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Abstract

Background The ketogenic diet (KD) is widely recognized for its potential benefits in individuals with type 2
diabetes, but findings from both human and animal studies remain inconsistent. Type 2 diabetes is often comorbid
with liver steatosis and atherosclerosis which are characterized by inflammation and dysregulated lipid metabolism.
Moreover, whereas KD has shown mixed, sometimes detrimental, effects on circulating cholesterol levels in humans, it
is currently unclear the whole-body balance of risk and benefit across hepatic, atherosclerotic, and pancreatic effects.

Methods We used lean, diet-induced obese, and diet-induced obese, atherosclerotic (PCSK9 overexpression (OE))
mouse models to assess the impact of an extreme KD on cardiometabolic outcomes. Obese and PCSK9 OE mice
received 10 weeks of cholesterol-supplemented HFD before 12 weeks of KD intervention whereas lean mice received
KD, chow, or HFD for 12 weeks.

Results KD intervention induced weight loss in obese female and PCSK9 OE male mice, but not male, wildtype
mice. Across models, KD did not improve glucose tolerance or ex vivo insulin secretion, despite elevated levels of
insulinotropic GLP-1 after glucose gavage. Pancreas lipids were similar between diet groups in obese mice, but

liver steatosis or inflammation were generally improved in all models on KD. All KD groups had increased hepatic
expression of genes for fatty acid oxidation, ketone body production, and ketone utilization. KD-intervened PCSK9

OE mice had lower circulating TNFa and chemokines (CCL2, CCL4, CXCL1, CXCL2) as well as smaller atherosclerotic
lesion area relative to mice that continued on the HFD. The PCSK9 OE male mice on KD intervention also had reduced
circulating LDL cholesterol but this effect was lost in mice with intact LDL receptor signaling, which also had fasting
hypertriglyceridemia in line with HFD continuers.

Conclusions This study demonstrates that, in mice, a high cholesterol KD can improve hepatic steatosis particularly
when weight loss is achieved, compared to maintaining the western-style HFD. However, no improvements to insulin
secretion and glucose tolerance were observed despite elevated post-glucose GLP-1 levels and long-term diminished
requirements for insulin.
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Background

The first line treatment for cardiometabolic diseases like
type 2 diabetes (T2D) and obesity is dietary manipula-
tion, which can include the recently re-emerged, keto-
genic diet (KD). The KD is an extremely high fat (> 70%
of calories), and low carbohydrate (< 10% of calories) diet
that can elevate ketone bodies in circulation, inducing a
metabolic state called ketosis. This diet has shown ben-
efits in short-term human studies of people living with
T2D by reducing body weight, improving blood glucose
management, and reducing the requirements for T2D
medications [1]. Whether this effect is due to improved
pancreatic islet function or tissue insulin sensitivity
versus reduced insulin requirement has not been fully
elucidated.

Physiological glucose control is regulated by tissue
sensitivity to insulin, insulin secretion, and postprandial
intestinal signals. The incretins, glucagon-like peptide-1
(GLP-1) and glucose dependent insulinotropic polypep-
tide (GIP) are released from the specialized small intes-
tinal cells in response to nutrients, including glucose and
lipids [2]. At the islet, GLP-1 and GIP amplify glucose
stimulated insulin secretion (GSIS) through G-protein
coupled receptor (GPCR) signaling, unless they are inac-
tivated by dipeptidyl peptidase-4 (DPP4) [3]. Similarly,
fatty acids and ketones can signal through islet GPCRs to
amplify or modulate GSIS [4, 5].

Aside from ketones, the extreme fat consumption of
a KD raises questions about the impact on T2D comor-
bidities like obesity and atherosclerotic cardiovascular
disease as well as the direct effects on the pancreatic
islet and tissue storage of the ingested lipids. Dietary fat
intake, particularly of saturated fatty acids, has long been
associated with increased low-density lipoprotein (LDL)
cholesterol, a major risk factor for cardiovascular disease
like atherosclerosis [6, 7]. Even the impact of KD-induced
extreme elevations in cholesterol have resulted in contro-
versial effects on atherosclerosis in people [8]. Further,
diet can alter the presence of inflammatory markers in
circulation, including atherogenic cytokines and chemo-
kines interleukin 1B (IL-1p), keratinocyte chemoattrac-
tant/growth-regulated oncogene (KC-GRO aka CXCL1),
tumor necrosis factor o (TNFa), monocyte chemoattrac-
tant protein 1 (MCP-1 aka CCL2), and interleukin 6 (IL-
6) [9-14]. Despite concerns that the extremely high fat
content of a KD may elevate the risk of cardiometabolic
diseases through inflammation and increased LDL cho-
lesterol, evidence from both human and animal studies
remains controversial with dietary fat composition and
genetic susceptibility (e.g., familial hypercholesterolemia)
being important factors in individual risk [15-17].

Cardiometabolic diseases are characterized by both
dyslipidemia and inflammation. Our group previously
showed that in lean male mice, 3 weeks of KD feeding
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increases intestinal triglyceride secretion after a dietary
fat challenge, which may contribute to pro-atherogenic
dyslipidemia [18]. Recent studies in lean ApoE~~ mice
have shown that KD feeding can induce atherosclero-
sis compared to low fat control diets [19, 20] but does
not increase inflammation and plaque size to the same
extent as HFD controls [21]. Raising beta-hydroxybutyr-
ate (BHB) levels, by direct administration in HFD-fed
ApoE™"~ mice or with SGLT2i medications in individuals
living with T2D, dampens inflammatory IL-1 and TNF«
levels [22-24].

Importantly, the available evidence in rodents shows
that KD worsens glucose tolerance in lean mice but may
have benefit in diet or genetically induced obese mice
[25-27]. While individuals may lose liver fat on a KD
[28-30], studies in lean mice indicate worse liver out-
comes [31-33] whereas mice with established metabolic
dysfunction-associated steatotic liver disease given a KD
had lower liver weight and triglycerides than HFD-fed
mice [34]. These discrepancies highlight the need for a
more comprehensive understanding of the KD’s effects
across cardiometabolic disease models and outcomes,
using both low- and high- fat diet controls, particularly
in the context of pre-existing metabolic dysfunction for
translational purposes.

