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SUMMARY

Intermittent fasting (IF) is an established intervention to treat the growing obesity epidemic. However, the
interaction between dietary interventions and sex remains a significant knowledge gap. In this study,
we use unbiased proteome analysis to identify diet-sex interactions. We report sexual dimorphism in
response to intermittent fasting within lipid and cholesterol metabolism and, unexpectedly, in type | inter-
feron signaling, which was strongly induced in females. We verify that secretion of type | interferon is required
for the IF response in females. Gonadectomy differentially alters the every-other-day fasting (EODF)
response and demonstrates that sex hormone signaling can either suppress or enhance the interferon
response to IF. IF fails to potentiate a stronger innate immune response when IF-treated animals were chal-
lenged with a viral mimetic. Lastly, the IF response changes with genotype and environment. These data
reveal an interesting interaction between diet, sex, and the innate immune system.

INTRODUCTION

Sex has a profound influence on many aspects of biology
including behavior, metabolism, immunity, and aging.'™ For
example, women have lower fasting glucose levels but a larger
area under the curve for an oral glucose tolerance test compared
with men.® Both the innate and adaptive immune responses
differ significantly between the sexes, with females having
increased protection from viral infections” but an increased risk
of developing autoimmune disease and adverse immunological
reactions.”® Metabolic disease risk is also sexually dimorphic,
with significantly fewer pre-menopausal women having type 2
diabetes® and non-alcoholic fatty liver disease (NAFLD)'®
compared with men.

Intermittent fasting (IF) is a dietary intervention that has been
shown to provide metabolic benefits alongside other pheno-
types such as altering immune cell populations.’’'* Rodent
models have been pivotal in understanding IF and determining
the molecular mechanisms underlying these beneficial effects,
with research focusing on key fasting-responsive tissues such
as liver and adipose.’'™"” However, such rodent studies have
been restricted to males, significantly limiting our understanding
of sex-regulated mechanisms in the response to IF. This is some-
what abrogated in human studies, where male and female pe-
ripheral tissue has been examined for alterations in gene expres-
sion.'®2° However, without knowing how protein abundance
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changes during IF in key organs such as the liver, many of the un-
derlying molecular mechanisms remain unknown. Conversely,
sexually dimorphic responses have been observed in chronic
calorie restriction (CR), where 20% CR extends the lifespan in fe-
male mice but not male mice.?" Furthermore, several publica-
tions have highlighted sexually dimorphic responses to endo-
crine stimuli in the liver®>%; thus, the response to IF is likely to
be similarly affected by sex.

To identify key pathways and networks that are sexually
dimorphic in response to IF, we performed an unbiased compar-
ison of the response to IF in male and female livers of mice with
high resolution mass-spectrometry-based proteomics. Using
the every-other-day fasting (EODF) diet model, we showed that
EODF improves the metabolic health of both sexes and induces
sexually dimorphic metabolic changes in lipid synthesis and
catabolism. Surprisingly, EODF induced a strong up-regulation
of anti-viral interferon-stimulated gene (ISG) products in female
livers with a much weaker response in males. This response
was dependent on secreted type | interferon, as an intact recep-
tor was required for the response. We demonstrated that
ongoing testosterone signaling was required to suppress the
IFN response in male animals. Conversely, removal of estrogen
signaling reduced the abundance of ISG proteins but did not
inhibit the EODF response. We demonstrated that the magnitude
of this response was significantly altered by genetic and environ-
mental conditions. Lastly, when EODF-treated mice were
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challenged with a viral mimetic, there was no potentiation of the
innate immune response by EODF. Together this comprehensive
analysis of diet-sex interactions across the liver proteome pro-
vides an insight into type | interferon-lipid metabolism mecha-
nisms and highlights key areas for further analysis.

RESULTS

EODF improves metabolic health and stimulates
metabolic proteomic changes in the liver

To identify key pathways and networks that are sexually dimor-
phic in response to IF, both male and female C57BL/6J mice
were subjected to 2 weeks of either ad libitum feeding or an
EODF diet (Figure 1A). Male and female mice showed similar
physiological responses to the EODF intervention, including
body weight, fat mass, fasting glucose, oral glucose tolerance
testing (0GTT) area under the curve (AUC), plasma ketones, and
non-esterified fatty acids (NEFAs) (Figures 1B and S1). Female
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Figure 1. EODF model improves metabolic
health in both male and female mice

(A) Male and female C57BL/6J mice at 8 weeks of
age were given either ad libitum or EODF food
access for 2 weeks, and their organs were har-
vested after 2 weeks on LN, and subjected to
tandem mass spectrometry. n = 10 per treatment
group.

(B) Boxplots were generated for physiological
data, where each circle is an individual animal, and
the box represents 95% confidence intervals and
whiskers represent 1.5X interquartile range.

(C and D) Liver tissue was analyzed by mass
spectrometry, and proteins detected in every an-
imal were subjected to (C) principal-component
analysis (PCA) and (D) were plotted in a heatmap
where each column is an individual animal. LFQ
intensities were normalized to between 0 and 1 on
a per-gene basis.

