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A low-carbohydrate diet induces hepatic insulin
resistance and metabolic associated fatty liver
disease in mice
Fen Long 1, Memoona R. Bhatti 2, Alexandra Kellenberger 1, Wenfei Sun 1, Salvatore Modica 1, Marcus Höring 3,
Gerhard Liebisch 3, Jean-Philippe Krieger 4, Christian Wolfrum 1,**, Tenagne D. Challa 1,*
ABSTRACT

Objectives: Metabolic-associated fatty liver disease (MAFLD) is the most common chronic liver disease that can range from hepatic steatosis to
non-alcoholic steatohepatitis (NASH), which can lead to fibrosis and cirrhosis. Recently, ketogenic diet (KD), a low carbohydrate diet, gained
popularity as a weight-loss approach, although it has been reported to induce hepatic insulin resistance and steatosis in animal model systems via
an undefined mechanism. Herein, we investigated the KD metabolic benefits and its contribution to the pathogenesis of NASH.
Methods: Using metabolic, biochemical and omics approaches, we identified the effects of a KD on NASH and investigated the mechanisms by
which KD induces hepatic insulin resistance and steatosis.
Results: We demonstrate that KD can induce fibrosis and NASH regardless of body weight loss compared to high-fat diet (HFD) fed mice at
thermoneutrality. At ambient temperature (23 �C), KD-fed mice develop a severe hepatic injury, inflammation, and steatosis. In addition, KD
increases liver cholesterol, IL-6, and p-JNK and aggravates diet induced-glucose intolerance and hepatic insulin resistance compared to HFD.
Pharmacological inhibition of IL-6 and JNK reverses KD-induced glucose intolerance, and hepatic steatosis and restores insulin sensitivity.
Conclusions: Our studies uncover a new mechanism for KD-induced hepatic insulin resistance and NASH potentially via IL-6-JNK signaling and
provide a new NASH mouse model.

� 2023 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Metabolic-associated fatty liver disease (MAFLD) is a hepatic mani-
festation of metabolic disorders that can range from steatosis to non-
alcoholic steatohepatitis (NASH). NASH, the aggravated form of MAFLD
[1,2], can progress to liver fibrosis, cirrhosis and hepatocellular car-
cinoma [3]. MAFLD is affecting up to a third of adults in high-income
countries [3]. Many individuals with MAFLD have obesity [3,4],
although, non-obese persons can also develop MAFLD [5]. The
imbalance between liver lipid storage and removal [6], due to
increased fat intake, elevated de novo lipogenesis, increased lipolysis
in adipose tissue, decreased fat oxidation, and reduced hepatic very
low-density lipoprotein secretion contributes to MAFLD [7e9]. More-
over, inflammatory signals from adipose tissue: such as TNFa, IL-6
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and CCL2 can exacerbate liver inflammation, cell death, and fibrosis
[1,2]. One-third of NASH patients develop fibrosis and MAFLD-related
mortality is increased up to ten-fold in patients with NASH [10].
Therefore, many pharmacological agents have been studied with the
aim to improve liver inflammation and steatosis to prevent MAFLD [11].
Nevertheless, weight loss remains the only standard intervention
method for the management of NAFLD in patients [12].
Studies investigated the mechanism behind MAFLD and reported that
IL-6 induces free fatty acid (FFA) release from visceral adipocytes,
thereby promoting diet-induced hepatic insulin resistance and
steatosis [13]. Visceral white adipose tissue (WAT) is a source for
diet-induced circulating IL-6, while subcutaneous WAT contributes to
basal IL-6 levels [14]. Elevated IL-6 levels in mice with liver-specific
overexpression of IKK-b were associated with glucose intolerance
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List of abbreviations

MAFLD metabolic associated fatty liver disease
NAFLD Non-alcohol fatty liver disease
NASH non-alcoholic steatohepatitis
KD ketogenic diet
HFD high-fat diet
FFA free fatty acid
WAT white adipose tissue
DIO diet-induced obesity
IL-6 interleukin-6
CD chow diet
JNK c-jun N-terminal kinase
LPC lysophosphatidylcholine

PE Phosphatidylethanolamine
DG diglycerides
PS phosphatidylserine
PG phosphatidylglycerol
PI phosphatidylinositol
PEP PE-based plasmalogens
Cer ceramides
HexCer hexosylceramides
TG Triglycerides
CE cholesteryl ester
PC Phosphatidylcholine
SM sphingomyelin
FC free cholesterol
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and hepatic insulin resistance [15] and IL-6 neutralization in mice led
to improved hepatic insulin resistance [15], indicating that IL-6
involved in modulation of liver function [14,15].
The inflammatory c-jun N-terminal kinase (JNK), a member of the
mitogen activated protein kinase (MAPK) family, is activated by TNFa,
IL-6 and FFA, and can increase Ser/Thr phosphorylation of IRS1/2, that
can lead to insulin resistance [16e18]. While, deletion of JNK1 in
adipose tissue results in blunted IL-6 in DIO mice [19] and increased
hepatic insulin sensitivity [20]. Furthermore, liver JNK1 knockout mice
demonstrate decreased steatosis, suggesting that JNK activation in the
liver can induces MAFLD [21] and insulin resistance [22].
Ketogenic diet (KD), a high-fat and low-carbohydrate diet, which is
used in the treatment of epilepsy [23] and has beneficial effect in
autism and Alzheimer disease [24], has become a popular weight loss
strategy [25,26]. KD is inherently a low-protein diet [27]. In lean
healthy people without diabetes and pregnancy, KD induces ketosis
after 2e4 days [28]. In mice a KD containing 9.1% calories from
protein significantly increased ketone bodies after 1 day [29]. Clinical
KD used in humans are restricted in protein content (5e10% of cal-
ories from protein compared to normal diets which contain 15e20% of
protein) [27]. However, most commonly used rodent KD contains less
than 5% of energy from proteins [27] which can lead to inconsistent
results between human and animal studies [30]. For instance, KD with
low protein levels led to elevated FGF21 levels, independent of keto-
genesis in mice [31]. Based on these points it was proposed that for
translational studies in mice, KD should contain 8e10% protein to
ensure that the observations are due to low carbohydrate content,
rather than due to protein restriction [27].
Clinical studies reported that KD improved blood glucose, serum
lipid and led to weight loss in obese subjects [25,26,32]. However, a
3-day of KD consumption increased postprandial plasma glucose in
healthy men [33]. Four weeks of KD intervention also increased
cholesterol and inflammatory markers in obese subjects [34]. In
mice, 12 or 22 weeks of KD increased steatosis, inflammation and
glucose intolerance [35,36]. Moreover, hyperinsulinemice
euglycemic clamp studies demonstrated that 5 weeks of KD
induced hepatic insulin resistance in mice [37]. The underlying
mechanisms behind KD-induced hepatic insulin resistance and
steatosis, however, remain undefined. Here, we investigated the
metabolic effects of a KD with 8.5% of protein at late timepoints to
ensure a robust ketosis phenotype and its contribution to the
pathogenesis of NASH, to identify the mechanisms underlying KD-
induced hepatic insulin resistance, steatosis and fibrosis.
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2. MATERIALS AND METHODS