We directly tested the effects of the same KD formula-
tion across multiple preclinical models to systematically
assess the impact of model selection on observed out-
comes. We used models of lean mice, diet induced obese
mice, as well as diet induced obese, atherosclerotic mice
to investigate the effects of the KD on glucose response
and insulin secretion, inflammation, lipid metabolism
and storage, and atherosclerosis progression.

Methods

Animals and diets

Male and female C57BL6/] were housed on 12 h light
dark cycle at 20-22°C. Food was administered ad libi-
tum unless fasting was indicated; mice had free access to
water. All mice were fed a grain-based diet regular chow
(chow; Envigo 2019) until 10 weeks of age. From there:
intervention model mice were given a high fat diet with
supplemented cholesterol (HFD; Envigo TD88137) for
10 weeks then, for the following 12 weeks were given a
diet “intervention” of our custom KD (Envigo TD190587;
previously published (18)), regular chow (Envigo 2019
Teklad Global 19% Protein Extruded Rodent Diet), or
maintenance on the HFD. A subset of intervention mice
(PCSK9 OE) were administered proprotein convertase
subtilisin/kexin type 9 (PCSK9) overexpressing adeno-
associated virus (AAV8.HCRAApoE.hAAT.mPCSKO.
D377Y.bGH Addgene 68376) developed by Pennsylva-
nia (Penn) Vector Core at a titre of 1x 10*! at day zero of
HED feeding to allow the development of atherosclerosis
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and followed the intervention diet protocol (35). No
induction mice continued to receive chow diet until the
diet switch where they received KD, chow, or HFD for 12
weeks until endpoint. Animal care followed all guidelines
from the Canadian Council on Animal Care and proce-
dures were approved by the University of Ottawa Animal
Care Committee.

Body composition analysis

EchoMRI (EchoMRI-100 machine, Echo Medical Sys-
tems, Houston, TX, USA) was used to measure lean and
fat mass in awake mice.

Glucose and insulin tolerance tests

Mice were fasted for 4-5 h before glucose gavage (2 g/
kg) or intraperitoneal insulin injection (0.6 IU/kg Huma-
log Eily Lilly VL7533, DIN: 02229704) and subsequently
bled by tail snip every 15 min for 90 min. StatStrip Xpress
Blood Glucose Meter was used to measure blood glucose
over time and blood was collected for plasma at 0 and
15 min for glucose tolerance test (GTT).

Blood and plasma collection

Blood glucose and BHB were measured with StatStrip
Xpress Blood Glucose Meter and with FreeStyle Preci-
sion Neo, respectively. Blood was collected in EDTA
coated capillary microvette tubes (Sarstedt Microvette
CB300K2E) and centrifuged for 10 min at 12,000 rpm
(13500 rcf) and 4°C. Plasma was stored at -80°C until
analyses were performed (Mouse Active GIP Elisa Kit;
Crystal Chem 81511, V-PLEX GLP-1 Active Kit Meso-
scale K15030D, Ultra Sensitive Mouse Insulin ELISA Kit-
ALPCO 80-INSMSU-E01, U-PLEX Chemokine Combo 1
(mouse); Mesoscale K15321K, V-PLEX Proinflammatory
Panel 1 Mouse Kit Mesoscale K15048D, Glucagon ELISA
Mercodia 10127101, Mouse Glucagon ELISA kit Crys-
talChem 81518). For plasma collected for active GLP-1
and active GIP quantification, Trasylol (5000 KIU/mL),
EDTA (1.2 mg/mL), Diprotin A (0.1 nmol/L) was added.
Liver (ALT, AST, ALP) and cardiovascular (cholesterol,
HDL, LDL, glucose) panels were run by the pathology
core at The Centre for Phenogenomics. Plasma bile acid
quantification was done using LC-MS/MS at Infectious
and Immune Diseases Research Axis, Centre de Recher-
che du CHU de Québec-Université Laval as previously
described [36]. Fatty acid quantification was done by GC/
MS at Metabolomics Core Facility Faculty of Medicine,
University of Ottawa. Due to cohort differences in some
fatty acid concentrations, total fatty acid levels were nor-
malized to HFD continuer controls for each cohort.

Tissue collection
Mice were sacrificed with (1 pm) or without (8 am) 5 h of
fasting under isofluorane or CO, (PCSK9 OE) inhalation
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and underwent cardiac puncture for blood collec-
tion. Tissues for gene expression, protein quantification
(Pierce Rapid Gold BCA Protein Assay Kit A53225, R&D
Systems Mouse LDLR Quantikine ELISA Kit MLDLRO,
R&D Systems Mouse Proprotein Convertase 9/PCSK9
Quantikine ELISA Kit MPC900), and lipid measure-
ments were snap frozen and stored at -80°C. PCSK9 OE
mice were perfused with saline through the left ventricle.
Aorta were cleaned and the root and liver tissue were
embedded in OCT (TissueTek) and frozen for histol-
ogy. The remaining aortas (arch to iliac bifurcation) were
snap frozen in liquid nitrogen and stored at -80C. In mice
undergoing portal duct cannulation, they were fasted
overnight and given a glucose gavage (2 g/kg) 15 min
prior to portal vein cannulation and blood collection
under isofluorane anesthesia. In these mice, pancreas is
snap frozen for lipid quantification.

Tissue lipid quantification

Tissue lipids were extracted using modified Folch method
in obese (pancreas and liver) [37] and PCSK9 OE (liver)
[38] as previously described. Extracted cholesterol and
triglycerides were measured using Infinity™ Cholesterol
Liquid Stable Reagent (Thermo Scientific TR13421) and
Infinity™ Triglycerides Liquid Stable Reagent (Thermo
Scientific TR22421).

Islet isolation and perifusion

For islet isolation, pancreases were inflated with collage-
nase (7.5 mg/mL, SigmaC7657) in Hanks Balanced Salt
Solution (5 mM glucose, 1 mM MgCl,). Then pancreases
were kept on ice until heating at 37 °C for 12 min. Then,
digested pancreases were shaken vigorously and washed
with Hanks Balanced Salt Solution (5 mM glucose, 1
mM MgCl,, 1 mM CaCl,). Islets were separated by His-
topaque (Sigma, 10771) gradient, hand-picked for purity,
and rested overnight in RPMI (10% FBS, 1% penicillin/
streptomycin) at 37C and 5% CO,.