(E) These proteins were plotted individually where
each circle is an individual animal, and the boxes
represent 95% confidence intervals and whiskers
represent 1.5x the interquartile range. Signifi-
cance was determined as p <0.05 by two-way
ANOVA after Benjamini-Hochberg correction.
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mice fed ad libitum had consistently
higher liver triacylglyceride levels, but
this decreased following EODF (Figure S1).
Unbiased mass-spectrometry-based pro-
teomic analysis allows for comprehensive
monitoring of cellular pathways and was
applied to liver tissue from each animal.
From this analysis, ~5,500 proteins
(Table S1) were identified. The label-free
quantification (LFQ) normalized intensities
of these proteins were used in a principal-
component analysis (PCA), which illus-
trated consistency within treatment
groups through a strong diet separation
in the first component (x axis) and sex
separation in the second component (y axis) (Figure 1C). All pro-
teins were subjected to a two-way ANOVA and subsequent
Benjamini-Hochberg correction to detect EODF-dependent ef-
fects, sex-dependent effects, or interactions between these vari-
ables. This allowed detection of 280 EODF-responsive proteins,
220 sex-responsive proteins, and 170 proteins showing a signifi-
cant interaction between sex and diet (Figure 1D). As positive
controls for sex differences, we confirmed that proteins encoded
by sex chromosome-specific genes, eukaryotic translation initia-
tion factor 2 subunit 3 X and Y linked (Eif2s3x and Eif2s3y),
showed the expected abundance variations (Figure 1E).

EODF induces sexually dimorphic changes in numerous
metabolic pathways

Based upon our previous studies in male mouse liver, represen-
tative EODF-responsive proteins involved in fatty acid catabo-
lism, acyl-coenzyme A thioesterase 2 (ACOT2) and peroxisomal
bifunctional enzyme and (EHHADH), were examined. Both
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Figure 2. Pathway enrichment reveals that
EODF induces changes in fatty acid meta-
bolism in a sexually dimorphic manner

(A) Protein fold changes in mouse liver between
EODF/ad libitum were subject to pathway enrich-
ment in STRING where each circle represents an
individual pathway based on enrichment score.
(B) Fasting-responsive metabolic pathways were
plotted in a heatmap, and LFQ intensities were
normalized between 0 and 1 on a per-gene basis.
Each column represents an individual animal.
(C-E) Proteins from enriched pathways were
plotted based on GO-term biological pathways
together in a heatmap where each column is an
individual animal, and LFQ intensities were
normalized to between 0 and 1 on a per-gene
basis.

cholesterol biosynthetic pathways in
males,'" but here we observe that females
have a consistently higher abundance of
proteins involved in the cholesterol
biosynthetic pathway compared with
males after EODF (Figure 2C). Fatty acid
synthesis enzymes were increased in
abundance in males more than females
in response to EODF. For example, males
on EODF displayed an increased abun-
dance of 1-acylglycerol-3-phosphate
O-acyltransferase (ABHD5), glycerol-3-
phosphate acyltransferase 1 (GPAM1),
phosphatidate = phosphatase (LPIN1),
and stearoyl-CoA desaturase (SCD1)
(Figures 2D and 2E). Conversely, proteins
involved in lipid catabolism were upregu-

Scd1

GOBP: triglyceride metabolic process

ACOT2 and EHHADH were upregulated in male mice as seen
previously'! (Figure 1E), but both displayed a much greater in-
crease in abundance in females. Conversely, key proteins in fatty
acid synthesis, acetyl-coenzyme A (CoA) carboxylase 1 (ACACA)
and fatty acid synthase (FASN), were increased in males, as pre-
viously demonstrated, '’ but were much less responsive to EODF
in females.

To detect differences in pathway utilization between the sexes
in an unbiased manner, we used the STRING-db resource® for
pathway enrichment analysis of the significantly upregulated pro-
teins after EODF in both sexes (Figure 2A; Table S2). All detected
proteins within these key metabolic pathways were plotted (Fig-
ure 2B). Males displayed a larger increase in glycolytic pathways
compared with females after EODF, with females upregulating ke-
tone synthetic pathways more than males. The increase in ketone
synthesis fits with our observation that females had lower blood
ketone levels, suggesting a higher utilization of this energy source
(Figure S1). Previously, we have shown that EODF increases

lated after EODF more strongly in females,
including EHHADH, ACOT2, and scav-
enger receptor class b member 1 (CD36).

Plasma was harvested from the same
animals and subjected to undepleted
plasma proteomic analysis.’® Many proteins well known to be
sexually dimorphic in mice were observed, including the male
pheromone major urinary proteins (MUPs) (Figure S2A). Interest-
ingly, many proteins involved in innate immunity and inflamma-
tion including complement proteins and serum amyloid proteins
were significantly decreased by EODF in both sexes (Fig-
ure S2B). There was also an increase in the abundance of apoli-
poproteins in both sexes including Apoa4, which has been
observed previously.'® Lastly, the adipose-secreted, insulin-
sensitizing hormone adiponectin®® was increased in both sexes
after EODF, with females having higher levels of adiponectin in
the ad libitum-fed animals (Figure S2B).

IFN« signaling is strongly induced by EODF in females

Unexpectedly, enrichment analysis of EODF-induced proteins
showed that the IFNa signaling pathway was highly enriched in fe-
males, with only minor enrichment in males. As an extracellular
warning signal, type | interferons such as IFNa and IFNB engage
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Figure 3. EODF induces interferon o (IFNo)
signaling in female but not male mice

(A) A basic schematic showing the pathway
downstream of IFNa/p production leading to ISG
expression.