2.1. Animal
C57BL/6 mice were obtained from Charles River (Wilmington, MA,
USA) and housed in a pathogen-free animal facility at 23 �C/30 �C
under a 12-hour light/dark cycle with free access to water and stan-
dard chow diet (18% proteins, 4.5% fibers, 4.5% fat, 6.3% ashes of
energy, #2222, Kliba-Nafag, Switzerland). After 12 weeks of chow,
male mice were fed either a chow, a KD (8.5% protein, 4.3% fibers,
79.1% fat, 4.3% ashes, 3.8% carbohydrate of calories, E15149 Snniff,
Germany), or a high-fat diet (HFD) with 60% of energy derived from fat
(23.9% protein, 3% fibers, 35% fat, 5.7% ashes, 23.2% carbohydrate,
#3436, Kliba-Nafag, Switzerland). All animal studies conformed to the
Swiss animal protection laws and were approved by the cantonal
Veterinary Office in Zurich, Switzerland

2.2. Glucose tolerance test
To investigate whether KD effect on glucose tolerance is acute or
progressive 12 weeks old male mice were randomly assigned to either
chow, KD or HFD for 3 and 7 days or 5 and 16 weeks. Mice were fasted
for 6 h and baseline glucose levels were measured. Thereafter,
glucose (2 g/kg body weight (D-glucose, Sigma in 0.9% saline)) was
injected intraperitoneal (i.p.) and blood glucose concentration was
measured from tail-tip blood after 15, 30, 45, 60, 90, and 120 min by
using a glucometer (Accu-Check Aviva glucose strip system,
#07400918016, #06453988016; Roche Diagnostics International,
Basel, Switzerland).

2.3. IL-6 neutralization antibody
For in vivo IL-6 neutralization 12 weeks old male mice were randomly
assigned to either chow, KD or HFD for 3 days and received an i.p.
injection of 100 mg rat anti-mouse IL-6 antibody (Cat# 16-7061, Clone
MP5-20F3, Switzerland) in 0.1 ml Dulbecco’s phosphate-buffered
saline. Rat IgG1 (Cat# 16-4301, ThermoFisher, Switzerland) was
administered as an isotype-matched control. Administration of the
antibodies was conducted every day for consecutive 3 days.

2.4. JNK inhibitor treatment
12 weeks old male mice were randomly assigned to either chow, KD or
HFD for 3 days for pharmacological inhibition of JNK, 10 mg/kg
AS602801 (Cat# HY-14761, Med Chem Express, Switzerland) or
vehicle alone (2:8:1:9 ratio of DMSO; PEG300; Tween-80; saline) was
administered by i.p. injection once daily for consecutive 3 days.
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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2.5. Lipid extraction and mass spectrometric analysis
Liver samples from mice fed a chow, KD or HFD for 3 days were fasted
for 6 hrs and injected with glucose before sampling to mimic KD-
Induced glucose intolerance. Liver samples were subjected to bead-
based homogenization in H2O/MeOH ¼ 1/1 supplemented with 1%
SDS at a concentration of 0.05 mg wet weight/mL [38]. The lipids were
extracted from 2 mg of wet weight according to the method of Bligh
and Dyer [39] in the presence of not naturally occurring lipid species as
internal standards. The following lipid species were added as internal
standards: PC 14:0/14:0, PC 22:0/22:0, PE 14:0/14:0, PE 20:0/20:0
(di-phytanoyl), PS 14:0/14:0, PS 20:0/20:0 (di-phytanoyl), PI 17:0/
17:0, LPC 13:0, LPC 19:0, LPE 13:0, Cer 18:1;O2/14:0, Cer 18:1;O2/
17:0, D7-FC, CE 17:0, CE 22:0, TG 51:0, TG 57:0, DG 28:0 and DG
40:0. Chloroform phase was recovered by a pipetting robot (Tecan
Genesis RSP 150) and vacuum dried. The residues were dissolved in
either in 10 mM ammonium acetate in methanol/chloroform (3:1, v/v)
(for low mass resolution tandem mass spectrometry) or chloroform/
methanol/2-propanol (1:2:4 v/v/v) with 7.5 mM ammonium formate
(for high resolution mass spectrometry). Data analysis was performed
by wilcoxon pairwise comparisons with corrections for multiple testing,
details in the supplementary.

