Cell Metabolism

Hepatic levels of S-adenosylmethionine regulate the

adaptive response to fasting

Graphical abstract

/ ADIPOSE BAT‘ =%

K“ ingWAT

FFA+GLYCEROL

PC/PE
* ER Stress
PSS2
PE—> PS

Highlights
e Decrease of hepatic SAMe levels during fasting acts as a
metabolic sensor of nutrition

e During fasting, hepatic SAMe fine-tunes ER-mitochondria
contacts and B-oxidation

e Hepatic MAT1A is expressed in MAMs to fuel PEMT activity
during fasting

e SAMe synthesis during fasting prevents ER stress and liver
damage

Capelo-Diz et al., 2023, Cell Metabolism 35, 1373-1389

https://doi.org/10.1016/j.cmet.2023.07.002

August 8, 2023 © 2023 The Authors. Published by Elsevier Inc.

Authors

Alba Capelo-Diz,

Sofia Lachiondo-Ortega,
David Fernandez-Ramos, ...,
Ashwin Woodhoo,

Maria Luz Martinez-Chantar,
Marta Varela-Rey

Correspondence

mlimartinez@cicbiogune.es (M.L.M.-C.),
martavarela.rey@usc.es (M.V.-R.)

In brief

Capelo-Diz et al. report that hepatic
S-adenosylmethionine (SAMe), the
principal methyl donor, acts as a
metabolic sensor of nutrition to fine-tune
the adaptive cellular responses to fasting
by modulating B-oxidation and ATP
production in the liver and thus
preventing liver damage.
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Hepatic levels of S-adenosylmethionine regulate
the adaptive response to fasting
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SUMMARY

There has been an intense focus to uncover the molecular mechanisms by which fasting triggers the
adaptive cellular responses in the major organs of the body. Here, we show that in mice, hepatic
S-adenosylmethionine (SAMe)—the principal methyl donor—acts as a metabolic sensor of nutrition to
fine-tune the catabolic-fasting response by modulating phosphatidylethanolamine N-methyltransferase
(PEMT) activity, endoplasmic reticulum-mitochondria contacts, B-oxidation, and ATP production in the
liver, together with FGF21-mediated lipolysis and thermogenesis in adipose tissues. Notably, we
show that glucagon induces the expression of the hepatic SAMe-synthesizing enzyme methionine adeno-
syltransferase a1 (MAT1A), which translocates to mitochondria-associated membranes. This leads to the
production of this metabolite at these sites, which acts as a brake to prevent excessive B-oxidation and
mitochondrial ATP synthesis and thereby endoplasmic reticulum stress and liver injury. This work provides
important insights into the previously undescribed function of SAMe as a new arm of the metabolic adap-
tation to fasting.

INTRODUCTION systems—including the liver, brain, and adipose tissues—which

is governed by a complex network of hormones, growth factors,
Fasting is beneficial to humans by promoting optimal health, —and cytokines." In the liver of most mammals, 12-24 h of fasting
retarding the aging process, and protecting against obesity. results in the depletion of hepatic glycogen stores and an in-
Fasting triggers the adaptive metabolic response in major organ  crease in the use of fat-derived ketone bodies and free fatty
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acids as energy sources.' This adaptation of liver metabolism
is remarkably complex, tightly regulated, and encompasses
changes in glucose, lipid, and protein metabolism.?

It has been proposed that the enzymes in the methionine (Met)
pathway may be modulated during fasting to maintain the
levels of Met.* Met is metabolized in the liver by Met
adenosyltransferase (MAT) isoenzymes | and lll to synthesize
S-adenosylmethionine (SAMe).° There are three main MAT iso-
enzymes: MATI, MATIl, and MATIIl. The catalytic subunit of
MATI and Ill (MAT1A) is encoded by the gene Mat1a, which is ex-
pressed mainly in the liver, whereas the catalytic subunit of MATII
(MAT2A) is encoded by the widely expressed Mat2a gene.”™” In
the liver, SAMe contributes to the biosynthesis of polyamines,
participates in the synthesis of glutathione (GSH), and is involved
in transmethylation.? Notably, in reactions catalyzed by phos-
phatidylethanolamine (PE) N-methyltransferase (PEMT), SAMe
can also act as methyl donor for the conversion of the lipid PE
into phosphatidylcholine (PC).%"°

Several studies have pointed to an important role of the Met
cycle in maintaining lipid homeostasis. Rodents fed with a Met
restriction diet (MRD), which reduces hepatic Met and SAMe

1374 Cell Metabolism 35, 1373-1389, August 8, 2023

levels, have an extended lifespan, reduced body weight gain,
and increased insulin sensitivity, and they do not develop hepatic
steatosis.””"® MRD also protects from diet-induced obesity,
type 2 diabetes, and hepatic steatosis in mice fed with a high-
fat diet (HFD)."* In humans, plasma SAMe levels increase with
body mass index,'® and in high-weight gainers,’® SAMe, but
not Met, has been found to be independently associated with
truncal adiposity and fat mass.'® On the other hand, during fast-
ing, hepatic SAMe levels decrease whereas Met levels remain
constant, suggesting an enhanced utilization of hepatic SAMe
under starvation.*'® Taken together, these results open up the
possibility that the modulation in SAMe levels, rather than Met
per se, could modulate lipid homeostasis during the fed/fasting
states. The functional importance of the changes of the essential
metabolite SAMe in the metabolic response of the body to fast-
ing however remains largely unexplored.

Here, we show that the physiological decrease of hepatic
SAMe levels during fasting acts as a metabolic sensor of nutrition
by fine-tuning mitochondrial-associated membranes’ (MAMs)
interaction, p-oxidation, and ATP synthesis in the liver. Notably,
we observed that chronic decrease of hepatic SAMe levels
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Figure 1. Nutrient stress leads to an increased usage of SAMe in the liver
(A and B) SAMe, Met, and SAH levels in total liver extracts from male C57BL/6 mice (A) fasted for the indicated times and re-fed for 2 h after fasting (n = 5 per time
point) and (B) maintained under 60% of CR over a 5-day period (n = 3-5).
(legend continued on next page)
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induced fibroblast growth factor 21 (FGF21) promoter hypome-
thylation, enhancing its synthesis and secretion to promote lipid
catabolism in white and brown adipose tissues (WAT and BAT)
and increasing energy expenditure (EE). Fluxomic analyses sug-
gest that during fasting, the Met cycle fluxes toward SAMe and
PC synthesis. Strikingly, we also found that despite the global
decrease in SAMe levels, there was an increased expression of
MAT1A protein at MAMs during fasting, which is required for
the localized production of SAMe at these sites. Our data sug-
gest that this localized synthesis of SAMe at MAMs plays a crit-
ical role in maintaining PEMT activity and the PC/PE ratio during
fasting, which restricts the rate of mitochondrial 3-oxidation and
ATP production to ultimately prevent endoplasmic reticulum
stress (ERS) and liver damage. Altogether, our data unveil a
key role of hepatic SAMe in the adaptive metabolic response
to fasting.

RESULTS

Nutrient stress increases usage of SAMe in the liver

It was previously reported that hepatic levels of SAMe decrease
after 16 h of fasting.” We performed a detailed time course
study of the levels of hepatic Met, SAMe, and S-Adenosyl-L-
homocysteine (SAH) after fasting and found that hepatic SAMe
levels decreased significantly as early as 6 h. This decrease
in SAMe levels was reversible, since 2 h of refeeding was suffi-
cient to partially recover SAMe levels after a 24-h period of fast-
ing. Levels of SAH, the by-product formed after transfer of
methyl groups from SAMe, was, on the other hand, increased,
resulting in a reduction in the SAMe/SAH ratio (Figure 1A).
Notably, we found similar results when mice were maintained un-
der 60% of caloric restriction (CR) over a 5-day period, including
markedly decreased hepatic SAMe levels and SAMe/SAH ratio
(Figure 1B).

Since hepatic SAMe is synthetized mainly by MAT1A, we next
analyzed Mat7a mRNA and MAT1A protein levels after fasting.
We found that Mat7a mRNA and MAT1A protein expression
increased progressively from 12 to 24 h and remained elevated
at 36 h (Figures 1C and 1D). Similarly, Matia mRNA and
MAT1A protein levels were also increased significantly during
60% of CR over a 5-day period (Figure 1E) and in mice fed during
2 months with 40% of CR or with alternate day fasting (ADF)
(Figures S1A and S1B).

Glucocorticoids, such as triamcinolone and dexamethasone,
have previously been shown to induce expression of Matla
mRNA."""® Here, we examined whether glucagon could also
regulate Mat7a mRNA levels. We found an upregulation of
Mat1a mRNA and protein levels in primary hepatocyte cultures
after glucagon treatment for 12 and 16 h, respectively (Figure 1F).
Treatment of overnight-fasted wild-type (WT) mice with
glucagon for only 30 min led to a slight increase in hepatic

Cell Metabolism

Mat1a mRNA levels in vivo, an effect that was abolished in
mice lacking the glucagon receptor (Gcgr-KO [knockout]
mice)'? (Figure 1G). This demonstrates that the upregulation of
Mat1a mRNA during fasting could be controlled by glucagon.

Altogether, our results show that nutritional restriction induces
an upregulation of the enzyme responsible for SAMe synthesis,
together with a reduction in hepatic levels of SAMe and
enhanced levels of its by-product SAH. This suggests that nutri-
tional restriction could enhance production and concomitant
increased usage of SAMe in the liver.

Ablation of hepatic MAT1A increases weight loss and
postnatal mortality

Next, we explored the role of hepatic MAT1A in lipid metabolism
using the KO mouse model lacking Mat1a (MAT1A-KO mice).
These mice are characterized by a marked hypermethioninemia
and chronic SAMe deficiency in the liver.?%?" MAT1A-KO mice
develop macrovesicular steatosis at 8 months old, and half of
the KO mice develop hepatocellular carcinoma at 18 months of
age.2o'21

We observed that MAT1A-KO pups show enhanced mortality
with only 54.8% of the pups surviving until weaning, compared
with 76.8% of WT pups (Figure 2A). In addition, we found that
there was a consistent reduction in weight of MAT1A-KO mice
from 21 to 90 days of age, although these differences were
resolved for males at 4 months of age (Figure 2B) and for females
around 7 months of age (Figure S1C). Food intake, at night
and day periods, was similar in WT and MAT1A-KO mice at
50-60 days of age, indicating that hypophagia or altered feeding
patterns were unlikely to be responsible for the lower body
weight of MAT1A-KO mice (Figure 2C).

EE was significantly enhanced in MAT1A-KO mice (Figure 2D),
whereas their locomotor activity when fed ad libitum was slightly
decreased (Figure 2E), suggesting that the differences in weight
gain observed were due to an enhanced EE and not to enhanced
locomotor activity.

We observed lower fat content in male MAT1A-KO mice
(45-55 days old) as seen by MRI analysis (Figure 2F), inguinal
white adipose tissue (ingWAT)/body weight ratio (Figure 2G),
and adipocyte size (Figure 2H). The MAT1A-KO mice also
showed increased signs of ingWAT browning, as demonstrated
by an upregulation of Ucp-7 mRNA expression and protein levels
(Figures 21 and 2J), as well as enhanced lipolytic response when
stimulated with isoproterenol, as demonstrated by increased
secretion of glycerol and free fatty acids in an ex vivo assay
(Figure 2K).