Solutions for perifusion, GLP-1 (GLP-1 7-36, Bachem,
4030663), GIP (GIP-(D-Ala2)-GIP, Bachem 4054476),
and KCIl were made with KRBH buffer (115 mM NacCl,
5 mM KCl, 2.5 mM CaCl,, 24mM NaHCO,, 10 mM
HEPES, and 1% BSA; pH=7.4). Using the Biorep perifu-
sion machine, 80 islets per mouse were equilibrated for
45 min at 2.8 mM glucose before stimulation with solu-
tions. Temperature (37C) and flow rate (100 pL/min)
were kept constant, and effluents were collected every
2 min. Effluent insulin concentration was measured
with Mouse Ultrasensitive or High Range Insulin ELISA
(ALPCO, 80-INSMSU-EO1 or 80-INSMSH).

Gene expression
Liver RNA was
transcribed with TRIzol

isolated and c¢DNA was reverse
Reagent (Ambion) and
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High-Capacity cDNA Reverse Transcription Kit (Fisher
Scientific 43-688-14), respectively, per manufacturers
protocols. mRNA quantity was determined with Taq-
Man Fast Advanced Master Mix (Applied Biosystems
4444557) using standard curve method (Quantstudio
5) and was normalized to Ppia or Thp. Aorta RNA was
isolated with TRIzol Reagent (Ambion) and prepared for
Nanostring gene expression analysis using manufacturers
protocol.

Nanostring gene expression analysis

Inflammatory gene and pathway analyses were done
using the Nanostring nCounter® Mouse Inflammation
Panel with 100 ng of aorta RNA. Capture and reporter
probes were hybridized with the RNA for 16 h at 65 °C.
Assays were performed on the nCounter system per
manufacturer’s instructions. Intervention diets were ana-
lyzed with HFD continuers as the baseline. Benjamini-
Hochberg p-value correction was used for false discovery
rate.

Histological analyses

Serial sections of the aortic sinus, starting at the origin of
the aortic valves, were sectioned at a thickness of 10 um
on a cryostat (Leica CM3050S) as were sections of liver.
Sections were stained with Oil Red O for 12 min at 60°C
or haematoxylin and eosin for 5 min each at room tem-
perature. Photomicrographs were obtained using a slide
scanner (Leica Aperio Versa). Atherosclerotic lesion size
was quantified by an individual blinded to the treatment
group as an average of 4—8 sections on 2 slides using
Image]. Image] was used to quantify red pixels in liver
tissue stained with Oil Red O.

Statistical analysis

Data are presented as mean + SEM and statistical analyses
were done in Graphpad Prism 10. Significant differences
between groups were determined using unpaired t-test (2
groups) or one-way ANOVA with multiple comparisons
(3 groups). Nanostring statistical analyses are described
above. Measures taken over time were analyzed with
two-way ANOVA with Tukey’s (between 3 groups) or
Sidak’s (between two groups) multiple comparisons.

Results

KD intervention sustains fasting-like plasma metabolite
profile through refeeding

Wildtype male and female mice were separated into
two diet protocols. The first protocol, the induction-
intervention group, was designed to model established
metabolic dysfunction as often seen in individuals living
with T2D. Mice were given a HFD from 10 weeks of age
for 10 weeks prior to an intervention of regular chow or
KD for 12 weeks before sacrifice (Fig. 1A). As a control,
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“HFD continuers” continued on the HFD for the 12-week
intervention period. The second protocol used a lean no
induction group, which replicates conditions often used
in mouse studies of the KD. Mice received HED, chow, or
KD at 20 weeks of age for 12 weeks (Fig. 1A). The KD was
designed using the same ingredients as the HFD, high in
saturated fat and cholesterol [18], with altered propor-
tions in line with the diet conventions to not bias for a
“healthier” KD (Supplemental Table 1).

After 2 weeks of diet intervention, average food intake
was similar among diet groups (Fig. 1B). KD interven-
tion had no impact on body weight in male intervention
mice but caused significant weight loss in female inter-
vention mice compared to HFD controls (Fig. 1C, D).
In both sexes, average energy efficiency in the first two
weeks of KD intervention trended lower than HFD con-
tinuers (Supplemental Fig. 1A, B). KD feeding had no
significant effect on total body mass in the leaner male
and female no induction mice (Fig. 1E, F). During week
10 of diet intervention, the mice were fasted overnight
before being refed their respective diet. Blood was taken
after 16 h fast to ensure consistently elevated ketones
across groups and 2 h post-refeed to evaluate the flux of
circulating metabolites across fasting and fed states and
the fasting-like quality of the KD [39]. KD intervention
males maintained stable blood BHB and glucose, plasma
free fatty acids (FFA), insulin, and glucagon levels from
16 h fasted to 2 h refed states (Fig. 1G-K). Plasma insu-
lin was not significantly different among KD intervention
and HFD continuer males during fasting or refeeding
(Fig. 1J) and refed glucagon was significantly lower than
HFD continuers (Fig. 1K). In females, blood and plasma
metabolite levels were more stable after refeeding with
KD intervention than HFD, with some changes (Fig.
1L-P). Females on KD intervention had lower BHB levels
after refeeding than at 16 h fasted, but these levels were
still significantly higher than the other diet groups and
well within the range of nutritional ketosis (> 0.5 mM)
[1] (Fig. 1L). Female KD intervention mice had lower
blood glucose after refeeding than chow and HFD mice,
maintained high FFA levels, but significantly increased
glucagon levels with refeeding (Fig. 1M-P). In lean “no
induction” mice, KD fed mice had significantly higher
blood BHB levels but no difference in blood glucose in
both males and females (Fig. 1Q-T). Taken together, this
KD induced a fasting-like state with circulating metabo-
lites but only induced weight loss in female, intervention
mice.