2.6. Histological analysis
For histological analysis, 12 weeks old male mice were randomly
assigned to either chow, KD or HFD for 3 days or 14 and 16 weeks at
ambient or thermoneutrality. Liver tissues from all mice were fixed with
4% paraformaldehyde in PBS (Gibco; pH 7.4) for 24 h at 4 �C,
dehydrated and embedded in paraffin. Liver sections (3 mm thick) were
stained with hematoxylin and eosin (H&E), Oil red O, van Giesson/
granular osmiophilic material (GOM)/Masson’s trichrome and cleaved
caspase 3. Tissue processing was performed by Prof. Dr. Anja Kipar
(Pathologist, Zurich University); liver sections were stained with auto
strainers for histology, immunohistology and the images were acquired
by digital slide scanners and quantified. Histological assessments were
conducted in blinded conditions. For quantitative assessment, various
parameters, including inflammation, steatosis, hepatocyte ballooning,
fibrosis, NASH and NAFLD, the NASH Clinical Research Network
Scoring System [40] were assessed, taking into account murine
NAFLD activity score according to [41,42].

2.7. Plasma and tissue lysate parameters
To study KD effects on inflammatory cytokines, 12 weeks old male
mice were randomly assigned to either chow, KD or HFD for 3 days and
16 weeks. Mice were fasted for 6 h and injected glucose 30 min, or
without glucose injections before tissue and blood sampling. Circu-
lating IL-6 concentration, IL-6 in liver, mesenteric fat, and ingWAT
lysate were measured by using Mouse IL-6 ELISA Kit (RayBiotech,
#ELM-IL6, Luzern, Switzerland). Liver cholesterol was measured by
Cobas Roche (Hitachi Kit #11877771, Roche Diagnostics International).
Plasma cytokine Interferon gamma (IFN-g), interleukin 1 beta (IL-1b),
interleukin 2 (IL-2), interleukin 5 (IL-5), interleukin 6 (IL-6), interleukin
10 (IL-10), interleukin-12 (IL-12p70), tumor necrosis factor alpha
(TNF-a), and keratinocyte chemoattractant (KC)/growth-regulated
oncogene (GRO) chemokines and pro-inflammatory chemokines were
measured using the MSD technology (Meso Scale Discovery, Gai-
thersburg, MD, USA). All analyses were carried out according to
manufacturer’s protocols.

2.8. Quantification and statistical analysis
A power calculation was performed based on the results of previous
work by our group to calculate animal numbers [43]. All data are
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expressed as mean � standard error of the mean. The significance
was determined using a two-tailed, unpaired Student’s t-test, one-way
ANOVA with NewmaneKeuls correction for multiple group compari-
sons, or two-way ANOVA with Bonferroni multiple comparisons/
Tukey’s multiple comparison. Statistical tests were calculated using
GraphPad Prism 8.0 (GraphPad Software, San Diego, USA). P-values
<0.05 were considered significant. For further details regarding the
materials and methods used, please refer to the supplementary
information.