(B) Proteins known to be downstream of IFNo/B
signaling were plotted together in a heatmap
where each column is an individual animal, and
LFQ intensities were normalized to between 0 and
1 on a per-gene basis.

(C) Some of these proteins were plotted individu-
ally, where each circle is an individual animal, and
the boxes represent 95% confidence intervals

B C and whiskers represent 1.5x the interquartile
Male Female Male | Female range. Significance was determined as p <0.05
Adlib | EODF | Adlib | EODF ...I by two-way ANOVA after Benjamini-Hochberg
1e+07 correction.
T 5e+06 a4

E o Ak : , o
.‘? le+08 ...I of animal groups by sgx .a.nd diet (Fig-
a ., ure 4B). However, no significant separa-
g5 - tion was observed between wild-type
E %) 5e+07 and KO mice in any combination of diet-
o o= =|= sex, suggesting that apart from a defect
w in the IFNa/B response, these animals
000 were otherwise normal. Examining the
= 2e+07 = proteomics output, 3,264 proteins were
= 16407 3 significantly changed by diet, 2,359
v - T ; were changed by genotype, and 3,618
- were changed by sex. Key fasting-
Norm LFQ responsive metabolic pathways (Fig-
Intensity @ Diet significant ure 4C) were then plotted in a heatmap,

@ Sexsignificant
@ Interaction significant

their cognate heterodimeric receptors (IFNAR1-IFNAR2) on the
cell surface, which triggers signal transducer and activator of tran-
scription 1 (STAT1) activation and subsequent transcription of the
ISG repertoire (Figure 3A).°” Each protein downstream of IFNa/f
signaling was examined and this revealed no changes between
the sexes in ad libitum-fed animals (Figure 3B). Strikingly, EODF
induced alarge increase in abundance for many of the ISG proteins
infemales (e.g., ISG15, IFN-induced protein with tetratricopeptide
repeats 1 [IFIT1], and 2'-5'-oligoadenylate synthase-like protein 1
[OASL1]), whereas males had a much weaker response
(Figure 3C).

IFNAR1 knockout abrogates EODF-induced IFN«
signaling

To determine if IFNa/B secretion is required for the observed
EODF response, mice that were either wild type or IFNAR1-null
(knockout [KQ]) and unable to respond to IFNo/p were examined
after an EODF intervention (Figure 4A). Comparing the physio-
logical response to EODF between wild-type and KO mice
showed no significant differences between the genotypes in
both sexes (Figure S2). Proteome analysis of the livers from
these animals was used to characterize the response
(Table S1). A PCA of these data demonstrated a clear separation

4 Cell Reports 42, 112559, June 27, 2023

which demonstrated very few differences
between the wild-type (WT) and KO ani-
mals. Conversely, IFNa/B-induced pro-
teins showed a strong EODF-induced up-
regulation of ISGs in WT females, while the males showed a
much weaker response (Figures 4C and 4D). The induction of
ISGs was completely abolished by KO of IFNART in both sexes,
suggesting that IFNa/B secretion is required for the EODF-
induced IFN signaling response.

Gonadectomy alters EODF-induced IFN« signaling

To test if androgen signaling has a key regulatory role in the ISG
response, male mice were castrated at 5 weeks of age to re-
move ongoing sex hormone signaling and were examined in
the EODF diet model (Figure 5A). Comparison of castrated
and sham-operated animals showed that castrated males
had higher fat mass but similar fasting blood glucose and a
lower oGTT integrated area under the curve (IAUC) (Figure S4).
The livers of these animals were analyzed by proteomics
(Table S1) and the major fasting-responsive metabolic path-
ways examined (Figure 5B). Examining the proteomics output,
we found that 758 proteins were significantly changed by
diet, 980 were changed by castration, and 640 were changed
by an interaction of both variables. Interestingly, castration
increased the abundance of proteins involved in both fatty
acid oxidation and ketone synthesis, making the castrated
male response similar to that of female mice. Plotting the
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abundance of IFNa-regulated proteins showed that castration
increased the abundance of ISG proteins (Figure 5D) in the
ad libitum-fed castrated animals. The abundance of the ISG
proteins was increased further by EODF, but this increase
was small and statistically insignificant.

To examine how estrogen signaling may affect the EODF
response, sham and ovariectomized animals underwent the
EODF diet. Comparing the physiological response to EODF,
the ovariectomized animals had lower fasting blood glucose
and higher fasting blood insulin compared with the sham animals
(Figure S4). The ovariectomized animals had higher fat mass
than their sham counterparts, with reduced glucose tolerance
regardless of diet. The livers of these animals were subjected
to proteomic analysis (Table S1), and the key fasting-responsive