KD feeding does not alter stored pancreas lipids or islet
GSIS but reduces glucagon at low glucose

Since glucose stimulates the release of lipids stored in
the intestine [40, 41], we assessed the circulating post-
glucose lipid environment by performing portal vein
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cannulation 15 min after glucose gavage. Gas chroma-
tography mass spectrometry (GC/MS) identified 26 fatty
acids in portal vein plasma. Relative to HFD continuers,
KD intervention males had lower total measured plasma
fatty acids (Fig. 2A). The saturated fatty acid lauric acid
methyl ester (12:0) was not different from HFD continu-
ers in KD intervention males in portal vein plasma, nor
was the monounsaturated alpha linoleic acid methyl
ester (18:3n3), which was highest in chow intervention
males (Fig. 2B, C). Cis-11,14 ecoisanoidenoic methyl
ester (20:2), a polyunsaturated fatty acid, was signifi-
cantly lower in both intervention groups than male HFD
continuers (Fig. 2D). Biochemical determination of pan-
creas triglycerides and cholesterol levels were not differ-
ent among diet groups in male intervention mice (Fig.
2E, F). In KD intervention females, total portal vein fatty
acids were also significantly lower than HFD continu-
ers (Fig. 2G). The saturated fatty acid lauric acidy methyl
ester (12:0) trended lower with KD intervention rela-
tive to HED continuers in females (p = 0.055) (Fig. 2H,
I). The unsaturated fatty acids alpha linoleic acid methyl
ester (18:3n3) and cis-11,14 ecoisanoidenoic methyl ester
(20:2) followed the same effect as males, unchanged and
lower than HFD continuers, respectively (Fig. 2J). Pan-
creas triglycerides and cholesterol levels were not differ-
ent among diet groups in female intervention mice (Fig.
2K, L).

After 6 weeks of intervention, KD did not alter glucose
tolerance compared to HFD continuer males (Supple-
mental Fig. 2A). However, KD intervention male mice
had significantly lower plasma insulin at fasting and after
glucose gavage compared to HFD continuers (Supple-
mental Fig. 2B). KD intervention males had significantly
higher plasma active GIP and GLP-1 levels post glucose
(Supplemental Fig. 2C-D). Although not statistically sig-
nificant, KD intervention males had lower mean plasma
glucagon levels (fasted p=0.079) (Supplemental Fig. 2E).
Female KD intervention mice had the highest glycemia
during the glucose tolerance test (GTT) and signifi-
cantly lower post-glucose insulin than HFD continuers
(Supplemental Fig. 2F, G). Female KD intervention mice
had unchanged plasma active GIP levels, but significantly
higher plasma active GLP-1 levels compared to HFD con-
tinuers (Supplemental Fig. 2H, I). Fasting glucagon levels
were significantly lower in KD intervention females rela-
tive to HFD continuers (Supplemental Fig. 2J). There-
fore, despite higher plasma active GLP-1 levels, glucose
homeostasis was not improved with KD intervention in
male and female mice, respectively. After 6 weeks of KD
feeding, the no induction males and females had similar
glucose tolerance between diets, but KD-fed mice had the
highest active GIP and GLP-1 (Supplemental Fig. 2K-P).
Insulin tolerance was not significantly different between
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diet groups in either diet protocol or sex (Supplemental
Fig. 2Q-T).

We performed perifusion in isolated islets from inter-
vention and no induction mice to test the islet secretory
capacity in isolation of other physiological factors. Both
male and female intervention groups had similar GSIS
among diet groups in response to high glucose, GLP-1,
GIP, and KCl during the dynamic perifusion experiment
(Fig. 2M, N). As expected, high glucose significantly
lowered perfusate glucagon levels across diet groups
(Fig. 20, P). However, glucagon measured during perifu-
sion low glucose was significantly lower in islets from KD
intervention male and female mice than islets from HFD
continuers (Fig. 20, P). Similarly, islets from no induction
male and female KD mice had similar GSIS responses to
the other diet groups; but no induction KD islets, par-
ticularly from females, were more likely to have very
high islet GLP-1 release than HFD and chow-fed mice
(Fig. 2Q-T). Thus, this KD elevated active GLP-1 and
reduced glucagon but does not improve insulin response
to glucose.

KD intervention protects against liver lipid accumulation in
lean and obese female mice

Liver mass trended lower (p=0.057) in male KD inter-
vention mice compared to HFD continuers (Fig. 3A).
While liver triglycerides were unchanged, liver choles-
terol mass was significantly lower with KD intervention
compared to HFD continuers (Fig. 3B, C). Female KD
intervention mice, however, had lower liver weight, tri-
glycerides, and cholesterol relative to HFD continuers
(Fig. 3D-F). Plasma levels of liver enzymes alanine trans-
aminase (ALT), aspartate aminotransferase (AST), and
alkaline phosphatase (ALP) were lower with KD inter-
vention in males but only ALT was significantly lower in
intervention females (Fig. 3G-L). Gene transcript levels
associated with ketone production (3-hydroxy-3-meth-
ylglutaryl-CoA synthase 2 (Hmgcs2)) and interconver-
sion (D-beta-hydroxybutyrate dehydrogenase (Bdhl)), as
well as fatty acid oxidation (carnitine palmitoyltransfer-
ase I (Cptla)) were significantly higher in KD interven-
tion male and female mice (Fig. 3M—R). In no induction
mice, KD-fed males had insignificantly different liver
weight, triglycerides (trend p=0.0627 KD and HFD), and
cholesterol whereas females had significantly lower total
liver weight and liver triglycerides (Fig. 35-X). Again,
KD feeding significantly increased hepatic expression
of Hmgcs2, Bdhl, and Cptla (Fig. 3Y-AD). Together,
across lean and obese models, the KD reduced markers
of hepatic inflammation and/or lipid stores.
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Fig.2 KD feeding does not alter stored islet lipids or GSIS but reduces glucagon at low glucose. A Total quantification of portal vein fatty acids relative to
the average total fatty acids of HFD mice per cohort in intervention males, B-D quantification of fatty acids from portal vein plasma 15 min after glucose
gavage in male intervention mice, E, F pancreas TG and total cholesterol in male intervention mice, G total quantification of portal vein fatty acids rela-
tive to the average total fatty acids of HFD mice in intervention females. (H-J) Quantification of fatty acids from portal vein plasma 15 min after glucose
gavage in female intervention mice, K-L pancreas TG and total cholesterol in female intervention mice, M, N GSIS during perifusion in islets isolated from
male (M) and female (N) intervention mice, (O-P) Glucagon measured at 2.8 mM and 16.7 mM glucose during perifusion of islets isolated from male
(0) and female (P) intervention mice, (Q, R) GSIS during perifusion in islets isolated from male (Q) and female (R) no induction mice, (S, T) Active GLP-1
measured at 2.8 mM, 10 mM, and 16.7 mM glucose during perifusion of islets isolated from male (S) and female (T) no induction mice. Data are presented
as mean +/— SEM. P value was determined by two way ANOVA with multiple comparisons (M-T) or one way ANOVA with multiple comparisons (A-L).
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KD intervention reduces markers of inflammation and liver
lipids in obese, atherosclerotic mice