3. RESULTS

3.1. Three days of KD induces hepatic steatosis
To investigate whether short-term KD can induce hepatic steatosis, we
analyzed the physiological changes in response to 3 days of KD feeding
in mice (Figure 1A). Three days of KD reduced body weight compared
to chow and HFD-fed mice (Figure 1B). Importantly, 16 weeks
(Fig. S1A) of chow and KD led to a similar body weight gain compared
to HFD (Fig. S1B), indicating that long term KD feeding does not affect
body weight in lean mice. As expected, 16 weeks of HFD significantly
increased liver and fat tissue masses, whereas similar fat tissue
weights were observed in chow and KD-fed mice (Figs. S1CeD). KD
significantly increased liver weight compared to chow-fed mice
(Fig. S1D). In addition, 3 days or 16 weeks of KD increased hepatic
lipid droplet accumulation (Figure 1C, S1E) demonstrating that KD
accelerates diet-induced hepatic steatosis.
To determine which lipid molecular species were altered during the
progression of hepatic steatosis in response to a KD, we used a mass
spectrometry based lipidomics approach on liver samples of mice fed
chow, HFD or KD for 3 days (Table S1). In a principal component analysis,
we observed a separation of lipids from the 3 diets, with no overlap of
confidence ellipses in the two first dimensions (representing 51.4% and
19.1% of the overall inertia, Figure 1D) in KD vs chow or HFD conditions.
Similarly, a heatmap and a lipid profile cluster analysis separated chow,
HFD and KD-fed mice into three non-overlapping groups (Figure 1E, F).
Furthermore, we found that KD feeding increased the concentration of 50
distinct lipid species compared to chow feeding (Figure 1G) and 41 lipids
compared to HFD feeding (Figure 1H). HFD feeding leads to the increase of
only 14 lipids compared to chowconditions (Figure1I). Lower lipid species
observed were 23 in KD vs chow, 8 in KD vs HFD and 11 in chow vs HFD.
Taken together, these results indicate that KD feeding markedly modifies
the overall liver lipid profile.
To test whether KD feeding affects the lipid profile in a selective or
indiscriminate manner, we compared the lipid profile of upregulated
lipids to that of the overall pool of detected lipids. We found that tri-
glycerides (TG) species are overrepresented in the pool of upregulated
lipids (KD vs chow and KD vs HFD feeding) (Figure 1J), indicating that
KD feeding selectively affects this lipid class. In accordance, the total
liver concentration of TG is increased 10-fold under KD conditions
compared to chow or HFD feeding (Figure 1K). Similarly, free
cholesterol concentrations increased more than two-fold in KD
compared to chow or HFD conditions (Figure 1L). In addition to these
quantitatively major changes, the concentrations of multiple other lipid
classes such as: PE, PEP, PI, PG, LPE, DG and CE are affected by KD
feeding (Fig. S2AeB, DeE, GeI, LeM). Moreover, plasma total ke-
tones levels were significantly increased in KD fed mice, while plasma
FFA, TG, and cholesterol levels were comparable between the chow,
KD or HFD conditions in our previous report [43], indicating that KD
feeding increases mainly liver TG and liver cholesterol levels. Collec-
tively, our data indicate that KD feeding induces hepatic lipid accu-
mulation in the form of TG.
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Figure 1: Three days of ketogenic diet (KD) accelerates diet-induced hepatic steatosis. (A) Experimental scheme for KD or high fat diet (HFD) feeding in C57BL/6 WTmice. WT Chow
(CD) fed mice (black): KD-fed mice (orange): and HFD groups (blue). Mice were fed a CD, KD or HFD for 3 days and fasted for 6-hrs and injected with glucose (2 g/kg body) 30 min before
sampling. (B) Body weight measurement (CD n¼ 5; KD n¼ 8; HFD n¼ 8), values are presented as mean� SEM. ***(p< 0.001), ### (p< 0.001) by 2-way ANOVA. (C) Representative
images of liver sections stained with H&E from mice fed a CD, HFD and KD. Scale bar represents 100 mm. (D) Individual plots with 95% confidence ellipses of the lipid principal component
analysis. (E) Lipid profile clustering plots withWard’s criterion and (F) Volcano plots for lipid analysis by pairwise comparisons. (Ge-I) Volcano plot of lipid detected (G) yellow: 50 upregulated
lipid species in KD, purple: 27 decreased lipid species in KD vs CD, black: NS. (H) yellow: 41 increased lipid species in KD, purple: 7 decreased lipid species in KD vs HFD, black: NS. (I) yellow:
14 increased lipid species in HFD, purple: 11 decreased lipid species in HFD vs CD, black: NS. For G-I p-values corresponding to a t-test of single lipid concentrations. (J) The distribution of the
lipid species in the pool of lipids upregulated vs the total pool tested with Fisher’s exact test for count data with Monte-Carlo simulated P-value 10,000 replicates; P< 0.01. TG¼ triglyceride.
(K) Total concentrations of liver TG. (L) Free cholesterol. D-L number of mice (CD n¼ 5; KD n¼ 8; HFD n¼ 6). (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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3.2. KD feeding aggravates diet induced-glucose intolerance and
increases IL-6 levels
Hepatic steatosis is associated with impaired glucose metabolism and
chronic hepatic inflammation [44]. Thus, we investigated whether the
KD mediated effects on glucose metabolism are adaptational or
persistent. Therefore, we performed intraperitoneal glucose tolerance
tests (GTT) in mice fed a chow, HFD or KD for 3, 7 days as well as 5
and 16 weeks. As expected, fasting blood glucose levels were lower in
KD compared to chow or HFD fed mice (Figure 2A, D, G, J). Our data
suggests that under KD feeding glycogen stores might be reduced due
to low carbohydrate intake while increased ketone levels are the pri-
mary energy source [45], thereby decreasing fasting blood glucose
levels.
Although KD-fed mice exhibited a healthy phenotype in the fasted
state, short term KD-fed mice had a significantly impaired glucose
tolerance compared to chow or HFD-fed mice (Figure 2B, C, E, F).
These findings indicate that 3 or 7 days feeding of a KD can accelerate
diet-induced glucose intolerance compared to HFD, although, plasma
insulin levels were reduced in short-term KD-fed mice compared to
HFD (Fig. S2N). Long-term (5 or 16 weeks) KD feeding resulted in
glucose intolerance (Figure 2H, I, K, L), demonstrating that impaired
glucose tolerance in KD-fed mice is progressive and comparable to a
HFD feeding. Based on previous reports, we speculated that this might
be the result of sustained elevated inflammation. Indeed, plasma levels
of IFN-g, IL-5, IL-6, TNF-a, and KC were markedly elevated in long
term (16 weeks) HFD or KD-fed mice, while IL-1b, IL-2, and IL-12p70
were unchanged (Table S2). Importantly, only plasma IL-6 was
significantly increased also in short-term KD-fed mice (3 days)
(Table S3). Hence, we speculated that elevated plasma IL-6 levels
might induce glucose intolerance in these animals. Of note, these
inflammatory patterns were sustained in long-term KD feeding, which
might lead to a further deterioration of glucose tolerance similar to that
observed in HFD conditions (Table S2; Figure 2H).
To investigate whether systemic plasma IL-6 or liver IL-6 are corre-
lated with the impaired glucose tolerance, IL-6 was measured in portal
plasma, ingWAT, eWAT, mesenteric fat and liver after 3 days of chow,
HFD or KD feeding. IL-6 secreted from visceral (mesenteric and
omental) fat is drained by the portal vein into the liver, whereas IL-6
secreted by other fat tissues directly enters systemic circulation
[14]. We could show that both systemic and portal IL-6 levels were
increased in KD-fed mice compared to HFD (Figure 3A, B). Moreover,
mesenteric and liver IL-6 proteins were significantly increased
(Figure 3C, E). Protein levels of IL-6 were reduced in subcutaneous
(ingWAT) (Figure 3D) in parallel with the weight reduction induced by
KD (Figure 1B). Taken together, our data suggest that KD-induced
impaired glucose tolerance might result from an elevated IL-6 secre-
tion from mesenteric fat, which drains into liver, via the portal vein.