BAT from MAT1A-KO mice had similar weights (data not
shown) but displayed a distinct morphology with a reduction in
size of the multilocular lipid droplets (as seen by hematoxylin
and eosin [H&E] staining) (Figure 2L), showed an increased
expression of Uncoupling protein 1 (Ucp1) mRNA and protein

(C-F) gRT-PCR of Mat1a mRNA expression and immunoblotting analyses of MAT1A protein levels in (C) male C57BL/6 mice fasted from 6 to 24 h (n = 5 per time
point), (D) fasted for 36 h (n = 3-5), (E) maintained under 60% of CR over a 5-day period (n = 5), and (F) in mouse primary hepatocytes treated with glucagon (n = 3).
(G) RT-gPCR analysis of Mat7a mRNA in livers from 16-h-fasted Gcgr-WT and -KO mice treated with glucagon in vivo for 30 min (n = 9-10 for Gegr-WT, and
n =6-7 for Gegr-KO). Results are presented as mean + SEM; “p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 by one-way ANOVAin (A), by two-way ANOVAin

(C), or Student’s t test in (B) and (D)—(G). f.c., denoted fold change.
See also Figure S1.
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Figure 2. Chronic MAT1A hepatic ablation increases weight lost, energy expenditure, and postnatal mortality

(A-Q) Male mice were fed ad libitum.

(A and B) (A) Percentage of mice pups surviving at weaning (n = 48-57) and (B) weight of male mice (n =

3-23).
(legend continued on next page)
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levels (Figures 2M and 2N), and showed enhanced thermogene-
sis as seen by a significant increase in the surface temperature of
interscapular BAT of MAT1A-KO mice at room temperature or
when subjected to acute cold exposure (at 4°C) (Figures 20
and S1D).

In the liver, we observed an increase in incomplete and com-
plete fatty acid oxidation, respectively, from fed WT and
MAT1A-KO livers (Figure 2P). This was not accompanied by liver
damage, as shown by unaltered serum transaminase levels (Fig-
ure 2Q). These observations prompted us to examine whether
insulin sensitivity and glucose metabolism was improved in
MAT1A-KO mice. MAT1A-KO mice showed enhanced glucose
tolerance, lower insulin resistance, and decreased glucose
levels in response to pyruvate (Figure S1E).

Collectively, our results suggest that a chronic deficiency of
hepatic SAMe, induced by the lack of MAT1A, can induce,
even under fed conditions, a hypercatabolic state, which could
ultimately lead to the increase in postnatal mortality. This cata-
bolic response is similar to that observed after fasting in WT
mice, which is also characterized by a decrease in SAMe levels,
suggesting that the sustained decrease in SAMe levels could op-
erate as a metabolic sensor of food restriction to induce the cata-
bolic response.

Chronic MAT1A hepatic ablation exacerbates weight
lost and induces hepatic B-oxidation, ATP production,
ER stress, and liver damage during fasting

Next, we aimed to further challenge our mouse model of chronic
MAT1A deficiency and examined their response to fasting. For
this, we used MAT1A-KO mice at 50-60 days old (before the
appearance of steatosis) and subjected them to starvation
over a 36-h period. We found that both male and female
MAT1A-KO mice exhibited a more pronounced loss of body
weight during fasting than MAT1A-WT mice (Figures 3A and
S2A, respectively).

Fasting led to a reduction in fat content in MAT1A-KO mice as
seen by MRI (Figure 3B) and weight of ingWAT (Figures 3C and
S2B), which was accompanied by enhanced lipolysis as demon-
strated by increased secretion of glycerol in an ex vivo assay
(Figure 3D). However, we did not observe an increase in fatty
acid secretion in MAT1A-KO ingWAT, which could be due to
an exhaustion of the ingWAT after 24 h of fasting or to enhanced
fatty acid oxidation (Figure S2C).

EE was significantly enhanced in MAT1A-KO mice (Figure 3E),
and BAT from fasted MAT1A-KO mice maintained a reduction in
size of the multilocular lipid droplets (Figure 3F) and increased

Cell Metabolism

UCP1 protein levels (Figure 3G) at 24 and 36 h after fasting.
Importantly, we confirmed as described before,?? that MAT1A
could not be detected in BAT and ingWAT (Figures 3G and
S2D), and that MAT2A was not differentially expressed in BAT
from MAT1A-KO mice (Figure S2E), suggesting that the effects
observed in adipose tissues in MAT1A-KO mice were due to a
systemic effect triggered by the lack of expression of hepat-
ic MAT1A.

Finally, although we did not observe significant differences in
expression of the lipogenic genes Fas and Srebp, and of the lipo-
lytic genes Hsl and Mgl, in BAT and ingWAT from fed or 36-h-
fasted WT and MAT1A-KO mice, we found a significant increase
in Atgl mRNA expression in ingWAT from MAT1A-KO mice after
36 h of fasting (Figure S2F), in agreement with the enhanced
lipolysis observed in these tissues (Figure 3D). We did not find
differences in serum glucagon levels between WT and MAT1A-
KO mice, indicating that the effects observed in MAT1A-KO
mice were not likely due to an increased action of glucagon on
the fasting response (Figure S2G).

Livers from fasted MAT1A-KO mice showed a significant in-
crease in incomplete fatty acid palmitate oxidation (acid-soluble
metabolite [ASM]) (Figure 3H) that correlated with enhanced
serum levels of ketone bodies and lower serum levels of triglyc-
erides (TGs) (Figures S2H and S2I). Importantly, we found that
hepatocytes isolated from fasted MAT1A-KO mice produced
more ATP in basal and stimulated conditions (glucagon treat-
ment) (Figure 3I).

We next evaluated the impact of SAMe administration on ox-
ygen consumption rate (OCR), ATP production, and B-oxidation
in MAT1A-KO hepatocytes during fasting. Hepatocytes isolated
from 24-h-fasted MAT1A-KO mice showed enhanced basal
OCR, ATP-linked respiration, maximal respiration, and non-
mitochondrial oxygen consumption, an effect that was abolished
by SAMe supplementation (Figures 3J and S2J). SAMe treat-
ment also prevented the enhanced fatty acid oxidation activity
seen in MAT1A-KO hepatocytes (Figure 3K). In summary, these
results suggest that low hepatic SAMe levels in MAT1A-KO mice
enhance hepatocyte respiration, B-oxidation, and ATP produc-
tion during fasting.

Interestingly, we observed that 24 and 36 h of fasting induced
liver damage in MAT1A-KO mice —as seen by increased alanine
aminotransferase (ALT) serum levels (Figures 3L and S3A)—and
enhanced p38MAPK and cJun phosphorylation (Figure 3M) and
also increased ERS, as seen by increased phosphorylation of eu-
karyotic initiation factor-2a (elF2a) and inositol-requiring enzyme
1 (IRE1) (Figure 3M). Similarly, we found enhanced cJun and

(C—Q) 50- to 60-day-old mice.

(C—H) (C) Food intake (n = 3-4), (D) accumulated energy expenditure (EE) (n = 13-14), (E) locomotor activity (counts of beam breaks) (n = 6), (F) fat mass by MRI
(n=11), (G) macroscopic pictures and ingWAT/mice weights (n = 5), and (H) quantification of density of adipocytes and representative pictures of hematoxylin and

eosin (H&E)-stained sections (scale bars, 50 um) (n = 5).
(I and J) () Ucp-T mRNA (n = 9-10) and (J) protein levels (n = 6-7) in ingWAT.

(K) Basal and stimulated (100 nM isoproterenol) lipolysis, as measured by glycerol (left) and fatty acids (right) released by explants of ingWAT (n = 5-6).

(L) Representative pictures of H&E-stained BAT sections (scale bars, 50 um).

(M and N) (M) RT-gPCR (n = 4-5) and (N) immunoblot analysis (n = 3-5) of Ucp-17 mRNA and protein levels in BAT.

(O) Termal pictures from BAT interscapular temperatures.

(P and Q) (P) Incomplete and complete fatty acid (palmitate) oxidation, evaluated by measuring the release of ['“C]-acid-soluble metabolites (ASMs) and ['“C]-
CO, (n =5), and (Q) serum transaminases (n = 3). Results are presented as mean + SEM. *p < 0.05, **p < 0.01, **p < 0.001, and ****p < 0.0001 by two-way ANOVA
in (B), (C), and (K), by ANCOVA analysis in (D), or Student’s t test in (A), (E)—(l), (M), (P) and (Q). f.c., denoted fold change.

See also Figure S1.
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Figure 3. Chronic MAT1A hepatic ablation during fasting exacerbates weight loss and induces liver damage

(A-C) 50- to 60-day-old male MAT1A-KO mice were fasted.

(A) Graph showing more pronounced weight loss in mice fasted over a 36-h period (n = 3-8).
(B) Measurement of fat mass by MRI (n = 6) and (C) macroscopic pictures and ingWAT/mice weights (n = 3-5) in mice fasted during 36 h.
(D) Lipolysis measured by glycerol released to the culture medium in explants of ingWAT from WT and MAT1A-KO male mice fasted over 24 h (n = 4).

(legend continued on next page)
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IRE1 phosphorylation after 5 days of 60% of CR in MAT1A-KO
livers (Figure S3B).

SAMe is a physiologic precursor of reduced GSH, which is
known to play a protective and antioxidant role in liver.”® To
examine whether decreased GSH synthesis was responsible
for the observed increase in ERS in fasted MAT1A-KO mice,
we treated 36-h-fasted MAT1A-KO mice with the GSH precursor
N-acetyl cysteine (NAC). We found that NAC treatment did not
prevent hepatic elF2q phosphorylation. Similar results were ob-
tained in primary hepatocytes isolated from 24-h-fasted MAT1A-
KO mice treated during 16 h with NAC (Figure S3C). Altogether,
our data suggest that a decrease in GSH levels is not likely to be
responsible for the ERS observed in fasted MAT1A-KO mice.

Mammalian target of rapamycin (mnTOR) regulates cell growth
and coordinates the response to amino acid availability.?* Exper-
iments performed in HEK293T cells have shown that Met starva-
tion can inhibit mTORC1 signaling in a SAMTOR-dependent
fashion by reducing SAMe levels and promoting the association
of SAMTOR with GATOR1.%> We therefore decided to examine
whether decreased levels of hepatic SAMe in MAT1A-KO mice
could also inhibit mTORC1 signaling. We did not observe any
alteration in mTOR phosphorylation between MAT1A-WT and
-KO mice under fed or 36-h-fasted conditions at 50 days of
age (Figure S3D). These observations are in agreement with
our previous data showing that phosphorylation of mTOR and
the mTOR substrate Initiation factor 4E binding protein (4EBP)
was strongly inhibited by increasing SAMe levels in the liver or
by the treatment of hepatocytes with SAMe.'® Altogether, these
data suggest that alterations in mTOR signaling are not likely to
be responsible for the observed effects in MAT1A-KO mice.

We next decided to assess whether the increase in liver dam-
age and ERS observed during fasting and 60% of CR during
5 days in MAT1A-KO mice was simply the result of stress during
adaptation or if, on the contrary, they were an effect that could be
relevant for longer CR regimens. We found that ERS also
increased significantly in MAT1A-KO mice fed for 2 months
with either ADF or 40% CR (Figures 3N and 30). Similarly, the
percentage of weight loss was constantly higher in MAT1A-KO
than in WT mice during 30 consecutive fasting periods of 24 h
during ADF, whereas there was a trend to greater weight loss
at initial stages of 40% of CR until a plateau of weight loss was
reached (Figures S3E and S3F). Notably, two out of the seven
MAT1A-KO mice fed with ADF developed liver damage, and
we observed a significant increase in ALT in MAT1A-KO mice un-
der 40% CR for 2 months (Figures S3G and S3H).