following EODF. This suggests that estro-

gen signaling contributes to ISG protein
abundance but does not coordinate the EODF induction of
IFNe signaling. To further elucidate the effects of gonadectomy
on the liver proteome, some of the most changing proteins
from each surgery were plotted (Figure 5F). After ovariectomy,
proteins involved in IFNa/f signaling (Rnf213 and Oasl1) and
cholesterol biosynthesis (Sqgle, Pmvk, and Fdft1) were the most
decreased with EODF. The magnitude of this decrease was
much larger than any increases in protein abundance, with no
clear pathways enriched. In castrated animals, the most
decreased proteins after EODF were involved in IFNo/p pathway
regulation (Irf2), autophagy (Map1lc3a), and proliferation
(Egfr). The increased proteins were involved in diverse
pathways including insulin signaling (Pdk1) and fatty acid oxida-
tion (Acot2).
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Figure 5. Castration and ovariectomy differently modify the EODF-induced IFNa/f response
(A) Male or female C57BL/6J mice at 5 weeks of age were castrated (cast) or ovariectomized (ov) and at 8 weeks of age were given either ad libitum (5 sham, 4 cast
and 5 sham, 5 ov) or EODF (5 sham, 6 cast and 5 sham, 5 ov) food access, and their organs were harvested after 2 weeks on LN, and subjected to tandem mass

spectrometry.
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EODF-induced IFN« signaling is altered by genetic and
environmental conditions

To examine whether the IFNa/B EODF response was specific to
C57BL/6J mice, two strains of mice (C57BL/6J and BALB/c),
which are genetically distinct, were subjected to EODF (Fig-
ure 6A). Their physiological response to EODF showed that the
strains behaved similarly, with BALB/c mice having a small but
significant decrease in fasting glucose and glucose tolerance
(Figure S5). Alongside these differences, BALB/c mice had
higher fat mass and gonadal fat weight compared with C57BL/
6J, independent of sex (Figure S5). The livers of these mice
were examined with proteomics (Table S1), and key fasting-
responsive pathways were plotted (Figure 6B). Examining the
proteomics output, we found that 807 proteins were significantly
changed by diet, 1,129 were changed by strain, and 900 were
changed by sex. One of the most striking changes was the in-
duction of cholesterol biosynthesis pathways after EODF by
C57BL/6J mice but not BALB/c mice. As observed in our previ-
ous experiments, males had higher fatty acid synthesis en-
zymes, while females had higher fatty acid oxidation enzymes,
in both strains. BALB/c mice had a significant induction of ISG
proteins after EODF that was much lower in magnitude than
C57BL/6J mice (Figure 6C).

To examine the effect of the environment, C57BL/6J mice
were subjected to EODF in a different laboratory in France (Fig-
ure 6D). The EODF regime used was identical, including time-of-
harvest, with a similar diet (Table S4). This diet had a similar
macronutrient balance compared with that used in Australia,
with some differences in micronutrient content. In addition, the
water supply was acidified in France, whereas it was not in all
previous experiments. Overall, these animals showed similar
physiological responses to EODF compared with previous ex-
periments. Liver tissue from these animals was analyzed by pro-
teome analysis (Table S1). Examining the proteomics output, we
found that 1,943 proteins were significantly changed by diet,
2,030 were changed by sex, and 155 were changed by interac-
tion. The key fasting-responsive pathways demonstrated signif-
icant overlap with the previous EODF experiments (Figure 6E).
The proteomic response in females (France) was plotted against
the female (Australia) data (Figure 6F). Both cohorts showed
similar induction of fatty acid oxidation after EODF, but the
mice in the French laboratory showed much lower induction of
cholesterol biosynthetic enzymes. Interestingly, ISG proteins
were induced after EODF in both cohorts, but the response
was significantly lesser in the France cohort compared with the
Australia cohorts.

EODF does not potentiate IFN« signaling in mice given
an innate immune challenge

We next wanted to determine if the EODF-mediated induction
of IFNa could potentiate the response to a viral mimetic. Both
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male and female C57BL/6J mice were subjected to the stan-
dard EODF regime. Following this period, mice were injected
with either polyl:C, a viral mimetic, or a vehicle control, and tis-
sues were harvested after 4 h (Figure 7A). Body temperature
was taken rectally before, during, and after the treatment,
which showed that in both sexes polyl:C significantly lowered
the body temperature of ad libitum animals but not EODF ani-
mals (Figure 7B). Liver proteomics was performed (Table S1),
and PCA plots of these data demonstrated a clear separation
based on both diet and sex but not based on polyl:C injection
(Figure 7C). Examining the proteomics output, we found
that 2,949 proteins were significantly changed by diet, 447
were changed by injection, and 2,267 were changed by sex.
Further examination of key fasting-responsive metabolic path-
ways demonstrated no differences between the vehicle- and
polyl:C-injected animals (Figure 7D). However, ISG proteins
were strongly induced by polyl:C injection. While EODF
induced ISG proteins in females, there was no potentiation of
ISG protein abundance by EODF when polyl:C was injected
(Figure 7E). The only protein with potentiation was STAT1,
the transcription factor responsible for the induction of ISG
proteins.