3.3. KD feeding impairs insulin signaling pathways
To explore the mechanisms underlying KD-induced hepatic insulin
resistance and steatosis, we performed RNA-sequencing (RNA-seq) of
RNA isolated from the livers of mice fed a chow, HFD or KD for 3 days.
We identified 408, 258 and 125 differential expressed genes (>2-fold
log change) in KD vs chow, KD vs HFD and HFD vs chow respectively
(Figure 3F, G, S3AeE, GE: GSE218025). Next, we subjected these
significantly differentially expressed genes to a pathway enrichment
analysis. The data demonstrated that regulated genes were enriched in
fatty acid oxidation, tricarboxylic acid cycle, PPAR and insulin signaling
pathways in KD compared to chow or HFD feeding (Figure 3G, S3C). A
closer analysis of the genes enriched in the insulin signaling pathway
revealed 32 differentially expressed genes candidates related to
MOLECULAR METABOLISM 69 (2023) 101675 � 2023 The Author(s). Published by Elsevier GmbH. This is an open
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hepatic insulin resistance and steatosis, such as Jun, Sorbs1, Map3k5,
Pik3c2a, Flot2, Mapk4, Enpp1, Foxo1, Prkcz and Sgk3, which were
induced, while Igf1r, Mtor, Gys2 and Ppp1cc were downregulated in
KD compared to chow feeding (Figure 3H, S3F).
To investigate the involvement of insulin signaling in KD-induced he-
patic insulin resistance and MAFLD, the activation of JNK and insulin
receptor b (IRb) was analyzed in liver in the absence or presence of
glucose to mimic the conditions under which glucose intolerance was
observed in KD fed animals. Increased inhibitory Ser/Thr phosphory-
lation of IR, occurs in response to inflammatory cytokines, such as JNK
and MAPK [46]. Western blot analysis showed an upregulation of JNK
phosphorylation in KD and HFD (Figure 3I, S3D). However, the acti-
vation of JNK was more pronounced in KD compared to HFD. Following
immunoprecipitation of the IRb from liver lysates of chow, HFD or KD-
fed mice for 3 days, we observed decreased tyrosine IRb (Tyr1162/
1163) phosphorylation, whereas IRb phosphoserine phosphorylation
was upregulated in KD compared to chow (Figure 4A). Furthermore,
we observed a reduction of AKT phosphorylation accompanied by a
decreased activation of p-GSK3ab and an upregulation of G6P and
PEPCK expression in KD compared to chow or HFD-fed mice
(Figure 4BeD, S3G, S4BeC), demonstrating an increased propensity
for hepatic gluconeogenesis.
Altogether, our data suggest that KD enhances IL-6 release from
mesenteric fat, thereby, activating the inflammatory mechanisms
which in turn might inhibit insulin signaling by reducing the activation
of p-IRbTyr and p-AKT.

3.4. Pharmacological inhibition of IL-6 and JNK reverse KD-
induced steatosis
KD might induce glucose intolerance and hepatic steatosis via IL-6 and
JNK signaling pathways, thus, to assess whether IL-6 was involved in
the development of KD-induced MAFLD, neutralizing IL-6 antibodies
were used. Given the suggested role of liver JNK activation in the
pathogenesis of MAFLD, we also evaluated the effects of JNK inhibi-
tion. C57BL/6J mice fed a chow, HFD or KD for 3 days were treated
with or without IL-6 antibodies, or JNK inhibitor once per day.
Importantly, 3 days of IL-6 neutralization or JNK inhibition rescued
mice from KD-induced hepatic steatosis and hepatic inflammations
(Figure 5AeC, S5AeC). Furthermore, 3 days of IL-6 neutralization or
JNK inhibition significantly decreased liver cholesterol, IL-6 levels in
systemic plasma, portal plasma, mesenteric fat, and liver (Figure 5De
H, S5DeH). Also, glucose tolerance was significantly improved in KD-
fed mice upon IL-6 neutralization compared to control immunoglobulin
(Ig)G-treated KD-fed mice (Figure 5I). These findings indicate that
pharmacological neutralization of IL-6 reversed KD-induced glucose
intolerance and improved hepatic insulin resistance. In line with results
obtained from IL-6 neutralization, JNK inhibition also significantly
improved glucose intolerance in KD-fed mice compared to control KD-
fed mice (Fig. S5I). Mechanistically, 3 days of IL-6 neutralization or JNK
inhibition led to a significant reduction of p-JNK and p-IRb Ser and an
upregulation of p-IRb Tyr and p-AKT levels (Figure 6AeC, S6AeC).
These data indicate that IL-6 neutralization or JNK inhibition can
rescue the KD-induced hepatic insulin resistance and steatosis and
demonstrate that KD-induced MAFLD is induced at least partially via
the activation of IL-6-JNK signaling.

3.5. KD-fed mice develop NASH and fibrosis
To investigate the metabolic relevance of KD in NASH development, we
kept chow, HFD or KD-fed mice at thermoneutrality for 14 weeks
(Figure 7A) as it is well known that thermoneutrality increases the
proinflammatory immune response and exacerbates HFD-induced
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 5
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Figure 2: Three days of KD aggravates diet-induced glucose intolerance. Mice were fed a chow (CD), KD or HFD and fasted for 6 hrs then fasting blood glucose levels were
measured, followed by glucose (2 g/kg body) injection. (A) Fasting blood glucose levels, (B) intraperitoneal (i.p.) glucose-tolerance test (i.p.GTT) and (C) AUC in mice fed a CD, KD
or HFD for 3 days (CD n ¼ 5; KD n ¼ 8; HFD n ¼ 6). (D) Fasting blood glucose levels, (E) i.p.GTT and (F) AUC in mice fed a CD, KD or HFD for 7 days (CD n ¼ 8; KD n ¼ 9; HFD
n ¼ 5). (G) Fasting blood glucose levels, (H) i.p.GTT and (I) AUC in mice fed a CD, KD or HFD for 5 weeks (CD n ¼ 10; KD n ¼ 10; HFD n ¼ 10). (J) Fasting blood glucose levels,
(K) i.p.GTT and (L) AUC in mice fed a CD, KD or HFD for 16 weeks (CD n ¼ 10; KD n ¼ 8; HFD n ¼ 8). All values are expressed as mean � SEM. *p < 0.05; **p < 0.01,
***p < 0.001, by One-way ANOVA þ Tukey’s multiple comparison for A, C, E, G, AUC; 2-way ANOVA þ Tukey’s multiple comparison for B, D, F; H. * ¼ CD vs KD; # ¼ KD vs HFD;
$ ¼ CD vs HFD.