To assess the impact of the KD intervention on ath-
erosclerosis, we administered PCSK9 overexpression
(PCSK9 OE) AAV before HFD induction for the inter-
vention diet protocol in males. Overexpression of pAAV/
D377Y-mPCSK9 leads to hypercholesterolemia through
rapid degradation of the LDLR and allows for develop-
ment of atherosclerotic lesions in the aortic root and arch
in mice on high cholesterol diets without germline dele-
tion of the LDLR or ApoE [35]. PCSK9 OE diminished
hepatic LDLR protein levels 10-20 fold relative to the
wildtype female and male mice (Supplemental Fig. 3A—
C). The 10-week HFD induction period reliably increased
circulating cholesterol levels in PCSK9 OE males and
allowed for the initiation of atherosclerosis before diet
intervention (Supplemental Fig. 3D-F). PCSK9 OE did
not impact ketosis or food intake (Supplemental Fig.
3G, H). KD intervention in PCSK9 OE males did, how-
ever, induce loss of total body weight through the loss of
fat mass (Supplemental Fig. 3I-K). The change in body
weight relative to kcal intake trended lower than HFD
continuers, potentially indicating mildly increased energy
expenditure or reduced metabolic efficiency in the diet
transition period (Supplemental Fig. 3L). After a 4-hour
fast, KD intervention mice had lower circulating DPP4
protein levels and activity, as well as lower circulating
insulin (Supplemental Fig. 3M-0O). During a GTT, KD
intervention PCSK9 mice had lower insulin levels and
higher active GLP-1, but not GIP, after glucose gavage
(Supplemental Fig. 3P-R). Consistent with greater small
intestinal length observed with short term KD feeding
[18] and the effect of greater GLP-1 levels [42], KD inter-
vention mice had significantly greater small intestinal
length than HFD continuers (Supplemental Fig. 3S).

KD intervention in PCSK9 OE mice significantly
reduced liver triglycerides and cholesterol relative to
HFD-continuers and resulted in significantly reduced
neutral lipid staining on hepatic histological slices
(Fig. 4A-D). Circulating liver enzymes, ALT and ALP,
but not ALP, were also significantly lower in KD inter-
vention mice compared to HFD continuers (Fig. 4E-G).
Hepatic transcript levels of total, pro-resolving, and pro-
inflammatory macrophage markers Adhesion G protein-
coupled receptor E1 (Adgrel), Mannose receptor C-type
1 (Mrcl), and Integrin subunit alpha X (Itgax) were
significantly lower in KD intervention than HFD mice
sacrificed in the fed state (Fig. 4H-J). KD intervention
PCSK9 OE mice also had elevated Hmgcs2 mRNA levels,
like non PCSK9 OE mice, but not significantly different
Cptla mRNA levels (Supplemental Fig. 3T, U). Circulat-
ing levels of inflammatory markers TNFa and CXCL1
were significantly lower in KD intervention mice com-
pared to HFD continuers (Fig. 4K, L). Circulating IL-1p
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levels were significantly higher than HFD continuers and
IL-6 trended toward an increase (HFD vs. KD p=0.0895)
(Fig. 4M, N). Plasma interleukin-5 (IL-5) and IL-2 were
not different between diet groups (Fig. 40, P). In the liver,
TNFa levels only trended down in KD mice (p=0.0884)
and CXCL1 was not different compared to HFD continu-
ers; however, KD mice had significantly lower liver IL-1
and higher IL-6 levels (Fig. 4Q-T). Liver IL-5 trended up
(p=0.0976) in KD mice and interleukin-2 (IL-2) levels
were significantly higher (Fig. 4U, V). In all, KD interven-
tion in PCSK9 OE male mice favorably affected hepatic
steatosis and inflammation.

KD intervention slows atherosclerosis progression and
lowers chemokine levels in obese, atherosclerotic male
mice
Atherosclerotic lesion area was significantly smaller in
KD intervention PCSK9 OE mice than HFD continuers,
but not reduced to the same extent as the non-choles-
terol supplemented chow intervention (Fig. 5A). Percent
of neutral lipids in atherosclerotic lesions was not differ-
ent between groups which is likely due to the advanced
nature of the plaque (Fig. 5B) [43]. Compared to mainte-
nance on the HFD, dietary intervention of chow and KD
altered the expression of inflammation related genes in
the aorta of PCSK9 OE mice. Based on the gene expres-
sion, pathway scores were generated by Nanostring; many
pathway scores were significantly different, particularly
with KD intervention as compared to HFD continuation
(Fig. 5D). Both interventions lowered pathway scores
for regulation of TLR signaling, ECM organization,
complement cascade, and chemokine signaling. Unlike
chow intervention, KD additionally reduced CD28 fam-
ily costimulation pathway scores and increased VEGE,
IL-17 signaling, FCERI signaling, cellular response to
stress, and apoptosis scores. More singular inflamma-
tion-related gene transcripts were differentially expressed
compared to HFD in KD (+ 37) than chow (+ 9) interven-
tion, with 23 genes differentially expressed for both KD
and chow intervention relative to HFD (Fig. 5E). Some
differentially expressed transcripts included reduced
expression of Ccr2 (chow and KD), a macrophage recruit-
ment marker, and chemokine genes Cxcli, Ccl2, Ccl3
(KD only). Birc2, previously associated with endothelial
integrity and protection from atherosclerosis, was signifi-
cantly increased specifically in KD intervention mouse
aortas (Fig. 5E) [44]. On the other hand, aortas from KD
intervention mice had higher expression of Racl which
is involved in LDL trafficking in lesion formation [45].
Interestingly, while ketones reportedly inhibit histone
deacetylases (HDAC:) [46], expression of Hdac4 was spe-
cifically increased in KD mouse aortas (Fig. 5E).