DISCUSSION

Here, we have highlighted the sexually dimorphic induction of
the innate immune system through dietary restriction. This was
made possible using an unbiased mass-spectrometry-based
proteomics approach to examine livers of male and female
C57BL/6J mice after EODF. Physiological analysis of both sexes
revealed that EODF equally improved their metabolic health, but
the sexes had a divergent metabolic response in liver tissue.
Males induced fatty acid synthesis and glycolysis pathways in
response to EODF, whereas females strongly induced fatty
acid oxidation alongside higher cholesterol and ketone biosyn-
thesis enzymes. Strikingly, ISG proteins were highly induced in
livers from female animals after EODF, and this response
required secretion of type | interferon and signaling through its
cognate receptor. Castration perturbed this phenotype, causing
male mice to have more female-like high ISG protein levels,
whereas ovariectomy significantly dampened ISG protein abun-
dance in females. Interestingly, this IFNa/p response was lower
in BALB/c mice and was drastically affected by environmental
stimuli. EODF did not potentiate a stronger IFNa/B response
when mice were challenged with a viral mimetic. Together, this
study provides an analysis of liver tissue from male and female
mice subjected to IF and provides insight into the molecular
mechanisms governing a diet-sex-immune interaction. These
data are provided as an online resource through an interactive
visualization for the research community (https://www.
larancelab.com/gendereodf).

(B and C) Fasting-responsive metabolic pathways were plotted in a heatmap, and LFQ intensities were normalized between 0 and 1 on a per-gene basis. Each

column represents an individual animal.

(D and E) Individual IFNo/B-responsive proteins were also plotted, where each circle is an individual animal, and the boxes represent 95% confidence intervals
and whiskers represent 1.5X interquartile range. Significance was determined as p <0.05 by two-way ANOVA after Benjamini-Hochberg correction.
(F) The most significantly changing proteins after EODF with gonadectomy were plotted in a heatmap. LFQ intensities were normalized between 0 and 1 on a per-

gene basis. Each column represents an individual animal.
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Figure 6. Genetic background and environ-
mental stimuli affect the magnitude of the
EODF-induced IFN« response in mice

(A) C57BL/6J and BALB/c mice at 8 weeks of age
were given either ad libitum or EODF food access
for 2 weeks, and their organs were harvested after
2 weeks on LN, and subjected to tandem mass
spectrometry. n = 5 per treatment group.

(B) Fasting-responsive metabolic pathways were
plotted in a heatmap, and LFQ intensities were
normalized between 0 and 1 on a per-gene basis.
Each column represents an individual animal.

(C) Individual ISG proteins were also plotted,
where each circle is an individual animal, and the
boxes represent 95% confidence intervals and
whiskers represent 1.5x interquartile range. Sig-
nificance was determined as p <0.05 by three-way
ANOVA.

(D) Male and female C57BL/6J mice 8 weeks of
age were given either ad libitum or EODF food
access for 2 weeks, and their organs were har-
vested after 2 weeks on LN,. This work was per-
formed at a different facility and compared with
previous results. n = 7-8 per treatment group.

(E) Fasting-responsive metabolic pathways were
plotted in a heatmap, and LFQ intensities were
normalized between 0 and 1 on a per-gene basis.
Each column represents an individual animal.

(F) The log, fold change (EODF/ad libitum [Adlib] in
females only) was compared between C57BL/6J
mice from facilities in either Australia or France.
Only proteins significantly changing in either
experiment were plotted, and color indicates
within which experiment these proteins were
significantly changed.
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Unbiased mass-spectrometry-based proteomics enabled us
to detect sexual dimorphism in numerous metabolic pathways.
Males induced fatty acid synthesis enzymes more than females,
whereas females induced fatty acid oxidation and cholesterol
biosynthesis more than males. To better understand the role of
sex hormone signaling, castrated C57BL/6J mice were sub-
jected to EODF. The EODF response in these mice was more fe-
male-like due to increased fatty acid oxidation enzymes. This
may suggest that sex hormone signaling can be overcome by
nutritional requirements as observed previously.?® Ovariectomy,
on the other hand, had a distinct effect on the EODF response,
where cholesterol biosynthesis enzymes were greatly downre-
gulated and fatty acid synthesis enzymes were upregulated
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secreted protein warning system, both
locally and systemically, that a viral infec-
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icantly more pronounced in females. This response was depen-
dent on IFNo/f secretion, as KO of the IFNa/B receptor IFNAR1
blocked the response. A key trigger for type | IFN production
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(PUFA) synthesis, or monounsaturated fatty acid (MUFA) synthe-
sis.®**> We have previously shown that fasting significantly
decreased the liver protein abundance of key cholesterol biosyn-
thetic enzymes in males, including 3-hydroxy-3-methylglutaryl-

e;'.
IFNa

signalling
Hmgcs1

0.5 1 15 2 25



Cell Reports

(9]

¢? CellPress

OPEN ACCESS

Figure 7. EODF does not potentiate IFNo
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fasting bouts during EODF prime the liver for IFNa production
through the inhibition of one or more of these pathways. This is
supported by our data, which showed that females regulated the
cholesterol biosynthetic pathway much more strongly than males.
Examining the potential link between these pathways in C57BL/6J
versus BALB/c mice, we observed that EODF-treated female
BALB/c mice had lower cholesterol biosynthesis enzyme induc-
tionthan their C57BL/6J counterparts, as well as lower ISG protein
induction. This further emphasizes the potential link between
these two pathways. Similarly, the C57BL/6J mice raised in
another facility on the same diet showed lower cholesterol biosyn-
thesis pathway and ISG protein induction. One key environmental
difference was that the mice in France were given acidified water,