Original Article
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Figure 3: Three days of KD increases IL-6 levels and impairs hepatic insulin signaling. Mice were fed a chow (CD), KD or HFD, fasted for 6 hrs and injected i.p. with glucose
(2 g/kg body) 30 min before blood sampling. IL-6 levels were determined in (A) systemic plasma (n ¼ 8 per group) (B) portal plasma (CD n ¼ 4; KD n ¼ 5; HFD n ¼ 8) (C)
mesenteric fat (CD n ¼ 8; KD n ¼ 8; HFD n ¼ 6), (D) ingWAT (n ¼ 8 per group) and (E) Liver (CD n ¼ 6; KD n ¼ 8; HFD n ¼ 8). (FeG) RNA sequencing (RNA-seq) was performed
on mice liver (n ¼ 5 per group) and generate a heat map of differentially expressed genes at threshold of p <0.01, FDR <0.032, log2 ratio > 0.5 and fold change of log2 ratio
>0.5. Data are presented as the regularized (r) log of the counts. (H) Upregulated gene in KD compared to CD-fed mice. (I) Validation of JNK phosphorylation in liver by western
blot analysis (n ¼ 4 per group) and protein quantification from glucose injected mice (n ¼ 4 per group). For A-E and I, values are expressed as mean � SEM. *(p < 0.05),
**(P < 0.01), ***(p < 0.001), #(p < 0.01), ## (p < 0.01), ###(P < 0.001), by One-way ANOVA for A-E and AUC. * ¼ CD vs KD; # ¼ KD vs HFD.
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Figure 4: Three days of KD impairs hepatic insulin signaling. Mice were fed a chow (CD), KD or HFD, fasted for 6 h and injected i.p. with or without glucose (2 g/kg body)
30 min before blood sampling. (A) Equal amounts of liver proteins were immunoprecipitated with an anti-insulin receptor b (IRb) antibody, and immunoblotted either with an anti-
phosphotyrosine IRb antibody (p-IRb Tyr1162/1163), or with an anti-phosphoserine antibody (p-IRb Ser). Membranes were stripped and reblotted with anti-IRb (n ¼ 4 per group)
and protein quantification from glucose injected mice (n ¼ 4 per group). (B) Representative western blots analysis of p-AKT protein expression and protein quantification from
glucose injected mice (n ¼ 8 per group). (G) protein quantification levels of p-GSK3ab from glucose injected mice (n ¼ 8 per group). (H) G6P and PEPCK protein expression and
quantification levels (n ¼ 4 per group) and protein quantification from glucose injected mice (n ¼ 4 per group). Values are expressed as mean � SEM. *(P < 0.05), **(P < 0.01),
***(P < 0.001), #(P < 0.05), ##(P < 0.01), &&(P < 0.01), by One-way ANOVA þ Tukey’s multiple comparison. * ¼ KD vs CD; # ¼ KD vs HFD, & ¼ HFD vs CD.

Original Article
NASH in mice [47]. KD-fed mice showed a reduced body weight gain
compared to chow or HFD-fed mice under thermoneutrality
(Figure 7B). As expected, HFD-fed mice showed a significantly
increased body weight gain, fat mass and liver weight (Figure 7BeD).
We observed a similar fat tissue mass between chow and KD-fed mice
(Figure 7B), whereas KD-fed mice showed an increased liver weight
compared to control mice (Figure 7D). Importantly, histological ex-
amination of liver sections demonstrated the development of severe
steatosis with significantly increased hepatic inflammation and he-
patocyte ballooning in KD-fed mice (Figure 7EeH). Furthermore, his-
tological analysis of masson’s trichrome stained liver sections and its
grading by pathologist demonstrated significant fibrosis in KD-fed
mice, consistent with an increased NASH grading and NAFLD activity
scores (Figure 7IeK). Supporting these findings, plasma aspartate
aminotransferase (AST) and alanine aminotransferase (ALT) levels
were significantly increased in KD-fed mice (Figure 7LeM), confirming
the presence of advanced fibrosis. Immunohistochemical analysis also
revealed activation of caspase3 in hepatocytes (Figure 7E), indicating
the presence of apoptotic hepatocytes in KD-fed mice. Altogether,
these data indicate that KD-induced MAFLD and aggravated the pro-
gression of NASH to fibrosis.
To determine the involvement of IL-6-JNK signaling pathways in the
development of NASH, mice were fed a chow, HFD or KD for 14 weeks
8 MOLECULAR METABOLISM 69 (2023) 101675 � 2023 The Author(s). Published by Elsevier GmbH. T
under thermoneutrality (Figure 8A). The expression of liver IL-6 mRNA
was significantly elevated in both KD and HFD-fed mice (Figure 8F). We
observed significantly increased liver cholesterol levels and elevated
IL-6 protein levels in visceral fat and liver in KD compared to HFD under
thermoneutrality (Figure 8BeD). These data suggest that elevated
levels of cholesterol and inflammation might facilitate the formation of
NASH in KD compared to HFD. Furthermore, p-JNK activation was
significantly upregulated in KD fed mice (Figure 8E). Notably, p-AKT
levels were reduced only in KD compared to HFD fed mice (Figure 8E),
indicating that IL-6-JNK signaling might impair insulin signaling and
thereby inducing NASH in response to a KD at thermoneutrality.