To probe the effects of the altered transcript lev-
els, we measured protein expression of chemokines in
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Fig. 4 KD intervention reduces markers of inflammation and liver lipids in obese, atherosclerotic mice. Male wildtype mice were given PCSK9 AAV injec-
tion at 10 weeks old followed by 10 weeks of HFD feeding and then maintenance of HFD or diet intervention with KD or chow for 12 weeks. (A, B) End-
point liver triglycerides and liver cholesterol in male intervention mice. (C) Representative images of neutral lipid-stained liver slices scale bar represents
100 um. (D) Quantification of neutral lipid staining in liver slices. (E, F) Plasma liver enzymes in fed endpoint plasma of intervention males. (H-J) Relative
gene expression normalized to Tbp in livers from intervention males. (K-P) Quantification of circulating inflammatory proteins in intervention mice. (Q-V)
Quantification of hepatic inflammatory proteins in intervention mice. Data are presented as mean +/— SEM. P value was determined by one way ANOVA

with multiple comparisons or unpaired t-test (H-J).

plasma and the aorta. Protein levels of aortic CCL3 and
CXCL1 were reduced with KD in wildtype mice while
CCL2, CCL4, and CXCL2 were not significantly different
(Fig. 5F—]). In plasma, CCL3 trended down (p =0.065) in
KD intervention PCSK9 OE mice while CXCL1, CCL2,
CCL4, and CXCL2 were significantly lower compared to
HEFD continuers (Fig. 5K-0). Blood analysis during fast-
ing and feeding showed no differences among diet groups
in total white blood cell count, neutrophils, lymphocytes,
or monocytes (Supplemental Fig. 4). However, basophils,

eosinophils, and platelets were lower in KD interven-
tion mice, particularly during fasting (Fig. 5P, Q) (Sup-
plemental Fig. 4). In all, KD intervention in PCSK9 OE
males slowed progression of atherosclerosis and reduced
plasma and aortic chemokines.

KD intervention lowers LDL cholesterol only in mice
without functional LDL receptor

To evaluate the effects of extreme dietary fat and choles-
terol consumption between animal models, we measured
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Fig. 5 KD intervention improves lipid parameters and atherosclerotic lesion area in obese, atherosclerotic male mice. Male wildtype mice were given
PCSK9 AAV injection at 10 weeks old followed by 10 weeks of HFD feeding and then maintenance of HFD or diet intervention with KD or chow for 12
weeks. (A) Quantification of aortic root atherosclerotic lesion area. (B) Quantification of neutral lipid staining in atherosclerotic lesion sections. (C) Repre-
sentative images of H & E top. and Oil Red O bottom. -stained aortic sinus sections scale bar represents 500 um. (D) Pathway scores of inflammatory genes
pathways in aortic tissue. (E) Venn diagram of significantly differentially expressed inflammatory genes in the aortas of KD and chow intervention com-
pared to HFD maintained mice. (F-J) Quantification of aortic chemokines from mice sacrificed during fasting. (K-O) Quantification of plasma chemokines
from mice sacrificed during fasting. (P, Q) Blood eosinophils and basophils after 16 h fast and 2 h refeeding of their respective diets in male intervention
mice. Data is shown as mean + SEM. Significance was determined by one way ANOVA with multiple comparisons (A, B), unpaired t-test (F-O), or two way

ANOVA with multiple comparisons (P, Q). Dotted line represents the mean of n=5 mice on chow diet intervention.

circulating total, LDL, and HDL cholesterol and triglyc-
erides in intervention wildtype (fed) and PCSK9 OE
(fasted) mice. In wildtypes, endpoint circulating total
cholesterol, LDL, and HDL were similar between HFD
continuers and KD intervention males and females,
unlike chow intervention which reduced total, LDL, and
HDL cholesterol (Fig. 6A—C, E-G). Circulating triglyc-
erides were significantly higher in KD intervention male
and female mice who were sacrificed without fasting
(Fig. 6D, H). However, in the atherosclerosis-susceptible
PCKS9 OE mice, total plasma cholesterol was reduced
with KD intervention compared to continuing the HFD
(Fig. 6I). Similarly, plasma LDL was reduced with KD
intervention in PCSK9 OE males (Fig. 6]). There were
no significant differences between diet groups in fasted
plasma HDL or triglycerides in PCSK9 OE mice (Fig. 6K,
L).

Since the KD and HFD were both supplemented with
the same amount of cholesterol per calorie, and the KD
mice had lower liver and circulating cholesterol, particu-
larly in the mice lacking adequate LDL receptor (PCSK9
OE), we evaluated markers of LDLR independent lipo-
protein uptake and bile acid synthesis. Transcript levels
of LDL receptor related protein-1 (Lrpl) were signifi-
cantly higher in livers from KD intervention PCSK9 OE
males than both other diet groups (Fig. 6M). Bile acids
are formed through catabolism of cholesterol and serve
as a mechanism of cholesterol excretion independent of
the LDL receptor [47]. In livers from PCK9 OE male mice
sacrificed without fasting, mRNA levels of Cyp7al (cho-
lesterol 7 alpha-hydroxylase), the rate limiting enzyme
for classical pathway bile acid synthesis, were higher and
the bile acid synthesis regulator, Fxr (farnesoid X recep-
tor), trended toward increase in KD intervention mice
compared to HFD continuers (p = 0.0581) (Fig. 6N, O).
In endpoint fed and fasted plasma, we found no signifi-
cant difference in total circulating bile acids between diet
groups (Fig. 6P, Q). HFD mice had slightly, but insigni-
ficantly, higher total bile acids on average in fed state
whereas and KD mice had slightly higher bile acids dur-
ing fasting, indicating a potential “fasting-like” effect
of the KD like seen in plasma metabolites (Fig. 1G-P).
During fasting, KD-fed mice had higher concentrations
of the bile acid HCA, which was undetectable in HFD-
fed mice and detectable in 8/12 KD fed mice (Fig. 6R).