Altogether, our data show that hepatic ablation of MAT1A
during fasting hyperactivates fat usage and mobilization from
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adipose tissue, as well as hepatic B-oxidation and ATP produc-
tion, leading to ERS and liver damage. This suggests that the
upregulation of MAT1A levels plays a protective role during
food restriction to balance the catabolic response.

Decreased hepatic SAMe levels in MAT1A-KO reduces
FGF21 promoter methylation in liver, increasing FGF21
circulating levels and EE

FGF21, which is mainly expressed in the liver, is involved in the
metabolic response of starvation and protein restriction by playing
a central role in the induction of hepatic fat oxidation, ketogenesis
and gluconeogenesis, lipolysis, and browning of WAT, and in
improving glucose tolerance.?® We observed that hepatic Fgf21
mRNA levels and serum FGF21 were significantly higher in fed
and fasted MAT1A-KO mice (Figures 4A, 4B, and S3I). Livers
from MAT1A-KO mice fed with ADF or with 40% CR for 2 months
had also enhanced Fgf21 mRNA expression (Figures S3J
and S3K).

It has been shown that reduced DNA methylation ratio of CpG
sites located downstream (#10—#21) of the transcription start site
(TSS) of Fgf21 is associated with enhanced induction of hepatic
FGF21 expression.”’ Here, we found a significant decrease in
DNA methylation levels at the CpG sites (#10-#15) in livers from
fed and fasted MAT1A-KO mice (Figures 4C and 4D). Next, to
examine the functional importance of this upregulation of
FGF21 in the fasting response of MAT1A-KO mice, we silenced
hepatic FGF21 in vivo in MAT1A-KO mice, which effectively
reduced the elevated serum levels of FGF21 (Figure 4E) and pre-
vented the enhanced loss of body fat, ingWAT weight, adipocyte
size, and EE during fasting in MAT1A-KO mice (Figures 4F-4l).
Notably, we did not observe any hepatic phenotype in these
mice, including MAT1A-KO-enhanced hepatic B-oxidation rate,
ERS, or elevated transaminases (Figures 4J-4L).

Altogether, our results demonstrate that loss of hepatic
MAT1A induces FGF21 promoter hypomethylation, likely leading
to an increase in hepatic synthesis and secretion of FGF21,
which in turn would impact on EE. On the other hand, this in-
crease in FGF21 levels is unlikely to be involved in the increase
in B-oxidation and liver damage observed in MAT1A-KO mice
after food restriction regimes.

Met cycle fluxes during fasting toward SAMe and PC
synthesis, and SAMe-mediated regulation of PEMT
modulates hepatic B-oxidation, ER stress, and liver
damage

We performed a fluxomic experiment using nuclear magnetic
resonance (NMR) spectroscopy to track the incorporation of

(E) Accumulated energy expenditure (EE) during the first 8 h of fasting in MAT1A-KO mice (n = 9-10).

(F) Representative pictures of H&E-stained sections of BAT from 24- to 36-h-fasted mice (scale bars, 50 um).

(G) Immunoblot analysis of UCP1 and MAT1A protein levels in BAT from mice fasted during 24 and 36 h (n = 3-5).

(H) Incomplete and complete fatty acid (palmitate) oxidation in 36-h-fasted mice (n = 4).

(I) ATP levels under basal conditions and after glucagon treatment (10 nM, 24 h) in primary hepatocytes from 36-h-fasted mice (n = 3).

(J and K) Primary MAT1A-KO hepatocytes obtained from 24-h-fasted mice, which were treated with vehicle or 4 mM SAMe for 4 h and compared with untreated
MAT1A-WT hepatocytes. (J) Cellular respiration parameters (n = 6-8) and (K) fatty acid oxidation rate (n = 6).

(L) Serum transaminases in 24 h of fasted mice (n = 4-5).

(M-0) Immunoblot analysis of ER stress proteins from liver extracts; (M) fasted for 36 h (n = 4-5 biological replicates for each strain) or (N) fed during 2 months with
40% of CR (n = 5) or (O) ADF (n = 3). Results are presented as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 by two-way ANOVA in (A), (l), and
(J), one-way ANOVA in (K), by ANCOVA analysis in (E), or Student’s t test in (B)~(D), (H), and (L). f.c., denoted fold change.

See also Figures S2 and S3.
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13C-labeled Met into other cellular metabolites. For this, we
intravenously injected '3C-uniformly labeled Met, 30 min
before sacrifice, in 24-h-fasted WT and MAT1A-KO mice. We
found, in hepatic lysates, radioactive labeling in several metabo-
lites from the Met cycle (including SAMe, homocysteine, PC, and
homoserine) as well as in metabolites from gluconeogenesis
(including glycerol 3-phosphate, fructose 1,6-bisphosphate,
glucose-6phosphate, and glucose), and in lactate. Notably, we
found a decrease in the amount of '3C label in SAMe, homocys-
teine, homoserine, lactic acid, and fructose 1,6 bis phosphate
metabolites, whereas an increase in '*C label was observed in
Met, glycerol-3P, glucose 6-P, and glucose in MAT1A-KO mice
(Figures 5A and 5B), suggesting a displacement of the metabolic
flux of Met from SAMe synthesis toward glucose synthesis by
loss of MAT1A during fasting. This displacement could be due
to a decrease in the transmethylation and transsufuration path-
ways (due to the absence of MAT1A) and to an increase in the
Met transamination pathway, as often seen in adults with MAT
deficiency.?®?°

Interestingly, these data also showed a trend toward
decreased "3C label incorporation into PC during these 30 min
of labeling. To confirm this, we measured total PC and PE content
by 3'P-NMR-based phosphoromics®® and found a clear
decrease in PC and the PC/PE ratio in livers of 24-h-starved
MAT1A-KO mice (Figure 5C). One of the two pathways for PC
synthesis involves trimethylation of PE by hepatic PEMT, a reac-
tion that requires three molecules of SAMe.*' Ablation of PEMT
leads to a strong reduction in the PC/PE ratio, which results in
anincrease in mitochondrial respiration and ATP production.>?
We previously showed that the decrease in SAMe availability in
MAT1A-KO mice fed ad libitum can lead to a decrease in PEMT
activity and PC/PE ratio.®* These data suggest that the enhanced
B-oxidation, ATP synthesis, ERS, and liver damage observed in
fasted MAT1A-KO mice could be due to this decrease in PEMT
activity. To demonstrate this, we acutely silenced PEMT in liver
prior to a period of 36 h of fasting. We found that hepatic Pemt
gene expression was strongly reduced in these mice (Figure 5D),
which led to a decrease in the hepatic PC content and PC/PE ratio
(Figure 5E). Pemt silencing did not lead to a more pronounced
loss of body weight (Figure 5F) and ingWAT mass (Figure 5G) or
to enhanced FGF21 gene or protein expression (Figure 5H).
Instead, Pemt silencing during fasting induced hepatic B-oxida-
tion, as shown by palmitic acid complete oxidation (Figure 5I)
that was accompanied by increased ERS (as seen by enhanced
elF2a. phosphorylation) and AST (Figures 5J and 5K). Some of
these effects induced by Pemt silencing were also observed
after acute silencing of Mat7a, similar to our data above in the
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MAT1A-KO mice (Figures S4A-S4D). Finally, as expected,
FGF21 silencing during fasting did not lead to a recovery of the
decrease in PC content in MAT1A-KO livers (Figure S4E), sug-
gesting that elevated levels of hepatic FGF21 in MAT1A-KO
mice are unlikely to be involved in regulating PEMT function in
MAT1A-KO mice after food restriction regimes.

Altogether, these results suggest that SAMe levels could be
essential for regulating PEMT function in hepatic B-oxidation,
ER stress, and unfolded protein response (UPR) during fasting.
Excessive reduction of SAMe synthesis during fasting thus could
lead to a decrease in PC/PE ratio at the ER, inducing ERS, which
could ultimately result in liver damage.

Low hepatic SAMe levels enhance mitochondrial
interaction with ER

Mitochondrial B-oxidation is fueled by the release of Ca®* from
the ER to the mitochondria. During fasting, certain regions of
ER become reversibly tethered to mitochondria at contact points
called MAMs to favor this Ca®* flow. After feeding, glucose re-
duces the number of MAMs in mouse liver, impairing mitochon-
drial respiration.®® These observations led us to posit that loss of
hepatic MAT1A, and therefore low hepatic SAMe levels, could
also modulate mitochondrial interaction with ER. Thus, using
transmission electron microscopy (TEM), we examined liver sec-
tions from fed and 24-h-fasted WT and MAT1A-KO mice and
measured the degree of contact between mitochondria and
ER, as previously described.®® In WT mice, as expected, fasting
induced an increase in contact between mitochondria and ER.
Importantly, we found that MAT1A-KO hepatocytes had a
notably enhanced percentage of contact between mitochondria
and ER, compared with that of MAT1A-WT mice, both under fed
and fasted conditions (Figures 6A and 6B). These data suggest
that a decrease in hepatic SAMe levels favors the formation of
ER-mitochondria contact points, which could promote Ca®*
transfer to the mitochondria and mitochondrial respiration.

MAT1A localizes at MAMs during fasting modulating
local SAMe synthesis
As mentioned above, PEMT, which is mainly localized at
MAMs, functions during starvation to sustain PC synthesis and
the import of phosphatidylserine (PS) into mitochondria (Fig-
ure 6C).>""*® Thus, a decrease in SAMe availability in MAT1A-
KO mice after fasting can also reduce PEMT activity at MAMs,
leading to a decrease in PC/PE®*** (Figure 6C).

In light of the above findings, we hypothesized that during fast-
ing, the MAT1A protein synthetized could localize close to PEMT
at ER/MAM regions for the local production of the SAMe required

Figure 4. Chronic MAT1A hepatic ablation reduces FGF21 promoter methylation and FGF21 transcription, enhancing energy expenditure
(A and B) Serum FGF21 and Fgf21 mRNA levels in (A) fed and (B) fasted male MAT1A-KO mice (n = 5-9).
(C and D) Graphs showing percentage of DNA methylation levels of 5 consecutive CGs (CG1 to CG5) of Fgf21 in livers from (C) fed (n = 7) and (D) fasted MAT1A-

KO mice (n = 9-11).
(E) FGF21 serum levels (n = 3-5).

(F-L) (F) Fat mass by MRI (n = 7), (G) ingWAT/mice weights and macroscopic pictures, (H) quantification of density of adipocytes (n = 4-7) and representative
pictures of H&E-stained sections (scale bars, 50 um), (I) accumulated energy expenditure (EE) (n = 4-5), (J) incomplete fatty acid (palmitate) oxidation (n = 3-6),
(K) p-elF2a in total liver extracts (n = 5), and (L) serum transaminases (AST, ALT) (n = 6-7) in 36-h-fasted MAT1A-KO mice after silencing of FGF21. Results are
presented as mean + SEM. *p < 0.05, **p < 0.01, **p < 0.001, and ***p < 0.0001 by one-way ANOVA in (E), (F), and (J), two-way ANOVA in (B)—(D), or Student’s

t test in (A), (G)—(l), and (K). f.c., denoted fold change.
See also Figure S3.
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Figure 5. Methionine cycle fluxes during fasting toward SAMe and PC synthesis

(A and B) (A) Schematic representation of Met flux through one-carbon metabolism, tricarboxylic acid cycle (TCA) cycle, and gluconeogenesis, and (B) relative
fold change (log,) in the hepatic content of '*C label of the Met-derived metabolites in 24-h-fasted MAT1A-KO mice, as compared with WT mice (blue and red
indicate upregulated and downregulated, respectively) (n = 7).

