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Liver is endowed with high regenerative activity, so that the tissue regrows in
mouse after partial hepatectomy within days. We reason that this requires de
novo pyrimidine synthesis to support rapid progression via the cell cycle. We
find that suppression of de novo pyrimidine synthesis prevents proliferation in
regenerating liver, suppressing liver regrowth. Tracing studies and spatial
metabolomics reveal a metabolic shift such that ammonia, normally detoxified
to urea in the periportal region under homeostasis, is redirected for generating
aspartate and carbamoyl phosphate periportally, and glutamine pericentrally,
and these products are utilized as precursors by the de novo pyrimidine
synthesis pathway. Our research uncovers a metabolic reprogramming leading
to utilization of a toxic byproduct for anabolic pathways that are essential for
liver regeneration.

The liver exhibits a remarkable capacity for complete regeneration proliferating tissues such as tumors. However, unlike tumors, the liver
following partial hepatectomy (PHx). In murine models, routinely used  ceases to grow upon reaching its original mass, determined by cell
for investigating liver regeneration’, restoration of the tissue after number*™*. Liver regeneration involves in its initial phase a stage
~35% PHx is achieved within a timeframe of fewer than seven days. This  referred to as compensatory cellular hypertrophy (CCH), which results
rapid proliferation surpasses even the robust growth observed in fast- in rapid liver expansion after PHx due to increased hepatocyte size,
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followed by the phase of robust proliferation’’. Not surprisingly,
regeneration of liver tissue after PHx involves altered metabolism to
support this highly dynamic process by engaging in particular anabolic
pathways® ™. Both cell growth to a larger size and proliferation are
dependent on mitochondrial function>".

The de novo pyrimidine synthesis pathway is important for cell
proliferation to provide nucleic acid precursors. Not much is known
about its role in liver regeneration. We have recently found that cancer
cells with dysfunctional mitochondria import these organelles with
their DNA payload via horizontal mitochondrial transport'*", in order
to restore mitochondrial respiration that is critically linked to de novo
pyrimidine synthesis, enabling transition through the S-phase of the
cell cycle®. It can be estimated that approximately half a billion cells
need to form in the mouse liver within the span of <7 days following
~35% PHx. Consequently, we postulated that such robust cell growth
necessitates the engagement of de novo pyrimidine synthesis for rapid
transition through the cell cycle.

We show here the critical role of de novo pyrimidine synthesis in
liver regeneration linked to rapid metabolic remodeling, whereby
detoxification of ammonia in the liver is suppressed in favor of the use
of this toxic product to support anabolic pathways epitomized by the
de novo pyrimidine pathway.

Results

Inhibition of dihydroorotate dehydrogenase suppresses liver
regeneration

Our recent research showed that de novo pyrimidine synthesis (see
scheme in Fig. 1a) is of importance for tumor formation that cancer
cells devoid of mitochondrial DNA (mtDNA) import mitochondria
with DNA from the surrounding stroma to restore respiration needed
to drive conversion of dihydroorotate (DHO) to orotate. This is cat-
alyzed by dihydroorotate dehydrogenase (DHODH), an enzyme
coupled to the mitochondrial electron redox chain. Since it takes
5-7 days to fully regenerate liver after removal of the left lateral lobe
(Fig. 1b), which equates to about -35% PHx", we anticipated that
generation of the high number of cells requires a switch from
homeostasis to metabolic pathways that support rapid cell pro-
liferation required for fast transition via the cell cycle, supported by
de novo pyrimidine synthesis. It has been shown that inhibition of
DHODH, using the specific inhibitor BAY-2402234 that suppresses
activity of the enzyme with an ICsq of 3-5 nM', results in suppression
of tumor growth”. We therefore tested the effect of the inhibitor on
liver regeneration following ~35% PHx (Fig. 1a, b). Figure 1c shows
that the loss in body weight after PHx of about 1g (assuming mouse
weight of ~20g) was followed by recovery to near that of control
mice within 5 days. On the other hand, BAY-2402234 given to mice
post-PHx by daily gavage (2 or 5 mg/kg) resulted in a complete haltin
body weight increase. This is further corroborated by the liver to
body weight ratio (LBWR), where the full restoration of liver in mice
at 7 days is blocked by the DHODH inhibitor (Fig. 1d). Of note, treated
mice exhibited similar liver status parameters compared to untreated
mice 3-14 days after ~ 35% PHx (Supplementary Fig. 1) and had a100%
survival rate (Supplementary Fig. 2), suggesting that treatment with
BAY-2402234 following 35% PHx is well tolerated and does not cause
toxicity's.