4. DISCUSSION

The mechanism underlying the pathogenesis of NASH is not
completely defined due to the lack of animal models that closely re-
capitulates human NASH [47], linked to a disturbance of metabolic
control while mimicking human thermoneutral living conditions. In this
context our mouse model possibly provides a useful tool for NASH
research in rodents, as it is a model of metabolism-associated stea-
tosis with advanced hepatic injury, inflammation, and fibrosis.
Nevertheless, the lack of obesity which is normally associated with
NASH development in humans needs to be taken into consideration.
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Figure 5: Neutralization of IL-6 reverses KD-induced glucose intolerance and steatosis. Mice were fed a chow (CD), KD or HFD and treated with or without IL-6 antibodies
once per day for 3 days and fasted for 6 hrs and injected i.p. with glucose (2 g/kg body) 30 min before sampling. (A) Representative images of liver sections stained with H&E or oil
red O. Scale bar represents 100 mm. Grades of histopathological MAFLD: (B) steatosis grade, (C) hepatic inflammation. (D) cholesterol levels were determined in liver. IL-6 levels in
(E) systemic plasma (F) portal plasma (G) mesenteric fat, and (H) Liver. n ¼ 4 per group. (I) i.p.GTT and AUC in mice (n ¼ 4e5 per group). All values are expressed as
mean � SEM. *(p < 0.05), **(p < 0.01), ***(p < 0.001), #(p < 0.05), ##(p < 0.01), &&&(p < 0.001), $$$(p < 0.001), by One-way ANOVA for BeH and AUC. 2-way
ANOVA þ Tukey’s multiple comparison for I. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Figure 6: IL6 neutralization enhances insulin signaling pathways in KD-fed mice. Mice were fed a chow (CD), KD or HFD and treated with or without IL-6 antibodies once per
day for 3 days and fasted for 6 hrs and injected i.p. with glucose (2 g/kg body) 30 min before sampling. (A) Representative western blots analysis of JNK phosphorylation in liver
(n ¼ 3e4 per group). (B) Immunoprecipitated insulin receptor b (IRb) was immunoblotted either with an anti-phosphotyrosine IRb antibody (p-IRb Tyr1162/1163), or with an anti-
phosphoserine antibody (p-IRb Ser). Membranes were stripped and reblotted with anti-IRb (n ¼ 4 per group). (C) Representative western blots analysis of p-AKT protein expression
(n ¼ 3e4 per group). All values are expressed as mean � SEM. *(p < 0.05), **(p < 0.01), ***(p < 0.001), by One-way ANOVA.

Original Article
Previous studies reported that KD regardless of the proportions and
sources of fat impairs glucose and lipid metabolism [24] and subse-
quently induces hepatic steatosis [35,36] in rodents, with a low degree
of inflammation, independent of NASH and fibrosis [37]. Our studies
show that combining KD with thermoneutrality aggravated the NASH
phenotype. This notion is supported by the fact that KD significantly
increased liver cholesterol, hepatocyte injury and inflammation, fol-
lowed by increased liver fibrosis, and elevated NASH score, potentially
via upregulation of cholesterol, and the IL-6 and JNK signaling
pathways.
Thermoneutrality, increases proinflammatory immune response and
exacerbate diet-induced NASH pathogenesis [47]. In HFD fed-mice
chlorpyrifos impairs BAT mitochondrial function and promotes
obesity, NAFLD and insulin resistance at thermoneutrality [48]. This is
10 MOLECULAR METABOLISM 69 (2023) 101675 � 2023 The Author(s). Published by Elsevier GmbH. T
associated with a reduction in diet-induced thermogenesis and acti-
vation of BAT [48]. Our work demonstrated that KD feeding at ambient
temperature also led to a stronger deterioration of glucose tolerance
due to hepatic insulin resistance and increased glucose output by
hyperinsulinemiceeuglycemic clamp [43]. Diacylglycerol and cer-
amide have been reported to induce hepatic insulin resistance inde-
pendent of hepatic TG levels [49] through activation of protein kinase C
epsilon (PKCε) in the liver [50,51]. However, genetic PKCε knockout
models demonstrated that PKCε does not act directly on the liver to
induce hepatic insulin resistance, but instead functions in the adipose
tissue [52]. Moreover, we demonstrate that KD does not activate PKCε
in the liver (data not shown). We rather identify a decreased tyrosine
IRb (Tyr1162/1163), and an enhanced phosphoserine (p-IRb Ser)
phosphorylation in KD fed mice compared with chow or HFD.
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Figure 7: KD induces liver fibrosis, NASH and NAFLD. Mice were fed a chow (CD), KD or HFD for 14 weeks at thermoneutrality and fasted 6 hrs and injected with glucose (2 g/
kg body) 30 min before sampling. (A) Experimental scheme. (B) Body weight (n ¼ 8 per group). (CeD) fat and liver mass. (E) Representative images of liver sections stained with
H&E, Gom and mass (for fibrosis) and cleaved caspase 3. Scale bar represents 100 mm. Grades of histopathological NASH: (F) steatosis grade, (G) lobular inflammation, (H)
hepatocyte ballooning (I) fibrosis scores, (J) NASH grade and (K) NAFLD score. (L) plasma alanine aminotransferase (ALT), (M) plasma alanine aminotransferase (AST), n ¼ 8 per
group. Values are presented as mean � SEM. *(p < 0.05), **(p < 0.01), ***(p < 0.001), ###(p < 0.001), &&&(p < 0.001), by 2-way ANOVA þ Tukey’s multiple comparison for
(B-C); and one-way ANOVA for (D, F-M).
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Figure 8: KD induces liver fibrosis, NASH and NAFLD. Mice were fed a chow (CD), KD or HFD for 14 weeks at thermoneutrality and fasted 6 hrs and injected with glucose (2 g/
kg body) 30 min before sampling. (A) Experimental scheme, (B) cholesterol levels were determined in liver. IL-6 levels in (C) epididymal fat (eWAT) and (D) Liver. n ¼ 8 per group.
(E) Representative western blots analyses of p-JNK and p-AKT protein expression (n ¼ 4 per group). (F) Relative mRNA expression of IL-6 in liver (CD n ¼ 8; KD n ¼ 7; HFD
n ¼ 6). Values are presented as mean � SEM. *(p < 0.05), **(p < 0.01), ***(p < 0.001), by one-way ANOVA.

