice. (Bottom) Chow or HFD food intake of wild-type,

IL-18RaKO, or IL-18KO mice. Again, the IL-18RaKO mice do not exhibit hyerphagia like IL-18KO mice.
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Additionally, peripheral disconnects in IL-18 signaling have been shown in the
context of atherosclerosis. In a mouse model of atherosclerosis, IL-18RaKO was unable
to decrease plaque size in vivo or prevent IL-18 binding to isolated endothelial cells ex
vivo. A cell surface binding alternative for IL-18 was found to be the 125 kDa Na-Cl Co-
transporter (NCC) (1%). The distal convoluted tubule (DCT) apical transmembrane protein
is known to be responsible for ~5% of Na+ reabsorption in the kidney and is the target for
thiazide-type diuretics that are considered to be part of first-line therapy for hypertensive

patients (106.107),

Further investigation yielded that IL-18 had strong binding affinity for NCC, and IL-
18 treatment in vitro to cells expressing NCC and not IL-18Ra increased protein tyrosine
phosphorylation, indicating a signal is transduces across the plasma membrane due to
IL-18 binding to NCC. Genetic changes in the mouse model of atherosclerosis yielded
further support to in vitro IL-18/NCC communication observations. Decreases in
atherosclerotic lesion are were only observed in the double knockout of Apoe”"NCC~-IL-
18Ra~~ and not in Apoe”"NCC~~ or Apoe~IL-18Ra~~ backgrounds (Figure 11, below).
Combined, these results indicated that the membrane localized Na-Cl Co-transporter
effectively played a role in mediating atherosclerosis through IL-18 signaling in the
mouse, suggesting that NCC may also mediate other physiologic processes where I1L-18
signaling is important, possibly including metabolic and cardiac function discussed

previously.
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Figure 11. NCC in Atherosclerosis. Adapted from Wang et al Nature Medicine 2015, Aortic root lesion
intima area in different genetic backgrounds. Where Apoe—/-NCC-/- or Apoe—/-IL-18Ra-/-
backgrounds are not protected from atherosclerosis, Apoe—/-NCC-/-IL-18Ra-/- significantly decreases
aortic lesion area intimal area. These results implicate NCC as a receptor in physiologic processes where

IL-18 activity is involved.

Thus, further understanding the mechanism by which IL-18 signaling is achieved
may reveal intricacies to its biology, role in homeostasis, and metabolic and cardiac
disease as well as open therapeutic doors (Figure 12, below). The major goal of the work
presented here, and still underway, is aimed at unraveling the role of NCC as a co-
receptor for IL-18 signaling in metabolic and cardiac function by investigating the genetic

knockout of NCC in a mouse model of high-fat diet induced obesity.
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Figure 12. IL-18 Physiology. The complex interplay of IL-18 and its contributions to immune,
cardiovascular, and metabolic function. Within the immune system, IL-18 mediates communication
between cell types to specialize the immune response toward a pro-inflammatory state. In the vascular
system, IL-18 functions between endothelial, macrophages, and T-cells to promote atherosclerosis.
Within the heart, IL-18 can induce cardiomyocyte hypertrophy and fibroblast collagen deposition that
contribute to diastolic dysfunction. The effects of IL-18 on metabolism are less clear-cut, but include
decrease food intake within central nervous system and possible positive modulation of glucose and lipid
metabolism in the periphery at adipose and skeletal muscle tissue. The role of NCC as a receptor that

mediates these functions is investigated here.
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With the comprehensive background of Interleukin-18 being required for
metabolic homeostasis, but able to cause ventricular hypertrophy, fibrosis, and
dysfunction with the capability to act through its co-receptor Na-Cl Co-transporter (NCC)
to elicit function; we hypothesize NCC may act to mediate IL-18 effects on metabolic
and cardiac function. Therefore, the genetic knockout of NCC (NCCKO) will worsen the

metabolic phenotype, but attenuate the cardiac phenotype after western diet feeding.
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Figure 13. Hypothesis Schematic.
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a. Animals