Diet significant
Sex significant
Injection significant

response to EODF. In this study, cas-
trated males had a stronger IFNa
response than their sham littermates,
which is consistent with prior studies
showing testosterone specifically inhibits
type | IFN responses.*>*® Interestingly,
the protein most negatively regulated by
castration was IFN-regulatory factor 2
(IRF2), which is known to dampen type |
interferon responses and whose activity
can be influenced by the androgen re-
ceptor.***® Castrated animals also had
increased cholesterol biosynthesis, which would lead to
increased flux during the fasting period and may further
contribute to the increased IFNa/B signaling. The converse
experiment in ovariectomized females had two interesting out-
comes. Firstly, ad libitum-fed ovariectomized females had
reduced ISG protein abundance and cholesterol biosynthesis
enzymes compared with their sham counterparts, suggesting
that estrogen is directly regulating these proteins. This fits with
prior observations that show females have a stronger immuno-
logical response in the liver and are more prone to autoimmune
disease.”*°*® Secondly, the magnitude of ISG protein induction
after EODF was unchanged, which showed that while estrogen
controls the steady-state levels of ISG proteins, it is not neces-
sary for their induction by EODF. Therefore, both androgens

Cell Reports 42, 112559, June 27,2023 9




¢? CellPress

OPEN ACCESS

and estrogens have an important role in the IFNo/B induction af-
ter EODF, but neither are solely responsible for the observed ef-
fects. One caveat to these experiments is that both testosterone
and estrogen will be affected by both castration and ovariectomy
and may confound these data.

Given the complex interplay between metabolism and immu-
nity, IF may provide benefit beyond metabolic improvements.
Previous research has demonstrated that IF prior to injection of
the viral mimetic polyl:C leads to a sustained increase in IFN
and pro-inflammatory cytokine secretion into the blood of male
C57BL/6J mice.*® Considering this, we hypothesized that
EODF would sensitize the liver to innate immune stimuli leading
to potentiated ISG protein induction. However, we found that, for
the majority of ISG proteins, there was no potentiation between
EODF and polyl:C injections. The large (>10-fold higher) induc-
tion of ISG proteins after polyl:C injection compared with the
EODF-mediated induction demonstrates that EODF is only
generating a mild stimulation of this pathway. The only protein
that showed a synergistic response to both EODF and polyl:C in-
jections was STAT1, the upstream transcription factor required
for IFNa/B pathway induction.®° The lack of synergistic induction
by the combination of EODF and polyl:C injections suggests the
IFNa/B signaling pathway response is already maximally
activated.

In conclusion, this study is a comprehensive proteomic anal-
ysis of the liver’s response to IF, comparing males and females.
Our work highlights key changes in innate immune signaling and
fatty acid metabolic pathways that provides a link between diet,
sex, and immunity. Future studies should aim to characterize the
mice null for the STING-activating metabolic pathways to deter-
mine if perturbation of each pathway alone or in combination is
sufficient to induce IFNa/B production. The interactions we
have reported between diet, sex, and the innate immune system
may allow for development of specific pharmacological pertur-
bation to facilitate improvements in metabolic health.

Limitations of the study

This study has some limitations. Firstly, gonadectomy is used to
examine the effect of each sex hormone upon the IF response.
Within each sex, gonadectomy would lead to a decrease in
both male and female sex hormones. Perturbation of estrogen
in males and testosterone in females may also contribute to
the observed response. Secondly, there are differences in
cholesterol metabolism between humans and mice. This may
mean that the cholesterol biosynthetic response in humans
may differ from that observed in this study. Lastly, this study
uses an intense fasting regime that may not completely reflect
IF regimes commonly used in humans. Future studies should
aim to rectify this by examining the effect of differing lengths of
fasting on the observed phenotypes in humans.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Chemicals, peptides, and recombinant proteins

Water

Acetonitrile

Ethyl acetate

Triscarboxyethylphosphine (TCEP) (Neutral pH solution)
Chloracetamide (CAA)

Trypsin

Sodium deoxycholate

Styrenedivinylbenzene reversed phase sulfonate (SDB-RPS)
Triglyceride reagent

Thermo Fisher Scientific
Thermo Fisher Scientific
Merck Millipore

Thermo Fisher Scientific
Sigma Aldrich
ThermoFisher Scientific
Sigma Aldrich

Merck Millipore
ThermoFisher Scientific

Cat# FSBW6-4
Cat# FSBA955-4
Cat# 109623
Cat# 77720
Cat# C0267
90059

D6750

66886-U
TR22421

Glycerol Precimat Cat# 10166588

Critical commercial assays

BCA total protein assay kit Thermo Fisher Scientific Cat# 23225

Insulin ELISA Crystal Chem Cat# 90080

Non-esterified fatty acid (NEFA) quantification kit FujiFilm - Wako Cat# NEFAC-279-
75401

Deposited data

Proteomic data from this study ProteomeXchange Consortium PXD034823

Experimental models: Organisms/strains

C57BL/6J mice (male and female) Australian BioResources and Australian Resources Center  C57BL/6J

BALB/c mice (male and female) Australian Resources Center BALB/c

IFNAR1 K/O mice on C57BL/6J background Markus Hofer IFNAR1 K/O

Software and algorithms

DIA-NN https://github.com/vdemichev/DiaNN Version 1.8

R R project Version 3.6.1

Tableau desktop Tableau Version 2023.1

RESOURCE AVAILABILITY

Lead contact

Information and requests for reagents and resources should be directed to and will be fulfilled by the lead contact, Mark Larance

(mark.larance@sydney.edu.au).