(legend continued on next page)
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forits activity (Figure 6C). Indeed, we found that 24-h fasting, ADF,
acute CR (60% for 5 days), or chronic CR (40% for 2 months) all led
to anincrease in MAT1A protein in organelles (Figures 6D and 6E).
We then used subcellular fractioning by differential centrifugation
to obtain MAMSs, ER, and crude and pure mitochondria (MP)-en-
riched fractions from fresh liver tissue. We found that MAT1A pro-
tein was undetectable in MAMs at 6 h after fasting but was highly
enriched after 16-24 h of fasting (Figures 6F and S4F). This
expression pattern was specific since we found that MAT1A
was not detected in MAMs in fasted MAT1A-KO mice and in
Mat1a-silenced mice (Figures 6G and S4G).

We next examined whether localization of MAT1A at MAMs
during fasting led to compartmentalization of SAMe synthesis
at this specific compartment by measuring SAMe and SAH in to-
tal liver extracts and crude mitochondria extracts (which include
MAMs plus mitochondria) isolated from fed and 24-h-starved
WT and MAT1A-KO mice. Nutritional stress (fasting or CR) did
not alter SAMe levels in total liver homogenates between WT
and MAT1A-KO mice (Figures 6H and S4H-S4J). Strikingly, how-
ever, we found that in crude mitochondria extracts, the levels of
SAMe were significantly lower in 24-h-fasted MAT1A-KO mice
(Figure 6l). We also observed a decrease in SAH levels in crude
mitochondria from starved MAT1A-KO mice, suggesting a
decrease in methylation reactions during starvation in MAT1A-
KO mice (Figure S4K). These data suggest that food deprivation
or restriction induces the compartmentalization of SAMe synthe-
sis at specific subcellular locations where methylation reactions
are required, which would be an important mechanism to coun-
terbalance the global reduction in SAMe levels caused by lack of
nutrients, preventing excessive B-oxidation and ERS and thus
protecting against liver damage.

DISCUSSION

In this study, we report that nutritional stress regimes (fasting and
CR), which stimulate lipid catabolism, are accompanied by a
profound decrease in hepatic levels of the principal biological
methyl donor SAMe. Notably, by artificially reducing hepatic
SAMe levels in vivo, using mice lacking MAT1A, we were able
to mimic the enhanced lipid catabolism seen in nutritional stress,
even under a fed state. Furthermore, our data suggest that local
synthesis of SAMe during fasting could fine-tune the formation of
ER-mitochondria contact points to modulate hepatic B-oxidation
and ATP synthesis and to prevent liver damage. This suggests
that SAMe levels could play a key physiological role as a meta-
bolic sensor of nutrition, particularly in the hepatic fasting adap-
tive response.

A major metabolic adaptation from glucose to lipid utilization
takes place during the transition from fetal to postnatal life. We
have previously shown that Mat7a expression increases in
mice from embryonic day 18, increasing 10-fold immediately af-
ter birth, and reaching a peak at 10 days of age.’”* Our results
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suggest that lack of hepatic MAT1A during postnatal develop-
ment would interfere with the tuning of this metabolic adaptation
by enhancing lipid catabolism, which would prevent body weight
gain and increase littermate mortality. In addition, metabolic
adaptation plays a critical role in the transition from fasting to
fed state, switching from oxidation of fatty acids (fasted state)
to glucose oxidation (fed state). Our results suggest that lack
of MAT1A (or low hepatic SAMe levels) would impair this meta-
bolic adaptation after a meal, leading to a metabolic inflexibility
and decreasing the ability to switch off fatty acid oxidation during
the transition from fasting to a fed state. We observed a signifi-
cant recovery in hepatic SAMe levels 2 h after refeeding in WT
mice. The impact of the recovery of SAMe levels on fatty acid
and glucose oxidation in the transition from fasting to fed state,
however, still remains to be elucidated.

Importantly, we describe a new molecular function of MAT1A
in the maintenance of SAMe levels at ER-mitochondria contact
sites during fasting. ER-mitochondria contact sites are a
reversible contact event that appears to be favored by fasting,
leading to increased calcium transfer from ER to mitochon-
dria.*>*?> Here, we have used standard TEM analyses and
biochemical analyses of enriched MAMs to study ER-mito-
chondria interactions during fasting, in line with other
studies,*®>*? which could be confirmed using other advanced
imaging platforms in future studies, including cryoelectron mi-
croscopy (cryo-EM) and serial section electron tomography
coupled to three-dimensional reconstruction.”’“**> Based on
our results, we propose that during fasting, after the hepatic
decrease in intracellular SAMe, newly synthetized MAT1A in
the liver would translocate to the ER-mitochondria contact sites
to participate in the local synthesis of SAMe, fueling the activity
of PEMT to modulate the PC/PE ratio. It has been demon-
strated that decreases in the PC/PE ratio can profoundly alter
mitochondria energy production, enhancing mitochondrial
respiration and the activities of proteins of the electron trans-
port chain, and increasing production of ATP in hepatocytes.**
Here, we have observed that Pemt silencing during fasting de-
creases PC/PE ratio, enhancing B-oxidation and ERS. Thus, we
propose that the translocation of MAT1A to the ER-mitochon-
dria during fasting would fuel PEMT activity; maintain the PC/
PE ratio in mitochondria; tune ER-mitochondria tethering, lipid
B-oxidation, and ATP production; and prevent ERS.

These results are in line with other studies, which have shown
that MAT1A could be recruited to subcellular compartments to
provide a local source of SAMe. For instance, galactosamine
and acetaminophen treatments induce the nuclear accumulation
of MAT1A,*® and other studies have found that the nuclear
localization of MAT1A correlated with increased histone 3 K27
trimethylation, a gene repression mark.*® Most recently, it was
demonstrated that MAT1A is present in the mitochondrial matrix,
interacting with mitochondrial proteins, such as cytochrome
P450 2E1.%" Altogether, our results suggest that during fasting

(C) PC and PE hepatic content and PC/PE ratio in livers from fed and 24-h-fasted WT and MAT1A-KO mice (n = 7).

(D-K) (D) RT-gPCR of hepatic Pemt gene (n = 5), (E) PC hepatic content (n = 5) and PC/PE ratio (n = 5-6), (F) percentage of loss of weight (n = 5), (G) ratios of
ingWAT/mice weights (n = 5), (H) hepatic Fgf21 mRNA and serum FGF21 levels (n = 5), (I) hepatic fatty acid (palmitate) oxidation (n = 5), (J) hepatic elF2a protein
phosphorylation (n = 5), and (K) serum transaminases (AST, ALT) (n = 5) in Pemt-silenced mice after 36 h of fasting. Results are presented as the mean + SEM.
*p < 0.05, “*p < 0.01, **p < 0.001, and ****p < 0.0001 by Student’s t test. f.c., denoted fold change.

See also Figure S4.
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Figure 6. MAT1A localizes at MAMs during fasting
(A) Representative electron microscopy images, and (B) graph showing the percentage of ER adjacent to mitochondria (n = 309-423), in fixed liver sections from
fed and 24-h-fasted MAT1A-WT and -KO mice (from n = 3 biological replicas for each condition). Mitochondrial perimeter is denoted by green lines and ER-
mitochondrial contact points by blue lines.
(legend continued on next page)
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or CR when the global hepatic levels of SAMe are compromised
and when the intracellular levels of SAH rise, inhibiting methyl-
ation reactions, MAT1A could be recruited to ER and MAMs to
provide a local supply of SAMe required to carry the methylation
reactions needed at those specific compartments.

Another important observation is that hepatic MAT1A abla-
tion during fasting induces ER stress, similarly to the one that
we have detected in Pemt-silenced fasted mice. We hypothe-
size that in situations of enhanced lipid mobilization during fast-
ing, the decreased ratio of PC/PE at ER (due to a decrease in
availability of SAMe and/or in functionality of PEMT*¥), would
induce ER stress and sensitize the mice to liver injury. Interest-
ingly, PEMT-KO mice fed with HFD are showing a similar
phenotype as young MAT1A-KO mice, with both models pro-
tected from weight gain and insulin resistance, but showing
with time signs of liver damage, hepatic steatosis, and
increased ALT.?"*° In MAT1A-KO mice, we propose that this
could be due to a disruption in mitochondrial function. Initially,
MAT1A deficiency or chronically low hepatic SAMe levels
would lead to an excessive lipid mobilization and hepatic
B-oxidation, promoting mitochondrial stress and ERS, which,
if they persist, would damage mitochondrial functionality, as
seen in 8-month-old MAT1A-KO mice, characterized by
increased levels of hepatic reactive oxygen species, ERS,
reduced mitochondrial potential, and disrupted hepatic very
low-density lipoprotein assembly.®*°

Several studies have suggested that restrictions in Met avail-
ability can reduce adiposity. But more recent studies have
found that it is SAMe, rather than Met, which is independently
associated with fat mass and truncal adiposity in individuals
with obesity.'®'® Interestingly, Mat7a-silenced mice fed with
HFD show protection from weight gain.®’ Our own results
further corroborate these observations. Here, we show that
MAT1A deficiency, which is characterized by reduced hepatic
SAMe levels, can reduce adiposity. Importantly, in these mice
there is a striking accumulation of hepatic and circulating
Met, which supports the notion that it is the decrease in hepatic
SAMe levels, rather than Met levels, that is important for con-
trolling body fat mass and also suggests that a decrease in he-
patic SAMe levels could act as a metabolic sensor of nutrition
to induce hypermetabolism in a scenario where food availability
is limited. However, this work also provides important insights
into the previously undescribed function of newly synthetized
SAMe during fasting as a hepatic protective metabolite, arguing
for a potential role of local SAMe production in modulating PC
synthesis (by PEMT) and ERS and in fine-tuning ER-mitochon-
drial contact, B-oxidation, and ATP synthesis during fasting.
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Finally, our results suggest that lack of hepatic MAT1A and
chronic hepatic SAMe deficiency could induce lipolysis and
browning in adipose tissue, likely due to epigenetic-mediated
synthesis of the lipolytic factor FGF21 by the liver. In summary,
our results highlight the importance that intra- and subcellular
regulation of SAMe levels in hepatocytes play in the adaptive
catabolic lipid response to fasting. On the one hand, the phys-
iological decrease of hepatic SAMe levels during fasting could
act as a hepatocyte-metabolic intracellular sensor of nutrition
by activating ER-mitochondria tethering and B-oxidation in
liver. Remarkably, at the same time, we also show that local
synthesis of SAMe at MAMs could act as a brake to prevent
excessive mitochondrial respiration to prevent ER stress and
liver damage (Figure S6).

Limitations of the study

Although in our study we showed that MAT1A translocate to
MAMs during food restriction regimes, we have been unsuc-
cessful to identify the protein responsible for anchoring MAT1A
to the MAMs or to find the MAT1A region responsible for its local-
ization at MAMSs. This has precluded us from examining the func-
tional significance of this localization.