All animal experiments were conducted under guidelines on the humane
use and care of laboratory animals for biomedical research published by
the National Institutes of Health. The Institutional Animal Care and Use
Committee (IACUC) of Virginia Commonwealth University approved this
study. Eight- to 12-week-old mice of the C57BL/6J background
genetically modified to lack the gene for the Na-Cl Co-transporter (NCC)
(NCC KO) and IL-18KO mice were purchased from The Jackson

Laboratory (Bar, Harbor, ME).

b. Study Design

Prior to diet intervention, NCCKO male (n=10) mice had free access to
standard chow and water. After baseline metabolic and cardiac
assessment, each group was divided so that half of the group (n=5) was
assigned to maintain a standard chow diet (Teklad LM-485; Envigo)
while the other half (n=5) was assigned to maintain a “western diet” (WD)
rich in saturated fat and sugar (Teklad TD.88137; Envigo). A group of
female mice were studied as well to see differences associated with e
gender. However, in this study, only the male mice are reported. IL-18
KO and wild-type (n=10/group) were also fed with WD to be used as

comparison for the NCCKO mice. The study was performed over an 8
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to 16 week period to assess metabolic and cardiac phenotype. Nutrient

composition of each diet is listed in Table 2 below.
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Figure 14. Research Design.

Western Diet for at least 8 weeks to induce
obesity and cardiac dysfunction

Research Design

Follow-up

Body Weight
Cardiac Function

Fasting Glucose

Dietary composition Standard Diet Western Diet
in %kcal (SD) (WD)
Carbohydrate 44.3 42.7
Protein 19.1 15.2
Total Fat 5.8 42.0
Saturated Fat %
of total fatty acids 0.8 61.8
Cholesterol -- 0.2
Kcal/g
: A 4,
(Energy Density) 3 °

Table 2. WD Composition. Nutrient composition of Standard Diet (SD) and Western Diet (WD).
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c. Food intake and body weight

I. Food intake was measured biweekly as the disappearance of food in
grams (g) since last observation. Body weight was measured weekly

using a scale and recorded in grams.

d. Oral Glucose Tolerance Test (OGTT)

I. Mice were fasted overnight (16 hours) before measurements of fasting
blood glucose. The mice were transferred from their previous cage to
clean cages with no evidence of food or feces in the new cage. Mice had
free access to water during the fasting period. The blood was collected
from the distal tails of the mice. The first drop of blood removed via
gauze pad, and the following drop of blood was used to obtain serum
glucose concentrations with an AimStrip Plus Blood Glucose Meter
(Ermaine Laboratories Inc.) and AimStrip Plus Blood Glucose Test
Strips (Ermaine Laboratories Inc.). Blood glucose concentrations were
measured at baseline after the 16 hours fasting and at time points 15,
30, 60, and 120 minutes after glucose challenge. A 20% by weight D-
(+)-Glucose (Sigma-Aldrich) solution in water (ex. 2g D-(+)-Glucose in
10mL water) and mice were carefully given 10uL/g body weight via oral
gavage. All the NCC KO mice received the test at baseline and before
the study termination, while the IL-18 KO and wild-type received the test
only at baseline, and fasting glycemia prior to termination. For

consistency, the fasting glycemia is reported for all three groups.
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e. Insulin Tolerance Test (ITT)