Materials availability
This study did not generate new unique reagents.

Data and code availability

The proteomic datasets generated during this study have been deposited to the ProteomeXchange Consortium
(proteomexchange.org) via the PRIDE partner repository with the dataset identifier PRIDE: PXD034823. These data are publicly

available as of the data of publication.
This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal and experimental model ethics

All data contained in this manuscript was derived from experiments performed with the approval of the University of Sydney Animal
Ethics Committee (2020/1893), which adheres to the National Health and Medical Research Council of Australia and ARRIVE
guidelines.

Animal protocols were performed in accordance with French and European Animal Care Facility guidelines. All experiments were
approved by the Animal Welfare and Ethical Review Body of Languedoc-Roussillon. Housing and experimental procedures were
approved by the French Agriculture and Forestry Ministry (animal facility agreement A34-172-13, ethics committee 1521-16673 &
protocol number 2018090715484364).

Mice

All wildtype C57BL/6J mice were supplied by either Australian Bio-Resources (Moss Vale, Australia) or Australian Resources Center
(Canning Vale, Australia). All wildtype BALB/c mice were supplied by Australian Resources Center. Interferon alpha receptor 1
(IFNAR1) KO mice on a C57BL/6J lineage were previously described.®’ Mice were housed in groups of 2-5 in IVC cages on corn
cob bedding (Bed-o0’Cobs, Andersons, Maumee, USA). Prior to beginning the intermittent fasting model, all mice were acclimated
for a minimum of 1 week. Rooms for housing were temperature-controlled (22°C) with a 12 h light/dark cycle (0600/1800 h). Mice
were provided Ad Libitum food (standard chow consisting of 12% calories derived from fat; 23% calories derived from protein
and 65% calories derived from carbohydrates [Specialty Feeds, Australia], Table S4) and water access.

Intermittent fasting models

Male and female mice between 9 and 12 weeks of age were randomly assigned to either ad libitum, or every-other-day fasting (EODF)
dietary groups on a per cage basis. Cage bedding was switched to paper bedding (Pure-o’Cel, Andersons) throughout the model.
EODF mice alternated between ad libitum food and water access and complete deprived of food with ad libitum water access at
1200 h with cages changed upon fasting induction. Ad libitum control mice cages were changed at the same time. At this time,
each mouse weight was recorded individually, and food consumption was recorded on a per cage basis. Body composition analysis
occurred on model day 8 and oral blood glucose analysis occurred on model day 10. Model termination occurred after 12 days with
tissue collection occurring between 0800 and 1030 h after overnight ad libitum feeding.

Mouse gonadectomy
Testicles in males were accessed through the abdominal cavity and blood supply to testicle limited by hemostat. Blood vessels were
cauterized and whole testicle were removed from both sides. Muscle layers were sutured post testicle removal. Sham animals had
identical incisions, but no organs were removed.

Ovaries in females were accessed through abdominal cavity and blood supply limited to ovaries by hemostat. Blood vessels were
cauterized and whole ovaries were removed from both sides. Muscle layers were sutured post ovary removal. Sham animals had
identical incisions, but no organs were removed.

Polyl:C immune response testing

Male and female C57BL/6J mice were placed run on the EODF protocol described in “Intermittent fasting models.” Following the
completion of the model, mice were given ad libitum access to food and water overnight. Food was removed at 6am (when lights
are turned on). After 5 h of fasting, temperature was taken rectally (BAT-12 microprobe thermometer, PhysiTemp). Mice were either
injected with water or Poly I:C (12 mg/kg, Invivogen, Cat No. tirl-picw). Animals were monitored hourly for 4 h following which tem-
perature was taken rectally again and then sacrificed.

METHOD DETAILS

Body composition determination

Body composition was determined after a night with ad libitum food access. Body mass (fat and lean mass) was measured between
0800 and 1000 h by magnetic resonance imaging (MRI) using an EchoMRI-900 analyzer (EchoMRI, Houston, USA) according to man-
ufacturer’s instructions.

Oral glucose tolerance testing (0GTT)

Mice were fasted for 5 h from 0800 h, after overnight feeding with ad libitum food access. At —90 m, mice were transferred to pro-
cedure room and allowed to acclimate. At —15 m, fasting blood glucose (Accu-Chek Il glucometer, Roche Diagnostics) and fasting
blood ketone bodies (FreeStyle Optimum Neo ketone reader, Abbott) concentrations were measured by whole blood sampling from
tail tip incision. At this time whole blood was harvested for an insulin ELISA as below. Glucose was administered orally by gavage at 2
9/kg (25% v/v solution) per lean mass as determined by MRI two days prior. Blood glucose was monitored at regular time intervals for
90 m by whole blood sampling from same tail tip incision.

14 Cell Reports 42, 112559, June 27, 2023



Cell Reports ¢? CellPress

OPEN ACCESS

Insulin ELISA

Whole blood was collected as described in oral glucose tolerance testing and diluted into insulin ELISA plate (Crystal Chem, lllinois,
USA) which was incubated overnight at 4°C. Insulin ELISA was conducted as per the manufacturer’s instructions and read using a
Tecan infinite M200 pro plate reader (Tecan, Switzerland).