STARXMETHODS

Detailed methods are provided in the online version of this paper
and include the following:

o KEY RESOURCES TABLE
o RESOURCE AVAILABILITY
O Lead contact
O Materials availability
O Data and code availability
o EXPERIMENTAL MODEL AND SUBJECT DETAILS
O Animals
O Mouse primary hepatocyte cultures
e METHOD DETAILS
Fasting Studies
Alternate day fasting studies
Caloric Restriction Studies
Mat1a and Pemt silencing in vivo
Thermal imaging
Indirect calorimetric measurements
shRNA Design and Lentivirus Generation
GTT, ITT and PTT tolerance tests
Hematoxylin and eosin (H&E) staining
Serum extraction from mice
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(C) Model of phospholipid synthesis and trafficking at MAMs.

(D and E) Immunoblot analysis showing an increase in MAT1A protein expression in membrane/organelles and cytosolic fractions isolated from n = 4 livers of
C57BL/6 mice after (D) 24 h of fasting or acute CR (60% for 5 days) and (E) ADF or chronic CR (40% for 2 months). Controls of purity for membrane/organelles
are shown.

(F and G) Homogenates and subcellular fractions from 6- and 24-h-fasted livers of (F) C57BL/6 mice or (G) from WT and MAT1A-KO mice over a 36-h period of
fasting (n = 1-2). Controls of purity for homogenates (H), nuclear (N), crude mitochondria (Mc), pure mitochondria (MP), MAMs, and endoplasmic reticulum (ER)
extracts are shown.

(H and I) Ultra-performance liquid chromatography (UPLC) analysis of SAMe in (H) total liver extracts (n = 3-5), and (l) crude mitochondrial extracts from WT and
MAT1A-KO mice (n = 4) (please see STAR Methods for detailed protocol). Results are presented as mean + SEM. *p < 0.05, **p < 0.01, **p < 0.001, and
****p < 0.0001 by two-way ANOVA in (B) and (H) or Student’s t test in (I).

See also Figure S4.
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Antibodies

B-Actin Sigma-Aldrich Cat#A5441; RRID:AB_476744
Calreticulin Cell Signaling Technology Cat#12238; RRID:AB_2688013
Calnexin Enzo Life Sciences Cat#ADI-SPA-860-F; RRID:AB_11178981
c-Jun Cell Signaling Technology Cat#9165; RRID:AB_2130165
Phospho-c-Jun (Ser73) Cell Signaling Technology Cat#9164; RRID:AB_330892
Cytocrome C Cell Signaling Technology Cat#4272; RRID:AB_2090454
Phospho-elF2a. (Ser51) Cell Signaling Technology Cat#9721; RRID:AB_330951

elF2q Cell Signaling Technology Cat#5324; RRID:AB_10692650
FACL4 Abcam Cat#ab155282; RRID:AB_2714020
GAPDH Abcam Cat#ab8245; RRID:AB_2107448
GRP75 Cell Signaling Technology Cat#3593; RRID:AB_2120328
Phospho-lreta Abcam Cat#Ab48187; RRID:AB_873899
Ireto Santa Cruz Cat#SC-390960; RRID:AB_2927490
IP3R Abcam Cat#ab5804; RRID:AB_305124
MATa1 In-house N/A

MATa2 Abcam Cat#ab26174; RRID:AB_881274
PDI Cell Signaling Technology Cat#2446; RRID:AB_2298935
PEMT Sigma-Aldrich Cat#AV43558; RRID:AB_1855188

Phospho-p38 MAPK
Phospho-mTOR (Ser 2448)
Phospho-mTOR (Ser 2481)
mTOR

UCP1

VDAC

Anti-mouse 1gG, HRP-linked
Anti-rabbit I9G, HRP-linked

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Fisher

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology

Cat#9215; RRID:AB_331762
Cat#2971; RRID:AB_330970
Cat#2974; RRID:AB_2262884
Cat#2972; RRID:AB_330978
Cat#PA1-24894; RRID:AB_2241459
Cat#4661; RRID:AB_10557420
Cat#7076; RRID:AB_330924
Cat#7074; RRID:AB_2099233

Anti-Chicken-IgY, HRP-linked Aves Labs Cat#H-1004; RRID:AB_2313517
Bacterial and virus strains

pLKO.1 plasmid Addgene Cat#8453
Chemicals, peptides, and recombinant proteins

N-acetyl-L-cysteine (NAC) EMD Millipore Corporation, Merck Cat#106425
8C-uniformly labeled methionine Tracer Tec, Spain Cat#LC-1972-C
Glucagon Sigma-Aldrich Cat#G1774
Invivofectamine™ 3.0 Kit Life Technologies Cat#IVF3005
Critical commercial assays

Mouse/Rat FGF-21 Quantikine ELISA Kit R&D Systems Cat#MF2100
ATPlite luminescence assay system Perkin Elmer Cat#6016943
Fatty Acid Oxidation (FAO) Kit Biomedical Research Service Cat#E-141

NEFA-HR (1) Assay
NEFA-HR (2) Assay

FUJIFILM Wako Chemicals Europe
FUJIFILM Wako Chemicals Europe

Cat#434-91795
Cat#436-91995

Free Glycerol Reagent Sigma Cat#F6428
ProteoExtract Subcellular Proteome Extraction Kit Merck-Millipore Cat#539790
Deposited data

Data S1 - Source Data This paper This paper
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
Experimental models: Organisms/strains
Mouse: C57BL/6 CEBEGA (USC) N/A
Mouse: Gegr—/— B Finan et al.®? From Prof. Timo D. Miiller
Mouse: Mat1a-KO Lu et al.*° N/A
Oligonucleotides
si-Mat1a (S62313) Ambion® In Vivo siRNA Cat#4457308
si-Pemt (S71475) Ambion® In Vivo siRNA Cat#4457302
si-Ctrl Ambion® In Vivo siRNA Cat#4457289
sh-scrambled CCTAAGGTTAAGTCGCCCTCG This paper
sh-Fgf21 TCTATGGATCGCCTCACTTTG This paper
Sequences for Methylation analysis of Fgf21 Sequencing: CTCATCCATTCCATCA, This paper
by pyrosequencing forward: TTAGTTGGGGATTTAATAT
AGGAGAAATAG, Reverse: TCCCAA
CTCTAAATCTCATCCATTCCA
qRT-PCR Primer sequences Table S1 N/A

Software and algorithms

FLIR-Tools specific software package
ImageJ software

Contreras et al.*®
https://imagej.nih.gov/ij.

https://imagej.nih.gov/ij.

PyroMark Assay Design 2.0 Qiagen, Germany N/A
Image lab software BIO-Rad Laboratories N/A
QuanLynx software Waters, Manchester, UK N/A
TopSpin 4.0.7 Bruker Biospin GmbH N/A
GraphPad Prism 8 software GraphPad N/A
Graphical abstract and Figures 6C and S5 https://www.biorender.com/ N/A

were created using biorender.com

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Dr. Marta

Varela-Rey (martavarela.rey@usc.es).

Materials availability

This study did not generate new unique reagents.

Data and code availability

o No datasets (e.g. RNA-Seq or proteomics) were generated in this study.
e Data S1: Unprocessed source data underlying all blots and graphs, related to Figures 1, 2, 3, 4, 5, 6, and S1-S4. This file in-
cludes: 1) Uncropped scans of all the blots; 2) Excel file containing the values that were used to create all graphs in the paper.

® 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.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

MAT1A-KO and MAT1A-WT male and female mice (between 40 - 55 days of age for most experiments except for weigt curve anal-
ysis, for which mice up to 1 year old were used) were bred at the CIC bioGUNE AAALAC-accredited animal facility, and at the
CEBEGA-USC animal facility. C57BL/6J male mice of 45 — 90 days of age were bred and used at our animal facility (CEBEGA/
USC). All animal procedures were approved by the CIC bioGUNE Institutional Animal Care and Use Committee, by the Faculty Animal
Committee at the University of Santiago de Compostela, the Country Council of Bizkaia and The Xunta de Galicia, and the experi-
ments were performed in agreement with the Rules of Laboratory Animal Care and International Law on Animal Experimentation.
Mice were maintained in groups of a maximum of 5 mice per cage, containing woodchip bedding, on a 12 h light (8:00 to 20:00)/
12 h dark cycle, under controlled temperature (20 to 22°C) and humidity of 45 +10%. Mice were maintained with ad libitum access
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to water and to a rodent maintenance diet (2914 Teklad global 14% protein, or the 2918 Teklad global 18% protein rodent mainte-
nance diets Envigo). An analysis of the influence of sex on the results of the study was performed (Figures S1C, S2A, S2B, S3A,
and S3H)

Mouse primary hepatocyte cultures

Mouse primary hepatocytes were obtained by in situ perfusion of the liver with collagenase digestion following the Lefferts method.>*
Briefly, mice were anesthetized in an inhalation chamber with 4% IsoFlo (13400264, Proyma), dissolved in 0,9% O,. The abdomen
was opened, and intestines were moved to the right side to expose the portal vein. After tying a knot around, the portal vein was
punctured with a SurFlash® Polyurethane I.V. Catheters18g x 2’ (Terumo) and connected to a peristaltic pump (Econo Pump,
BioRad). Inferior cava vein was immediately cut to allow blood drainage. First, 20 ml of warm (37°C) 1 mM EGTA-Leffert’s buffer
(10 mM HEPES, 3 mM KCI, 130 mM NaCl, 1 mM NaH,PO,-H,0, 10 mM D-glucose, pH 7.4) were allowed to flow through the circuit,
followed by 20 ml of warm Leffert’s buffer, and ultimately 50 ml of 2.5 mM CaCl,-Leffert’s buffer containing 25 mg of collagenase type
| (8350 U/mg, LS004196, Worthington). Special care was taken to avoid air bubbles flowing into the liver. After the perfusion, the liver
was detached from the animal and placed in a 100 mm tissue culture-treated dish containing ice-cold Minimum Essential Medium
(MEM) (31095029, Gibco) supplemented with 10% (v/v) Fetal Bovine Serum (FBS) (10270106, Gibco) and 1% (v/v) Penicillin-
Streptomycin-Glutamine (10378016, Gibco). The gallbladder was carefully removed, and the liver was disposed of the Glisson’s
capsule. With the help of a pair of forceps, the cells were removed from the liver by gently shaking the tissue. The cell solution ob-
tained from the digested livers was filtered through a sterile gauze and resuspended in a final volume of 50 ml of the referred cell
culture medium above. Next, mouse primary hepatocytes were isolated by several centrifugation steps. The perfused livers were
centrifuged 3 times at 500 rpm for 5 min and the cell pellet was resuspended in 50 ml of fresh cell culture medium. Cell density
was estimated in a Neubauer counting chamber and cell viability was assessed by Trypan Blue solution staining (T8154, Sigma-
Aldrich). A cell viability superior to 70% was achieved in all experiments. Finally, 0.5x10® mouse primary hepatocytes were deposited
on collagen type | (354236, Corning)-coated 6-well culture plates and cultured in Dulbecco’s Modified Eagle’s Medium (DMEM), no
glucose (11966025, Gibco) supplemented with 5% (v/v) FBS (10270106, Gibco), 1% (v/v) Antibiotic-Antimycotic (15240062, Gibco),
and hepatocytes were allowed to attach to the bottom of the plate during 2h and then culture medium was replaced with FBS-free
DMEM, no glucose supplemented with 1% (v/v) Antibiotic-Antimycotic for 1 h. Next, cells were incubated in the absence or presence
of 10 nM glucagon (G1774, Sigma-Aldrich) during 12 h and 16h for mRNA and protein analysis respectively.