Mice were fasted for 6 hours before measurements of serum glucose.
The mice were transferred from their previous cage to clean cages with
no evidence of food or feces in the new cage. Mice had free access to
water during the fasting period. Blood was collected from the distal tails
of the mice, the first drop of blood removed via gauze pad, and the
following drop of blood was used to obtain serum glucose concentrations
with an AimStrip Plus Blood Glucose Meter (Ermaine Laboratories Inc.)
and AimStrip Plus Blood Glucose Test Strips (Ermaine Laboratories
Inc.). Serum glucose concentrations were measured at baseline after
the 6 hours fasting and at time points 15, 30, 60, and 120 minutes after
insulin challenge. Stock Insulin (Lantus, insulin glargine injection,
provided by Virginia Commonwealth Division of Animal Resources)
provided was 1 Unit/10uL and the overall administration was to be 1 Unit
Insulin/1kg body weight of mice. The body weight of mice undergoing
testing was summed to find the amount of Insulin Units needed (ex. 20
mice totaling 640g = .64 Units = 6.4uL stock Insulin). Insulin was diluted
in 0.9% Normal Saline (NS) to make the final solution (ex. 20 mice
totaling 640g requires 6.4mL final volume. For simplicity, a solution
containing 10uL stock Insulin within a total 20mL volume with 0.9% NS
as solvent was made). Mice were given 10uL/g body weight

intraperitoneal injection of the Insulin/Saline solution and blood glucose
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was measured at time points mentioned above. This test was performed

on NCC mice only, therefore the results are not part of the dissertation.

f. Echocardiography

Mice underwent transthoracic Doppler echocardiography (Vevo770;
VisualSonic, Toronto, ON, Canada, 30MHz probe) under sedation (30-
50 mgkg pentobarbital) to evaluate systolic and diastolic parameters at
baseline prior to diet administration, 4, 8, and 16 weeks after the
beginning of either standard or western diet. B-Mode was used to find
mid-papillary region of the left ventricle. M-Mode was then used to
measure left ventricular end-diastolic diameter (LVEDD) and left-
ventricular end systolic diameter (LVESD), then left ventricle fractional
shortening (LVFS) was calculated [(LVEDD-LVESD)/LVEDD]*100.
Pulse-Wave Doppler was used to assess isovolumetric contraction time
(ICT), ejection time (ET), and isovolumetric relaxation time (IRT).
Myocardial Performance index (MPI), also known as Tei index, an
assessment of global systolic and diastolic function, was calculated as

[(ICT+IRT)/ET].

g. IL-18 ELISA

Blood was collected from mice through the inferior vena cava at the time
of death. Blood was incubated in tubes with heparin (BD, Franklin Lakes,
NJ) for 15 min and then centrifuged at 2,000 rpm at 4°C for 10 min to

obtain plasma. Samples were stored at —-80°C and subsequently
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analyzed with a specific ELISA for murine IL-18 (plasma, MBL)
according to the supplier's instructions to assess the induction of IL-18
after WD. Absorbance was read with a Bio-Tek plate reader (model
MQuant, Bio-Tek, Winooski, VT) at 450 nm. Data are expressed in

picograms per milliliter (pg/mL).

h. Statistical Analysis

For the animal study, because of the low expected variance within the
groups, values are expressed as mean and SEM. The differences
between groups were assessed using analysis of variance followed by
the Student t test for unpaired data to compare the individual groups.
Microsoft Excel and GraphPad Prism 7 were used for statistical

analyses.
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Results:

We set out to evaluate paramters of metabolism and cardiac function in three groups of

mice fed a high-saturated fat diet: Wild-type, IL-18KO, and NCCKO.

WD induces systemic release of active IL-18

To assess the inflammatory state after WD, we measured plasma IL-18 in
NCCKO and wild-type mice on WD and compared them to separate C57BL6/J wild-type
mice that were on standard diet (SD). We observed an statistically significant increase
in plasma IL-18 after WD in wild-type (183.3pg/mL = 29.3) and NCCKO (237.6pg/mL *

12.7) mice compared to wild-type mice on SD (79.3pg/mL £ 19.9) (Figure 15).

Plasma IL-18
P=0.0048

300~
| P=0.0216

250+
200+
150+
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50- -

Wild-Type SD Wild-Type WD NCCKO WD

Figure 15. WD Increases circulating IL-18. Plasma IL-18 measured by ELISA in wild-type mice and
NCCKO mice on WD compared to wild-type mice on SD (n=5-8). Data (in pg/mL) are reported as means

+ SE (One-Way ANOVA — P-values vs. wild-type mice on standard diet).
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Body Weight changes over study duration

Plotted in Figure 16 (top), we analyzed absolute body weight (g) at 1 week time
points over the course of 8 weeks for Wild-type, IL-18KO, and NCCKO male mice. All
the mice displayed normal appearance and behaviour. At baseline, IL-18KO mice
weighed significantly more than NCCKO, but not more than wild-type mice. At the later
time points, the IL-18KO mice started to weigh signifincantly more than the wild-type

and maintained a constant difference from the NCCKO (Figure 16, top).