Liver triacyl glyceride (TAG) determination

Liver tissue frozen on liquid nitrogen was pulverized and extracted in methanol and chloroform (1:2). Liver was extracted for at least
2h while rotating. Sodium chloride was added at final concentration of 0.4%. Samples were centrifuged for 10 min at 2000 x g at RT.
The bottom layer was recovered and evaporated. Dried samples were resuspended in absolute ethanol. Liver TAGs were measured
with absorbance at 490nm with triglyceride reagent (ThermoFisher, Cat# TR22421). Triglyceride and glycerol standards were used.
Absorbance was measured using a Tecan M200 pro plate reader.

Tissue collection

Mice were sacrificed between 0850 and 1050 h using CO, suffocation. Whole blood was collected by cardiac puncture then liver tissue
was excised. Whole blood was mixed with protease inhibitors (100 uM vildagliptin and 50 mM benzamidine) and 50 mM EDTA and kept
onice. At the conclusion of tissue collection, whole blood was spun at 1,500 x g for 15 min at 4°C, plasma collected and snap frozen in
LN,. Liver tissue was immediately snap frozen using freeze clamps (made in-house) frozen in LN,. All tissues were stored at —80°C.

Plasma non-esterified fatty acid (NEFA) determination
Plasma was collected as in tissue collection and defrosted on ice. NEFAs were measured according to manufacturer’s instructions
(Cat No. 279-75401, FujiFilm - Wako, Japan). Absorbance was measured using a Tecan M200pro plate reader.

Tissue lysis

Frozen tissue was lysed in 4% sodium deoxycholate (SDC) and 100mM tris-HCI (pH 7.5) at RT using an Ultra-Turrax T8 stick homog-
enizer (IKA, Werke) at an intensity of 2 for 30 s. Lysates were immediately heated to 65°C for 10 m with shaking. After cooling to RT,
lysates were sonicated at 70% amplitude for 10 m using 10:10 s pulses at RT using a Q800R2 sonicator (QSonica, Connecticut, USA).
Lysates were spun at 18,000 x g for 10 m at RT. Neutral lipid layer was aspirated and supernatant collected while avoiding any pellet.

Sample preparation for protein mass spectrometry

Protein concentration was determined using a BCA total protein assay (Pierce) according to the manufacturer’s instructions. Proteins
were reduced using 10mM TCEP and alkylated using 40mM chloroacetamide simultaneously at 95°C for 1h. Samples were diluted to
1% SDC using 100mM tris-HCI (pH 8) and digested for 16 h using MS-grade trypsin (stored in 50mM acetic acid) at a ratio of 1:50
trypsin to protein at 37°C with constant shaking. Peptide samples were diluted with 99% ethyl acetate & 1% trifluoroacetic acid (TFA)
(50% final concentration, v/v) and allowed to shake until all SDC precipitants were resuspended. Sample clean-up was performed as
previously reported’” except only the bottom aqueous phase of the sample was used in the StageTips. Following centrifugal evap-
oration, peptides were resuspended in 5% formic acid and stored at 4°C before LC-MS/MS acquisition.

Protein LC-MS/MS and spectra analysis

Peptides prepared as above, were directly injected onto a 40cm x 70 um C18 (Dr. Maisch, Ammerbuch, Germany, 1.9 um) fused silica
analytical column with a 10 um pulled tip, coupled online to a nanospray ESI source. Peptides were resolved over a gradient from 7 %—
35% acetonitrile over 120 min with a flow rate of 300 nL min~". Peptide ionization by electrospray occurred at 2.3 kV. A Q-Exactive
Fusion Lumos or Q-Exactive Fusion Eclipse mass spectrometer (ThermoFisher) with HCD fragmentation was used for MS/MS acqui-
sition. Spectra were obtained in a data-independent acquisition using 20 variable isolation width search windows. RAW data files were
analyzed using the quantitative DIA proteomics search engine, DIA-NN (version 1.8).52 The output of the DIANN searches was up-
loaded to the ProteomeXchange Consortium under the identifier PXD034823. For library generation, the Uniprot mouse Swissprot
database downloaded on the seventh of May 2021 was used. Fully specific trypsin was set as the protease allowing for 1 missed cleav-
age and 1 variable modification. Protein N terminus acetylation and oxidation of methionine were set as variable modifications. Car-
bamidomethylation of cystine was set as a fixed modification. Remove likely interferences and match between runs were enabled.
Neural network classifier was set to single-pass mode. Protein inference was based on genes. Quantification strategy was set to
any LC (high accuracy). Cross-run normalization was set to RT-dependent. Library profiling was set to full profiling. Data was pro-
cessed as in statistical analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS
Proteomics data was analyzed in R (version 3.6.1) and visualized in Tableau (version 2023.1). Fold changes were calculated on a per
group basis, based on median values. Statistical significance was determined using either a two- (Sex vs. Diet or Intervention vs. Diet)

or three-way (Sex vs. Diet vs. Genotype/Strain/Injection) ANOVA. Statistical outputs were corrected for multiple hypothesis testing
using the Benjamini-Hochberg correction, with significance being set at p < 0.05 at an FDR of 5%.
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