For total ATP quantification, mitochondrial respiration, and B-oxidation assays in hepatocytes, livers were perfused from mice
starved during 24 or 36h, following the procedure described before with slight modifications using Leffert’s buffer without glucose.
After the perfusion, the liver was released from the animal and placed into 100 mm TC-treated dishes containing ice-cold containing
DMEM, no glucose (11966025, Gibco) supplemented with 5% (v/v) FBS (10270106, Gibco), and 1% (v/v) Antibiotic-Antimycotic
(15240062, Gibco). After three washes, the cell pellet was resuspended in 50 ml of fresh cell culture medium and cell density and
viability was estimated using Trypan Blue as described before. Finally, 0.5x1 08 mouse primary hepatocytes were placed on collagen
type (354236, Corning)-coated 6-well culture plates and hepatocytes were allowed to attach to the bottom of the plate during 3h and
then culture medium was replaced with medium without FBS.

METHOD DETAILS

Fasting Studies

For the studies done with Mat71a-KO mice, for six, 24 and 36h of fasting, food was removed between six to nine a.m. and mice sacri-
ficed six, 24 or 36h later. Mice had ad libitum access to water. For the course time studies done in C57BL/6 mice, food was removed
at 3 p.m. for mice sacrificed after 24h and 6h of fasting, at 4 pm for mice sacrificed after 16 h of fasting, and at 7pm for mice sacrificed
after 12h of fasting. When indicated, N-acetyl-L-cysteine (NAC) (400 mg/kg, EMD Millipore Corporation, Merck #106425) was admin-
istered intravenously 9h before sacrifice to Mat7a-KO mice fasted during 36h. For the fluxomic studies, 24h-fasted mice were in-
jected intravenously with '3C-uniformly labeled Met (25 mg/kg) (LC-1972-C, Tracer Tec, Spain) 30 min before sacrifice. For the anal-
ysis of Mat1a mRNA expression in overnight-fasted Gegr*’* and Gegr”™ mice, '® animals were treated by intraperitoneal injection with
200 pg/kg body weight of glucagon diluted in saline (Sigma-Aldrich, #G1774), 30 min before the sacrifice.>®

Alternate day fasting studies
Mice were randomly separated into two groups: one group receive the maintenance diet ad libitum, while the other group was pro-
vided with access to food at 11 a.m. every other day.

Caloric Restriction Studies
Five days before the onset of caloric restriction (CR), mice were placed in individual cages and fed with the maintenance diet ad
libitum. During these days of acclimatization, food intake was monitored to determine the average amount of food consumed daily
by each mouse.

For the 60% of CR for 5 days, mice were randomly separated into two groups: one group continued to receive the maintenance diet
ad libitum, while the other group underwenta 60% CR, i.e., each mouse was fed at 6 p.m. every day with an amount of food equivalent
to 40% of its own daily food intake during the acclimatization week.
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For the 40% of CR for 2 months, mice were randomly separated into two groups: one group continued to receive the maintenance
diet ad libitum, while the other group underwent a 40% CR, each mouse was fed at 12 to 2 p.m. every day with an amount of food
equivalent to 60% of its own daily food intake during the acclimatization week. Throughout the procedure, mice remained housed
individually.

Mat1a and Pemt silencing in vivo

C57BL/6 mice of 45 to 90 days of age were randomly divided into two experimental groups. Tail vein injection was done at 24h before
the start of the fasting period and immediately before the start of the fasting period (-24 and 0h) using si-Mat1a, si-Pemt, or si-Ctrl
(Ambion® In Vivo siRNA) dissolved in Invivofectamine™ 3.0 Kit (IVF3005, Life Technologies) following manufacturer’s instructions.

Thermal imaging

Mice were placed for 6h in a special room with a stable temperature of 4°C.°° Interscapular temperature was assessed and visualized
using a high-resolution infrared camera (E60bx: Compact-Infrared-Thermal Imaging-Camera; FLIR) and analyzed with a FLIR-Tools
specific software package.®?

Indirect calorimetric measurements

The metabolic parameters, energy expenditure and locomotor activity were analyzed using an indirect calorimetric system
(LabMaster; TSE Systems; Bad Homburg, Germany),””**® in 12 open circuit sealed chambers. Measurements were performed for
the dark (from 8 p.m. to 8 a.m.) and light (from 8 a.m. to 8 p.m.) periods under ad libitum feeding or fasting conditions. Mice were
allowed to acclimatize to the individual metabolic cages. Energy expenditure and locomotor activity were calculated using the man-
ufacturer’s system software. Fat Mass was analyzed by ECHO MRI M113 mouse system (Echo Medical Systems).

shRNA Design and Lentivirus Generation

Small hairpin RNAs (shRNAs) and lentiviral production utilized in this study were performed as previously described.®® Briefly, the
specific shRNAs for knockdown of Fgf21 and control Luciferase shRNA were designed, synthesized, and subcloned into pLKO.1
vector (Addgene). All shRNA constructs were confirmed by SANGER sequencing and knockdown efficiency was validated by
RT-gPCR. The target sequences of the shRNAs used were: sh-scrambled CCTAAGGTTAAGTCGCCCTCG; and shFgf21#2
TCTATGGATCGCCTCACTTTG. For lentiviral production, pLKO.1-shRNA plasmids were co-transfected with packaging vectors
into HEK293T cells. Viral supernatants were harvested after 48 and 72h post-transfection, concentrated using centrifugal filter units
(Amicon, Ref: UFC903024), and virus titer was determined by QuickTiter Lentivirus Kit (Cell Biolabs, Ref: VPK-107).

GTT, ITT and PTT tolerance tests

Basal blood glucose levels were measured after an overnight fast (12h) for the Glucose (GTT) and Pyruvate (PTT); and after 6h for the
Insulin (ITT), with a Glucocard Glucometer (ARKRAY, USA). GTT, ITT, and PTT were done after intraperitoneal injection of D-glucose
(2 g/kg, Sigma-Aldrich, G8270), insulin (0.35 U/kg Actrapid, Novo Nordisk), or sodium pyruvate (1.25 g/kg Sigma-Aldrich, P2256)
respectively. Area under the curve values were determined.

Hematoxylin and eosin (H&E) staining

Five um-thick paraffin-embedded sections of formalin-fixed liver, ingWAT and BAT samples were deparaffinised for 20 min using
Histo-Clear (HS-200, National Diagnostics) and rehydrated through graded ethanol solutions (100-70%) to distilled water. Sections
were incubated with Harris Hematoxylin (Bio-Optica, Milano, Italy) for 15 min, followed by eosin staining (Sigma Aldrich) during
15 min. Next, sections were rinsed in running tap water and differentiated with 0.5% (v/v) HCI. Finally, samples were dehydrated
through graded ethanol solutions (70-100%), cleared with Histo-Clear and mounted with DPX mounting medium (06522, Sigma-
Aldrich). Five to ten random images per sample were blindly taken using a Leica DM750 microscope. Number of adipocytes per field
were counted using ImagedJ software https://imagej.nih.gov/ij.

Serum extraction from mice

Anaesthesia was induced by placing each mouse in an inhalation chamber with 4% isoflurane (IsoFlo®, Abbot Laboratories) in 0.8-
1% O,. Blood was withdrawn from the retro-orbital plexus with a micro haematocrit capillary (BRAND® micro haematocrit capillary
BR749311) and collected in BD Microtainer serum separator gel tubes (Microtainer®, 365967, BD). Blood samples were allowed to
clot for 5-15 min and were subsequently centrifuged (6,000 rpm, 10 min, 4°C). Serum was transferred to a non-autoclaved Eppendorf
safe-lock tubes and immediately stored at -80°C.

Determination of serum transaminases

Aspartate aminotransferase (AST) and alanine aminotransferase (ALT) serum activity was determined by using the Selectra Junior
Spinlab 100 automated analyser (Vital Scientific) according to the manufacturer’s instructions. Standard controls were run before
each determination, and the values obtained for the different biochemical parameters were always within the expected ranges.
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Serum measurements

Mouse serum FGF21 concentration was determined using the Mouse/Rat FGF-21 Quantikine ELISA Kit (MF2100, R&D Systems)
according to the manufacturer’s instructions. Glucagon quantification was performed using the Glucagon ELISA kit (10-1271-01,
Mercodia) according to the manufacturer’s instructions. Serum triglycerides levels in fasted and fed conditions were measured using
10 pl of serum and commercially available kits (A. Menarini Diagnosis, Spain and Wako Chemicals, USA, respectively) following man-
ufacturer’s instructions. Serum ketone bodies were quantified using a kit from Wako chemicals (Richmond, VA).

FAO determination in frozen tissue

The B-oxidation rate was determined as previously described® with slight modifications. Liquid No-frozen tissue was homogenized in
ice-cold buffer (25 mM Tris-HCI, 500 nM sucrose, 1 mM EDTA-Na,, pH 7.4) using a Potter homogenizer. The tissue homogenate was
subsequently sonicated for 10s and centrifuged (420 x g, 10 min, 4°C). The supernatant was subjected to protein determination, and
500ug of total protein was used per assay in a final volume o0 60ul. The reaction was started by incubating the sample with 340 ul of the
assay mixture containing 0.2 mM 0.5 uCi/ml [1-'#C]-palmitic acid (NECO75H, Perkin Elmer) for 30 min at 37°C, in Eppendorf tubes
covered with a Whatman paper cap. The reaction was stopped by the injection of 200 pl of 3 M perchloric acid, and the Whatman
paper caps were impregnated with 1 M NaOH to allow the capture of released CO,. After leaving the tubes at room temperature for
1h, the filter paper was removed and the acidified medium was centrifuged (21,000 x g, 10 min, 4°C) to eliminate particulate matter.
The radioactivity of the trapped CO,, which corresponds with complete oxidation, and the radioactivity of the acid soluble metab-
olites (ASM) contained in the supernatant, which is equivalent to incomplete oxidation, were measured in a scintillation counter.

ATP quantification in primary hepatocytes

For total ATP quantification, cells were incubated in the absence or presence of 10 nM glucagon (G1774, Sigma-Aldrich) during 3h.
Then, hepatocytes (0.5x108) were harvested in 100 pl of mammalian cell lysis solution from ATPlite luminescence assay system
(6016943, Perkin Elmer) diluted in 200 pl of media per well. Five ul of this lysis solution was used for the quantification of total
ATP levels in OptiPlate-96 white opaque 96-well microplates (6005290, PerkinElmer), following the ATPlite manufacturer’s instruc-
tions. Luminescence was measured in a Veritas microplate luminometer (Turner BioSystems). ATP concentration was calculated by
extrapolation to an ATP standard curve and subsequent normalization with the total protein content of each sample determined by
the Bradford assay (5000006, Bio-Rad).

FAO determination in primary hepatocytes

Fatty Acid Oxidation (FAQ) Kit (E-141Biomedical Research Service) was used as previously described.’*° Briefly, attached hepa-
tocytes were exposed to glucose-free DMEM supplemented with 5% (v/v) FBS to limit nutrient availability, with or without the addi-
tion of 4 mM SAMe. After 4h, cells were washed twice with ice cold PBS and 1x10° cells were lysed in 50 ul of Cell Lysis Solution,
incubated at 4°C for 5 min, followed by centrifugation at 12,000 xg for 5 min. The supernatants were transferred to new tubes, and
50 ul of each was added in 96-well plate, mixed with 50 pl of Reaction Solution, and incubated at 37°C (without CO,) for 60 min.
Absorbance was determined at 492 nm, and FAO activity was determined normalizing the results to protein content. All reactions
were performed in duplicate.