Original Article
Increased hepatocyte cholesterol upregulates TAZ and promotes
fibrosis and NASH in mice and humans [53]. Another study showed
that high dietary cholesterol led to the sequential progression of
steatosis, NASH, fibrosis, and HCC in mice [54e56], concomitant with
insulin resistance due to gut microbiota dysbiosis [56]. Recently, in a
high-fat/high-cholesterol diet-induced NASH model, it was shown that
ganoderic acid decreased the expression of p-JNK, thereby inhibiting
the expression of IL-6 and TNF-a and increasing p-AKT to ameliorate
NASH [57]. Our data demonstrates that KD induces hepatic steatosis
as early as 3 days. This process can be observed in HFD conditions as
well, but the timeline is substantially expanded. The elevation of in-
flammatory cytokines (TNFa, IL-1b, IL-6) causes hepatic inflammation
and injury, which in turn induce liver fibrosis, possibly as the result of a
sustained wound-healing processes [58]. Thus, hepatic insulin
12 MOLECULAR METABOLISM 69 (2023) 101675 � 2023 The Author(s). Published by Elsevier GmbH. T
resistance is associated with MAFLD and inflammation, since
increased liver IL-6 expression in MAFLD results in hepatic insulin
resistance [59].
In KD-fed mice, we found deteriorated glucose tolerance which was
more pronounced in KD compared to HFD feeding. Similarly, we
observed upregulation of portal, visceral, and liver IL-6 protein levels in
KD-fed mice, which was paralleled by elevated hepatocytes inflam-
mation, injury, and steatosis, indicating that portal, liver, and visceral
WAT IL-6 might be critically involved in the observed hepatic insulin
resistance and NASH development in KD-fed mice. In agreement, IL-6
expression was increased in NASH patients liver and positively
correlated with the degree of inflammation and stage of fibrosis [60]. In
healthy lean humans a KD indeed significantly increased IL-6 levels
compared to a normal diet [61], in line with our findings of elevated IL-
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6 levels in lean mice in response to a KD feeding. In addition, plasma
markers associated with dyslipidemia and inflammation (cholesterol,
triglycerides, monocyte chemotactic protein-1, IL-1b, and IL-6) were
increased in KD-fed lean mice [35], which might play a role in the
development of hepatic insulin resistance and NASH formation. We
propose that additionally long-term KD feeding might create a complex
network of yet unidentified pathogenetic mechanisms independent of
inflammation. For instance, bile acid toxicity, macrophage and mito-
chondria dysfunction, and hepatic stellate cell activation as well as
changes of the gut microbiota composition might contribute to long
term KD-induced insulin resistance and MAFLD independent of IL-6.
It has been reported that IL-6 neutralizations in HFD enhances insulin
sensitivity and prevents liver injury [59]. In this study, 3 days of IL-6
neutralization or JNK inhibitions could rescue KD-induced glucose
intolerance, hepatic inflammation, and steatosis, and restore insulin
sensitivity to normal levels. This notion is supported by significantly
decreased liver cholesterol and suppressed IL-6 levels in systemic
plasma, portal plasma, mesenteric fat, and liver in KD compared to
HFD up on IL-6 neutralization or JNK inhibitions. Furthermore, IL-6
neutralization or JNK inhibition significantly reduced p-JNK and p-
IRb Ser and upregulated p-IRb Tyr and p-AKT levels. These data
provide evidence that KD induces IL-6 production and thereby activates
JNK, which in turn leads to a repressed insulin signaling, which is
involved in the pathogenesis of MAFLD.
Some clinical studies reported antisteatotic effects of KD with decreased
TG levels in MAFLD patients, improved blood glucose, serum lipid and
weight loss in obese and diabetic subjects [25,26,32]. Rosenbaum et al.
[34] reported that 4 weeks of KD interventions led to stable IL-6 levels in
obese subjects. However, it should be noted that IL-6 levels are tightly
linked to the degree of obesity [62], which thus confounds the above
findings as subjects on a KD normally loose a significant amount of
weight [34]. Similarly, it was reported that two weeks of dietary car-
bohydrate and caloric restriction reduced hepatic TG in NAFLD patients
[63] and 6 days of KD could decrease hepatic insulin resistance and TG
in MAFLD patients [25]. Moreover, 12 or 24 weeks of KD resulted in
significant weight loss and decreased appetite in obese subjects
[64,65]. As mentioned above this was accompanied by a substantial
weight loss and therefore it remains unclear whether the beneficial
effects of the KD are due primarily to weight loss or due to the KD, itself.
In diabetic patients KD led to improved HbA1c and fasting blood glucose
compared to low-fat diet [66e68]. These data suggest that KD might
leads to depletion of glycogen storage due to low carbohydrate intake
and increased ketone levels [45], thereby, decreasing fasting blood
glucose levels. Previously we reported that KD increased energy intake,
while water intake was not changed [43]. Thus, the reduced fasting
blood glucose levels we observe might be attributed to glycogen
depletion, as evidenced by significantly decreased glycogen content in
the muscle and liver in KD fed-mice [30]. Contrary to the health benefit
of KD in overweight subjects, 3 days of KD increased postprandial
plasma glucose in lean healthy men [33] and 4 weeks of KD intervention
increased cholesterol and inflammatory markers in obese subjects,
regardless of body weight loss [34]. In a case study, a 57-year old obese
woman after a 4-month KD intervention developed steatosis, increased
markers of fibrosis including AST and ALT, coupled to only a modest
weight loss [69]. Supporting this finding, children with epilepsy who
consumed a KD for 1 year developed steatosis and liver injury [70]. In
mice, recently published studies reported that KD significant increases
TG content in the heart and liver [30]. These divergent findings illustrate
the controversy on the health benefits of KD and indicate that long-term
human studies with an accurate diagnosis of liver steatosis and fibrosis
MOLECULAR METABOLISM 69 (2023) 101675 � 2023 The Author(s). Published by Elsevier GmbH. This is an open
www.molecularmetabolism.com
coupled to a careful assessment of weight change as a confounding
factor are required to form a conclusion about the impact of KD on
MAFLD and NASH in humans.
In summary, our data indicate that KD feeding leads to an accelerated
glucose intolerance due to hepatic insulin resistance and increased
hepatic gluconeogenesis in mice. Furthermore, KD induces NASH and
fibrosis possibly through activation of the IL-6-JNK signaling pathway.
Lastly, KD in combination with thermoneutrality might be a useful
NASH rodent model to study the mechanisms of the NASH
pathogenesis.
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