Chenodeoxycholic acid (CDCA) and its secondary bile
acid, lithocholic acid (LCA) were significantly lower in
KD intervention relative to HFD mice (Fig. 6S, T).

In wildtype males, KD intervention mice had signifi-
cantly diminished hepatic PCSK9 protein levels but simi-
lar Lrpl mRNA levels between diet groups (Fig. 6U, V).
In wildtype females, hepatic PCSK9 protein levels were
significantly lower than both other diets groups and Lrp1
transcript levels were elevated (Fig. 6W, X). Thus, while
KD intervention drastically reduced circulating choles-
terol in PCSK9 OE mice, an atherosclerosis or hypercho-
lesterolemia model may be required to observe improved
circulating cholesterol outcomes.

Discussion

In this study, we used lean (no induction), diet-induced
obese (intervention), and diet induced obese, atheroscle-
rotic (PCSK9 OE) models of KD feeding to untangle the
effects of both model and control diet on the impact of
KD feeding. We observed no improvements in glucose
tolerance, in any model, despite high circulating GLP-1
levels after glucose gavage. Obese mice showed no signif-
icant changes to stored pancreas lipids. In isolated islets,
lean and obese mice had no difference in GSIS among
diets but KD dampened glucagon at low glucose levels.
Across all models, KD mice had improvements in liver
steatosis or liver enzymes with particular improvements
in females and PCSK9 OE males who also had total body
mass loss. PCSK9 OE KD intervention mice had smaller
atherosclerotic lesions, lower levels of many inflam-
matory markers in circulation and the aorta, and lower
total and LDL plasma cholesterol than HFD continuers.
If combined with increased bile acid synthesis and non-
LDLR mediated, ApoE containing particle uptake, cho-
lesterol could be shunted toward bile acid production
and excretion, more effectively overcoming the PCSK9
OE model. However, obese mice with intact LDLR sig-
naling did not recapitulate the beneficial circulating lipid
effects.

In line with previous reports, we only observed weight
loss with KD intervention in female and not male inter-
vention mice [48]. Additionally, the PCSK9 OE male
mice, who gained less weight on the HFD to begin with
relative to wildtype males, lost significant weight on the
KD intervention. Together, this indicates that only mice
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with less severe obesity (atherosclerosis susceptible
males, wildtype females) can lose weight and this effect
is lost after a certain “point of no return” of metabolic
dysfunction/obesity in mice. Importantly, in all models
and sexes, KD-fed mice never had significantly different
body weight than chow-fed mice. As anticipated with
predominance of lipids as fuel, respiratory exchange ratio
has previously been reported with prolonged KD feeding
[49] and we found that there may be reduced calorie effi-
ciency in the initial weeks of KD intervention. Interest-
ingly, despite the weight loss, females on KD intervention
trended toward worse glucose tolerance than HFD mice.
Although there were no differences in glucose-stimulated
insulin secretion, 4-hour fasted insulin was lower in KD
intervention PCSK9 OE males and glucagon levels were
suppressed in KD intervention mouse plasma and islets.
The differential glucagon levels may be due to the high
circulating concentration of BHB [50, 51] which has been
shown previously to dampen glucagon in lean and 0b/0b
models of KD [27, 52].

KD intervention mice had significantly higher plasma
active GLP-1 levels after a glucose gavage than the other
groups, however, it was ineffective at amplifying insulin
secretion. This study (Supplemental Fig. 3M), in line with
our previous work [18], found increased small intestinal
length in male mice on the KD. Greater small intestinal
length may result in greater abundance of GLP-1 releas-
ing L-cells which could further increase length due to
GLP-1’s intestinotrophic effects [42]. Additionally, GLP-2
is co-secreted with GLP-1 as it is derived from prohor-
mone processing of the same proglucagon gene prod-
uct. Activation of GLP-2R signaling has demonstrated
therapeutic efficacy in short bowl syndrome to improve
nutrient absorption and gut health [53]. Interestingly,
our PCSK9 OE KD intervention mice also had elevated
levels of the bile acid HCA (Fig. 6Q). Zheng et al. found
that high HCA supplementation increased GLP-1 and
improved glucose tolerance in both genetic and diet plus
drug (HFD + streptozotocin) induced mouse models of
diabetes in a GLP-1R-dependent manner [54]. Further,
in PCSK9 OE males, KD intervention elevated IL-6 in
liver and plasma which have also been shown to increase
GLP-1 secretion from the intestine [55]. Importantly, in
our models, KD fed mice do not respond to the extremely
high GLP-1 levels to improve glucose tolerance or insulin
secretion which may be due to conflicting effects of the
GLP-1-increasing factors like IL-6, which is associated
with glucose intolerance [33].

Macrophages play an important role in the progres-
sion of atherosclerosis; however, in our PCSK9 OE
model, gene expression of macrophage markers in the
liver were reduced but macrophage gene score in the
aorta was unchanged with KD. Despite this, the expres-
sion of Ccr2, a marker of recruited macrophages [56, 57],
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was significantly lower in both intervention diets in the
aorta compared to HFD maintenance. Blood cell analysis
in fasting and refed state did not identify differences in
monocytes or lymphocytes, despite reduced CCL2 (aka
monocyte chemoattractant protein-1 (MCP-1)) levels.
Rather, KD intervention mice had lower eosinophils and
basophils, in line with a previous observation that circu-
lating BHB has been negatively associated with eosino-
phil count in humans [58]. While the method used for
monocyte quantification does not differentiate between
Ly6CHi, the more proinflammatory, CCR2 expressing
monocytes, and Ly6CLo monocytes [59], the lower aor-
tic Ccr2 levels suggest less recruitment of the proinflam-
matory monocytes. In line with this, a KD with similar
macronutrient proportions reduced macrophage infiltra-
tion in a model of kidney fibrosis [60], reinforcing that
although total macrophage number in circulation or the
aorta may not change at this timepoint, the recruitment
of new macrophages to the plaque may be blunted. Che-
mokines also play an important role in the recruitment
of immune cells and systemic inflammation throughout
atherosclerosis progression [61]. The mRNA abundance
of chemokine genes transcripts and the circulating levels
of chemokines were lower in KD intervention mice than
HFD PCSK9 OE mice. Previously, Soni and colleagues
showed that giving a ketone ester drink prior to lipo-
polysaccharide injection reduced plasma concentrations
of chemokines including CXCL1, CXCL2, CCL2, CCL4
reinforcing that ketone signaling, apart from the extreme
macronutrient difference, can regulate inflammation in
mice [62].