Mitochondrial respiration in hepatocytes

Mitochondrial respiration was evaluated by monitoring the oxygen consumption rate (OCR) by high-resolution respirometry with the
Seahorse Bioscience XF Extracellular Flux Analyzer (Agilent Technologies). Primary hepatocytes (2x10%), obtained from Mat1a-KO
and Mat1a-WT mice after 24h of fasting, were seeded per well in a XFe96 cell culture microplate (102416-100, Seahorse Bioscience,
Agilent Technologies) into DMEM, no glucose (11966025, Gibco) supplemented with 5% (v/v) FBS (10270106, Gibco), and 1% (v/v)
Antibiotic-Antimycotic (15240062, Gibco), and maintained for 3h at 37°C (with CO,) to allow cell adhesion. Then, cells were exposed
to either 4 mM SAMe or vehicle for 4h. After that, medium was removed, and replaced with pre-warmed assay medium, composed of
Seahorse XF DMEM medium (103575-100 Seahorse Bioscience, Agilent Technologies) containing 1 mM sodium pyruvate, 2 mM
L-glutamine and 10 mM glucose, with or without SAMe, and cultured at 37°C in room air. Controls were supplemented with the
same amount of fatty-acid-free BSA. After equilibration in assay medium for 1h, five basal measurements of OCR were performed.
Next, we sequentially added into cells wells the modulators of respiration oligomycin (Oligo, 1.5 uM), carbonyl cyanide-4 (trifluoro-
methoxy) phenylhydrazone (FCCP, 1 uM) and rotenone/antimycin (Rot/AA, 0.5 uM) to evaluate the mitochondrial function (Cell Mito
Stress Test Kit, 103015-100, Seahorse Bioscience, Agilent Technologies). The following key parameters of mitochondrial function
were calculated according to the manufacturer’s user guide: basal respiration, ATP-linked respiration, proton leak, maximal respi-
ration, and spare capacity. All results were normalized to protein content.

Lipolysis measurements in ingWAT

At sacrifice, 20 mg pieces of ingWAT were cut and placed in 1X PBS. The tissues were incubated with 100 pl of basal or stimulated
(100 nM isoproterenol) medium [1% DMEM, 4% BSA (Without Fatty Acids)] in 96-well plates for 4h at 37 °C with stirring. After 4h, the
pieces of ingWAT were removed and the medium stored at —-80°C. Fatty acids content was determined using 2 pl of the medium using
NEFA-HR (1) and HR (2) Assay (434-91795 and 436-91995) from FUJIFILM Wako Chemicals Europe Kit following the manufacturer’s
instructions. For glycerol determination, 6 ul of medium was placed in 96-well plates, and 200 pl of the Free Glycerol Reagent (F6428
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Sigma) was added to each well. The plates were incubated for 5 min at 37 °C. Standards were prepared using Glycerol Standard.
Absorbance was read at 540 nm in a SpectraMax M2/M2e microplate reader (Molecular Devices).

Total protein extraction from tissue

Liquid N»-frozen tissue (25 to 40 mg) was homogenized in 1 ml of RIPA lysis buffer (1.6 mM Na,HPQO,4, 8.4 mM NaH,PO,, 5 g/L sodium
azide, 100 mM NaCl, 0.1% (w/v) SDS, 0.1% (v/v) Triton X-100) supplemented with 5 g/L sodium deoxycholate, 1 mM sodium ortho-
vanadate, 50 mM NaF, protease and phosphatase inhibitor cocktails in a Precellys 24 homogenizer (Bertin Instruments) at 5,000 rpm
for 30s. The homogenate was transferred into a clean tube and subjected to one freeze-thaw cycle in liquid N, to enhance cell disrup-
tion. After centrifugation (12,500 rpm, 20 min, 4°C), total protein concentration from the supernatant was estimated by the Micro BCA
Protein Assay Kit (23235, ThermoFisher Scientific) in a SpectraMax M2/M2e microplate reader (Molecular Devices). Samples were
stored at -80°C.

Subcellular protein extraction from tissue

Subcellular fractions from flash-frozen liver tissue were isolated using the ProteoExtract Subcellular Proteome Extraction Kit (539790,
Merck-Millipore) with slight modifications to the manufacturer’s instructions. Briefly, 20 mg of tissue was resuspended in 1 ml of ice-
cold Extraction Buffer | containing 5 ul of Protease Inhibitor Cocktail, 1 mM sodium orthovanadate and 50 mM NaF and disrupted
using borosilacate homogenizers. The mixture was incubated for 20 min at 4°C in a carousel rotating shaker. The insoluble material
was pelleted by centrifugation (1,000 xg, 10 min, 4°C) and the supernatant (fraction 1, cytosolic proteins) was transferred to a clean
tube and stored at -80°C. The pellet was resuspended again with 1 ml of buffer | for 10 min at 4°C in a carousel rotating shaker. The
insoluble material was pelleted by centrifugation (1,000 xg, 10 min, 4°C) and the supernatant was discarded. The pellet was resus-
pended with 1 ml of ice-cold Extraction Buffer Il containing 5 ul of Protease Inhibitor Cocktail, 1 mM sodium orthovanadate and
50 mM NaF by gently flicking the tube and incubated for 30 min at 4°C in a carousel rotating shaker. The insoluble material was pel-
leted by centrifugation (6,000 xg, 10 min, 4°C) and the supernatant (fraction 2, membranes and organelles proteins) was transferred to
aclean tube and stored at -80°C. The pellet was resuspended again with 1 ml of buffer Il and incubated for 10 min at 4°C in a carousel
rotating shaker. The insoluble material was pelleted by centrifugation (6,000 xg, 10 min, 4°C) and the supernatant was discarded. The
pellet was resuspended with 0,5 ml of Buffer Il containing 5 ul of Protease Inhibitor Cocktail, 1,5 ul Benzonase® nuclease, 1 mM
sodium orthovanadate and 50 mM NaF by gently flicking the tube and incubated for 20 min at 4°C in a carousel rotating shaker.
The insoluble material was pelleted by centrifugation (7,000 xg, 10 min, 4°C) and the supernatant (fraction 3, nuclear proteins)
was transferred to a clean tube and stored at -80°C. Protein concentration of each subcellular compartment was determined by
the Bradford assay (5000006, Bio-Rad). Controls of purity for membrane/organelles (FACL4, IP3R, CRT, CNX and VDAC), and cyto-
solic fractions GAPDH were done by immunioblotting.

Mitochondria-associated membranes isolation

Crude and pure mitochondria, endoplasmic reticulum and MAMs were isolated from fresh mouse livers as previously described.®’
Protein concentration of each subcellular structure was estimated by the Micro BCA Protein Assay Kit (23235, ThermoFisher Scien-
tific) measured in a SpectraMax M2/M2e microplate reader (Molecular Devices). For the determinations of SAMe, SAH and Met in
crude mitochondria the processing time was reduced to 3h, and done at 4°C or on ice, without adding detergents. This protocol en-
sures that mitochondria are maintained as close as possible to the in vivo state. Additionally, to ensure lack of cross-contamination
with cytoplasmic contents, the pellet of crude mitochondria was washed twice with MRB buffer before metabolite extraction, and the
absence of GAPDH on samples was confirmed by western blot. Controls of purity for homogenates (H), nuclear (N), crude mitochon-
dria (Mc), pure mitochondria (Mp), MAMs, and endoplasmic reticulum (ER) extracts, using IP3R, Cytochrome C (Cyt C), Calreticulin
(CRT), PDI, Calnexin (CNX) and GRP75 antibodies were done by immunioblotting.

Immunoblotting

Two to 30 ug of protein were combined with 5x sample loading buffer (25% (v/v) Glycerol, 250 mM Tris pH 6.8, 10% (w/v) SDS,
500 mM B-Mercaptoethanol, 0,125% (w/v) bromophenol blue) and boiled at 95°C for 5 min. Protein samples were separated by
SDS-PAGE in 10-15% acrylamide gels using a Mini-PROTEAN Tetra Cell electrophoresis system (Bio-Rad) or 4-12% NuPAGE
Bis-Tris (WG1403BOX, ThermoFisher Scientific). The following molecular weight markers were used PiNK Plus Prestained Protein
Ladder (GeneDireX) or Blue Star Protein marker from Nippon Genetics. Proteins were transferred from gels into 0.2 um-pore size
nitrocellulose membranes (10600001, GE Healthcare) using a Trans-Blot Cell system electroblotting or using a Bio-Rad Trans-
blot SD Semi-dry Transfer Cell (Bio-Rad). The presence of total protein was detected by Ponceau S solution (P7170, Sigma-
Aldrich) staining. Non-specific binding was blocked by incubation of the membranes with 0.1% (v/v) Tween 20-TBS, solution con-
taining 5% (w/v) skimmed milk powder or 2,5% (w/v) BSA (A3912, Sigma-Aldrich) for 1 h at room temperature, prior to addition of
the primary antibody following the conditions in Table S1. After washing the unbound primary antibody with 0.1% (v/v) Tween
20-TBS three times, membranes were incubated with the corresponding HRP-linked secondary antibody for 1 h at room tempera-
ture. Membranes were washed three times to remove the excess of secondary antibody and the Western Lightning Plus-ECL HRP
substrate (NEL104001EA, Perkin Elmer) was subsequently added. The chemiluminescent signal from immunoreactive proteins
was captured using an iBright™ Imaging System (Model #:FL1500) or by exposition to Super RX Fuji Medical X-Ray films
(06-SHRGH1824B, Fujifilm), which were further developed in a Curix 60 processor (AGFA Healthcare). Films were digitalised and
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transformed into 8-bit images. Bands were quantified by densitometric analysis using the open-source image processing program
Image J (http://rsbweb.nih.gov/ij) and normalized to GAPDH or B-actin housekeeping protein expression.

Total RNA isolation

RNA from flash-frozen tissue and primary hepatocytes was extracted with TRIzol reagent (15596026, Invitrogen) as per manufac-
turer’s instructions. RNA was heated to 65°C for 5 min and quickly chilled on ice. Then concentration was determined using
NanoDrop 1000 spectrophotometer (ThermoFisher Scientific).

Reverse transcription (RT)

RNA (1-2 png) was treated with Amplification Grade DNase | (18068015, Invitrogen) following the manufacturer’s guidelines. cDNA was
synthesized with M-MLV Reverse Transcriptase (28025013, Invitrogen) in the presence of Random Primers (48190011, Invitrogen),
dNTPs (10297018, Invitrogen), and RNaseOUT Recombinant Ribonuclease Inhibitor (10777019, Invitrogen), by using a Veriti Dx Ther-
mal Cycler (Applied Biosystems). Mix was incubated at 25°C for 10 min, then was incubated 180 min at 37°C, and the reaction was
inactivated by heating at 70°C for 15 min. The resulting cDNA was diluted 20-fold in Nuclease-Free Water (W4502, Sigma-Aldrich).