To evaluate rate of growth on WD relative to initial weight in all mouse strains, we
calculated percent change from baseline (%) at each week (Figure 16, bottom). In this
way, we can compare the rate at which the mice gain weight, independent from the
differences at baseline. We found that the IL18KO and NCCKO gain a significantly
larger percentage of weight, 46.4 % £ 4.1 and 55.0% *= 2.1 respectively, than the wild-
type mice who gained 21.7% * 6.8 of initial weight (P<0.05) (Figure 16, bottom). This
data suggests that NCCKO mice on WD gain weight to a greater extent than wild-type

mice that resembles body weight changes observed in IL-18KO mice on WD.
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Figure 16. Increased Body Weight Gain of IL-18KO and NCCKO mice on WD. Absolute body weight
gain (top) and percent body weight change from baseline (%) (bottom) comparisons between wild-type,
IL-18KO, and NCCKO over 8 weeks while on Western Diet (n=5-9). (Two-Way ANOVA — #: P<0.05

NCCKO vs. Wild-type, ":P<0.05 IL-18KO vs. Wild-Type, *:P<0.05 IL-18KO vs. NCCKO). Data (in g) are

reported as mean =SE.
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WD induced Type Il Diabetic phenotype

In order to assess metabolic function in the three groups of mice before and after
WD consumption, fasting glucose levels were taken. At baseline before WD, IL-18KO
and NCCKO mice had significantly higher fasting plasma glucose levels (93.3 + 4.4 and
92.6mg/dL + 5.6 respectively) compared to wild-type mice (78.1mg/dL £1.7) (Figure 17
left, P<0.05). After WD, the fasting plasma glucose was not different between any
groups (151.9 + 10.6 vs. 165.4 £ 4.7 vs. 156.4 + 8.0 mg/dL for IL-18KO, NCCKO, and

Wild-Type respectively, Figure 17 right).
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Figure 17. Differences in fasting glycemia before, but not after WD. Fasting blood glucose prior to
western diet (baseline, left) and after 8 weeks (wild-type, IL-18KO) or 16 weeks of western diet (NCCKO)

(right) (One-Way ANOVA, P-values vs. Wild-Type). Data (in mg/dL) are reported as mean +SE, n=3-10.
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Echocardiographic assessment of systolic, diastolic, and global function

To evaluate the change in cardiac function in the three groups after WD, we
chose to evaluate percent (%) change from baseline in Fractional Shortening (FS),
Isovolumetric Relaxation Time (IRT), and Tei Index. When evaluating FS, NCCKO mice
had a 14% + 8 decrease in FS, while IL-18KO and wild-type had a 13% + 4, and 28% +
5 decrease, respectively (Figure 18, top). The percent decrease from baseline was
significantly less in the IL-18KO group compared to Wild-Type, but not statistically
different between NCCKO and Wild-Type mice. NCCKO mice after WD had a
significantly smaller increase (29% % 16) in IRT compared to wild-type (123% + 21),
while the IL-18KO % increase in IRT (67 = 26) was not statistically significant from wild-
type (Figure 18, middle). The percent change in Tei index, a marker of global function,
from baseline was significantly preserved in NCCKO and IL-18KO mice (62% + 21 and
46 + 22 increase respectively) compared to the wild-type percent increase from baseline
(162% + 23 increase, Figure 18, bottom). Collectively, these echocardiographic
changes over time indicate that after WD, NCCKO mice exhibited less worsening of
diastolic and global function compared to wild-type mice that resembled the IL-18KO

phenotype.