Previous studies on the effects of KD on atherosclerosis
using ApoE~~ mice have similarly shown improvements
in circulating cholesterol and plaque size relative to
HFD but worsening relative to chow [19-21]. Due to the
inability of mice to develop atherosclerotic plaque under
normal conditions, this (PCSK9 OE) and other studies
(ApoE™") use extreme models to allow for atheroscle-
rosis initiation. Importantly, we found that the reduced
cholesterol in KD intervention relative to HFD controls
in PCSK9 OE mice was not preserved in mice who had
intact LDL receptor signaling, indicating that the effects
on atherosclerosis would likely not be recapitulated with-
out the extreme model. Interestingly, KD intervention
in wildtypes resulted in extremely low hepatic PCSK9
mRNA and protein levels without significant changes
to hepatic LDLR protein levels. Loss of functional LDL
receptor, the primary means of removing excess choles-
terol from circulation, could result in reliance on alterna-
tive clearance pathways including bile acid synthesis and
excretion for improvements in circulating lipids as shown
in a previous study of time restricted feeding in LDLR
knockout mice [63]. However, we did not find a signifi-
cant effect of KD on circulating bile acids levels. This may
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Fig. 6 KD intervention lowers LDL cholesterol only in mice without functional LDL receptor. Wildtype female, male, and PCSK9 OE male mice were given
a HFD for 10 weeks followed by KD intervention for 12 weeks. (A-D) Total cholesterol, LDL, HDL, and triglycerides from week 22 sacrifice fed plasma in
wildtype males. (E-H) Total cholesterol, LDL, HDL, and triglycerides from week 22 sacrifice fed plasma in wildtype females. (I-L) Total cholesterol, LDL,
HDL, and triglycerides from week 22 sacrifice fasted plasma in PCSK9 OE males. (M-0) Relative gene expression normalized to Top in livers from PCKS9
OE males. (P, Q) Total circulating bile acids in endpoint plasma from males PCSK9 OE mice that were sacrificed without (P) or with fasting (Q). (R-T) Fasted
plasma HCA (R), CDCA (S), and LCA (T) from endpoint PCSK9 OE males. (U-X) Liver PCSK9 protein (U, W) and relative gene expression of Lrp1 (V, X) in
male and female wildtype intervention mice. Data is shown as mean + SEM. Significance was determined by one way ANOVA with multiple comparisons
(A-M, U-X) or unpaired t-test (N, O, R-T). Dotted line represents the mean of n=5 mice on chow diet intervention.

be due to bile acids being measured after 12 weeks of KD
intervention when the majority of bile acid synthesis and
excretion of the accumulated cholesterol from the pre-
vious HFD feeding would likely have already occurred.
The maintenance of lower circulating cholesterol levels
despite continued dietary cholesterol intake would have
a less striking impact that may not be detectable with the
variability of bile acid concentrations. We did, however,
find that KD intervention increased Lrpl mRNA levels
in wildtype females and PCSK9 OE males which may be
responsible for increased uptake of ApoE containing par-
ticles in this model of atherosclerosis, although it did not
result in improved circulating cholesterol levels in the
female wildtype mice.

In this study, the KD was designed using the ingredi-
ents of the obesogenic HED. This ingredient-matching
was done to avoid the bias of a potentially “healthier” KD
with more unsaturated fat content and without supple-
mented cholesterol. Thus, although the control chow
intervention group had greater metabolic improvements
including lower circulating cholesterol and liver triglyc-
erides than KD intervention mice, the difference between
an ideal KD and lower fat diet can not be ascertained
from this work. Regardless, of the superiority of a low fat
versus KD, understanding the effects of KD feeding on
atherosclerosis are important because of its use in man-
agement of glycemic fluctuations and insulin require-
ment in people living with T2D and type 1 diabetes, and
for weight loss in people living with obesity, all of which
are at elevated risk for cardiovascular disease [64].

Our KD, like many used in rodent models to induce
ketosis, is a more extreme diet than what people on a KD
would consume. We chose this model to ensure that mice
would have consistently elevated circulating ketones to
address the impact not only of macronutrient shift but
also the metabolic and signaling effects of ketones [65,
66]. Additionally, although our chow diet can induce
weight loss in mice after HFD-induced obesity, it does
not have the same ingredients as the other diets and the
effect of these very different diet compositions may play
a role in the differences between chow intervention and
KD intervention. As such, this comparison is not the
emphasis of the paper. Our diets also have significantly
different caloric densities; however, we did not see signif-
icant differences in calorie intake and, where applicable,
our results align with a previous study using isocaloric

low fat, high fat, and KD [48]. Importantly, our athero-
sclerosis study was done in exclusively male mice and
cannot be generalized to females. Unlike with obesity and
glucose tolerance where females have some protection,
atherosclerosis is similar among sexes (PCSK9 OE, data
not shown) or accelerated in female relative to male mice,
dissociating plaque area from metabolic disease generally
[67, 68].

Conclusions

In all, KD feeding consistently improved markers of liver
function by lowering liver enzymes or reducing liver lip-
ids. Liver outcomes were most improved in the groups
that experienced weight loss, namely atherosclerotic
male mice and female obese mice. Cardiovascular risk
was also attenuated in male KD intervention PCSK9 OE
mice but the cholesterol-lowering effects were restricted
to mice with disrupted LDL receptor signaling. KD feed-
ing and intervention did not recover islet function or
insulin secretion, despite consistently elevated GLP-1
in response to oral glucose. Together, dietary interven-
tion with this KD can mediate positive effects on lipid
metabolism and inflammation in mice, independent of
any improvements to glucose handling.
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