Quantitative PCR (qPCR)

Mus musculus gene primer sequences were designed with the Primer-BLAST tool (https://www.ncbi.nlm.nih.gov/tools/primer-blast/
) and synthesized by Sigma-Aldrich. DNA (1.5 pl) was mixed with specific primers (Table S1) and SYBR Select Master Mix (4472908,
Invitrogen) constituting a final volume of 6.5 pl, in MicroAmp Optical 384-Well Reaction Plates (4309849, Applied Biosystems). Each
reaction was performed in duplicate using the ViiA 7 Real-Time PCR System (Applied Biosystems). gPCR conditions involved an
initial denaturation step (90 s at 95°C), followed by 40 cycles of annealing (15 s at 95°C and 1 min at 59°C), and a final extension phase
(15 s at 95°C, 1 min at 60°C and 15 s at 95°C). Ct values were extrapolated from the melting curve and gene expression levels were
normalized with GAPDH or HPRT, or 18S ribosomal RNA housekeeping expression by implementing the 224¢t formula.

Methylation analysis of FGF21

A total of 500 ng of genomic DNA for each sample was used for the bisulfite conversion with the EZ DNA Methylation kit (Zymo
Research) following manufacturer’s recommendations. DNA methylation levels of 5 consecutive CGs (CG1 to CG5) of Fgf21
(chr7:45,264,738-45,264,772; GRCm39/mm39) were analyzed by pyrosequencing. Briefly, primer sequences for Fgf21 analysis
were designed with PyroMark Assay Design 2.0 (Qiagen, Germany) (Sequencing: CTCATCCATTCCATCA, forward: TTAGTTGGGGA
TTTAATATAGGAGAAATAG, Reversed: TCCCAACTCTAAATCTCATCCATTCCA). Standard PCR reactions were carried out with
~10 ng of bisulfite-converted genomic DNA. PCR products were observed in 2% (w/v) agarose gels before pyrosequencing.
PyroMark Q24 Vacuum Workstation was used for the immobilization and preparation of PCR products. Pyrosequencing reactions
were performed using a PyroMark Gold Q24 Reagent Kit (Qiagen, Germany) following the manufacturer’s instructions. Methylation
values were obtained using PyroMark Q24 Software 2.0 (Qiagen, Germany). Assays were conducted including 100% methylated
DNA (Universal Methylated Mouse DNA Standard from Zymo Research) as positive control, and water as no template control.

Quantification of Lipids

Livers (30-50 mg) were homogenized in cold PBS in a bead mill homogenizer (OMNI international; USA) at 3m/s for 30 seconds and
sonicated with 3 cycles of 30 seconds sonication and 10 seconds rest at a frequency of 23 kHz and with an amplitude < 6 microns.
Total protein was measured as described before and lipids were extracted from 1.5 mg of total protein following the Folch method.®?
Major lipid species were separated by thin layer chromatography®® and PC and PE levels were quantified using the image lab soft-
ware (BIO-Rad Laboratories Inc, USA).

Determinations of SAMe, SAH and Methionine

SAMe, SAH and Met levels were determined in serum, liver tissues, and crude mitochondria samples by Ultra-High-Performance Chro-
matography coupled to Mass Spectrometry (UPLC-MS). Protein concentration of crude mitochondria was estimated by the Micro BCA
Protein Assay Kit Briefly, and a pellet from mitochondria samples and liver tissues (50 mg) were homogenized in 500 uL of ice-cold
extraction liquid with a tissue homogenizer (FastPrep) in for 40 s at 6000 rpm. The extraction liquid consisted of a mixture of ice-cold
methanol/water (50/50 %v/v) with 10 mM acetic acid and 1 uM stable labelled *CD5-Met (Met-SL) as internal standard. Subsequently
400 plL of the homogenate plus 400 pL of chloroform was transferred to a fresh tube and shaken at 1400 rpm for 60 min at 4 °C. Next the
aliquots were centrifuged for 30 min at 13000 rpm at 4 °C. The aqueous phase (150 L) was transferred to a fresh aliquot? and placed at
-80 °C for 20 min. The chilled supernatants were speed-vac evaporated, and the resulting pellets were resuspended in 100 pL water/
acetonitrile/formic acid (40/60/0.1 v/v/v) for mitochondria samples and 250 pl for liver samples. Serum samples (50 pL) were mixed with
50 plL of water/0.15% (v/v) formic acid. Subsequently, proteins were precipitated by addition of 150 uL of acetonitrile. To get optimum
extraction, after addition of acetonitrile, the samples were sonicated for 10 min at 4°C and agitated at 1,400 rpm for 30 min at 4°C. Next,
the samples were centrifuged at 14,000 rpm for 60 min at 4°C. Concentrations of all metabolites were determined with a semi-quanti-
tative method.®* Calibration curves for SAMe, SAH and Met were obtained by measuring serial dilutions of a pooled standard mixture in
resuspension solution. The concentrations for all compounds in the dilutions ranged from 10 uM to 0.0025 uM. Samples were measured
with a UPLC system (Acquity, Waters Inc., Manchester, UK) coupled to a Time-of-Flight mass spectrometer (ToF MS, SYNAPT G2,
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Waters Inc.). A2.1 x 100 mm, 1.7 um BEH amide column (Waters Inc.), thermostated at 40 °C, was used to separate the analytes before
entering the MS. Mobile phase solvent A (aqueous phase) consisted of 99.5% water, 0.5% FA and 20 mM ammonium formate while
solvent B (organic phase) consisted of 29.5% water, 70% acetonitrile, 0.5% FA and 1 mM ammonium formate. To obtain a good sep-
aration of the analytes the following gradient was used: from 5% Ato 50% A in 2.4 min in curved gradient (#8, as defined by Waters), from
50% A 1099.9% Ain 0.2 min constant at 99.9% A for 1.2 min, back to 5% A in 0.2 min. The flow rate was 0.250 mL/min and the injection
volume was 2 pL. All samples were injected randomly. After every 8 injections QC sample was injected. Analytes were measured in
enhanced duty cycle (EDC) mode, optimized for the mass of the analyte in question. Met was measured in scan function 1 (EDC at
152), SAH was measured in scan function 2 (EDC at 385) and SAMe was measured in scan function 3 (EDC at 399). The cone
voltage was between 20 and 25 depending on the analyte. A 2 ng/mL leucine-enkephalin solution in water/acetonitrile/formic acid
(49.9/50/0.1 v/v/v) was infused at 10 uL/min and used for a lock mass which was measured each 32 s for 0.5 s. Spectral peaks
were automatically corrected for deviations in the lock mass. Extracted ion traces are obtained for SAMe (m/z = 399.145), Met
(m/z = 150.0589), "*CDz-Met (m/z = 154.0796) and SAH (m/z = 385.1294) in a 20 mDa window for the most abundant isotopes and sub-
sequently smoothed and integrated with QuanLynx software (Waters, Manchester, UK).

Fluxomic analysis by NMR spectroscopy

After 24 h fasting, Mat7a-WT and Mat7a-KO mice were intravenously injected with '3C-uniformly labeled Met (25 mg/kg), 30 min
before sacrifice. Aliquots of 300 mg of liver, were divided into three different Eppendorf tubes. Thus, for every 100 mg of
liver 774 pL of ice-cold chloroform/methanol mixture (38.8/61.2 v/v) were added. Afterwards, livers were homogenized in a Precellys
tissue homogenizer at 4000 g for 2 x 30 s and then, 554 pL of CHCI3:H,0 (45.8:54.2 v/v) were added over the homogenate. After
vortexing, the solution was centrifugated for 15 min at 9000 xg, 4°C. Next, the two phases were carefully divided into different
Eppendorfs before being dried using Speedvac for at least 3h. Finally, the remaining powder was stored at -80°C. Next, for NMR
spectroscopy, 300 mg of dry liver was resuspended into 300 uL of solution depending on each extract fraction. In the event of hy-
drophilic fraction, we used Phosphate buffer in deuterium oxide (200 mM), pD 7, with trimethylsilylpropanoic acid (2.5 mM) as
3C reference compound and gadobutrol (0.5 mM) as paramagnetic relaxation enhancer. Meanwhile, for the lipophilic phase, we
used DMSO-d6 with added triphenyl phosphine oxide (4 mM) as 'C and 3'P reference compound. Fluxomics experiments were re-
corded at 298 K on a Bruker 600 MHz (12 T) Avance lll spectrometer equipped with a BBO probe head. For each sample, three
different experiments were collected: (I) 1D 'H p3919gp with water signals suppression using a binomial 3-9-19 pulse with echo
gradient pair, (Il) 1D "3C zgpg30 with power-gated decoupling and (lll) phase-sensitive gradient-enhanced 2D 1H-'3C HSQC
(hsqcetgp). However, phosphoromics experiments were recorded at 298 K on a Bruker 400 MHz (9.39 T) Avance Neo spectrometer
equipped with a SmartProbe, having done two experiments: () a 1D 'H p3979gp with water signals suppression using a binomial 3-9-
19 pulse with echo gradient pair and (Il) a 1D 3'P zgip spectrum with inverse gated 'H decoupling. Chemical shift assignment was
done using standard compounds in order to facilitate the identification of metabolites. Then, assigned metabolites were quantified
by referencing their BCor3'p peak integral against the internal reference compound added. In some cases, we used peak decon-
volution with the aim of assigning corresponding peak in case of signal overlap. Peak integration and quantification was done using
TopSpin 4.0.7 (Bruker Biospin GmbH) and in-house MatLab scripts.

Electron microscopy

For electron microscopy studies, fed and 24 h fasted Mat1a-WT and Mat1a-KO mice were perfused by the inferior vena cava with
saline at room temperature with 0.1 mL heparin per mouse. Next, livers were perfused with a mixture of 2% (v/v) paraformaldehyde
and 2.5% (v/v) glutaraldehyde in 0.1 M phosphate buffer pH 7.4. After the perfusion, the liver was detached from the animal postfixed
with the same fixative solution overnight at 4 °C. Next, livers were washed four times with phosphate buffer 0.1 M, pH 7.4 for 30 min.To
improve the post-fixing and embedding process of the samples, 150 um sections from the same liver lobe were cut on a vibratome
Leica VT-1000 (Leica, Heidelberg, Germany). Sections were post-fixed with 2% osmium, rinsed, dehydrated, and embedded in Dur-
cupan resin (Fluka, Sigma-Aldrich, St. Louis, USA). Ultrathin sections (0.06 -0.08 pm) were cut with an Ultracut UC-6 (Leica micro-
systems, Wetzlar, Germany) with a diamond knife, stained with lead citrate (Reynold’s solution) and examined under a transmission
electron microscope FEI Tecnai G2 Spirit BioTwin (ThermoFisher Scientific company, Oregon, USA). Allimages were acquired with a
Xarosa digital camera (EMSIS GmbH, Munster, Germany) controlled by Radius software (Version 2.1). 30 pictures of each experi-
mental group (from 3 different animals per group) were obtained at 9300x magnification. The images were analyzed using Image
J (National Institutes of Health, USA). After calibration of images using the scale bars, the mitochondrial membranes, and the ER
in contact with mitochondrial membranes were delineated using the freehand tool. The mitochondrial perimeter in contact with
the ER was normalized with the total mitochondrial perimeter.

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analysis was performed using GraphPad Prism 8 software. Data were represented as mean + SEM for each experimental

group. Statistical significance was determined by Student’s t-test, or one-way analysis of variance (one-way ANOVA) and two-way
analysis of variance (two-way ANOVA) followed by post hoc Sidak. p < 0.05 was considered as statistically significant.
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