To test whether the DHODH inhibitor specifically blocks cell
proliferation in liver tissue following PHx, we probed for known pro-
liferation markers such as minichromosome maintenance complex
component 2 (MCM2), proliferating cell nuclear antigen (PCNA), and
phospho-histone H3 (pHH3), and performed an EdU (5-ethynyl-2"-
deoxyuridine) assay®’. The results demonstrate robust proliferation in
regenerating liver peaking on day 3 after PHx, with slower proliferation
on day 7 (Fig. 1e, f), and tissue distribution of proliferation encom-
passing whole liver parenchyma from periportal to pericentral locali-
zations (Fig. 1g and Supplementary Fig. 3a). Treatment with BAY-

2402234 considerably suppressed proliferation, as shown in Fig. 1e, f
and Supplementary Fig. 3b.

De novo pyrimidine pathway is required for liver regeneration
We next investigated whether BAY-2402234 suppresses de novo pyr-
imidine synthesis (see scheme in Fig. 1a) in the context of liver
regeneration. We first assessed the effect of the inhibitor on DHODH-
dependent respiration (Fig. 2a) and DHODH activity (Fig. 2b), and
found that suppression of both parameters considerably lowered the
orotate-to-DHO ratio (Fig. 2c).

To extend our studies further, we applied LC-MS and MALDI
imaging techniques to determine levels of de novo pyrimidine pathway
intermediates. Figure 2d shows the level of glutamine (GIn), carbamoyl
aspartate (CA), DHO and uridine monophosphate (UMP) in control liver
and in liver on days 3, 7 and 14 post-PHXx, as well as on day 3 after PHx in
mice treated with BAY-2402234. LC-MS data show progressive increase
in liver levels of GIn, CA and DHO from day 3 to day 7 post-PHx, fol-
lowed by a reduction in levels similar to control on day 14 post-PHx.
Interestingly, MALDI imaging analyses show high levels of aspar-
tate (Asp), carbamoyl phosphate (CP), CA and DHO (also shown by LC-
MS), precursors of orotate formed from DHO by DHODH, coupled with
low levels of UMP and uridine diphosphate (UDP) on day 3 PHx mice
treated with the DHODH inhibitor (Fig. 2d and Supplementary Fig. 4).
Spatial mapping by combined MALDI imaging and immunostaining
localized GIn pericentrally and glutamate (Glu) periportally in control
and day 3 post-PHx with and without BAY-2402234 treatment (Fig. 2e).
Notably, the high levels of orotate precursors observed in BAY-
2402234-treated liver 3 days post-PHx exhibited differential localiza-
tion. While CA and DHO were distributed across the whole liver par-
enchyma, aspartate (Asp) was mainly periportal, with its distribution
similar in extent to Glu (Fig. 2e). We conclude from data in Figs. 1, 2, and
Supplementary Fig. 4 that de novo pyrimidine synthesis is required for
the proliferation of liver cells, and therefore for liver regeneration. In
addition, as Asp and Glu are linked to the urea cycle, Asp accumulation
periportally closely mirrors Glu spatial distribution upon BAY-2402234
treatment 3 days post-PHx, suggesting possible involvement of the urea
cycle in fulfilling this requirement for de novo pyrimidine synthesis.

Urea cycle activity is lower in regenerating liver

A major liver function is detoxification of ammonia to urea. Since loss
of hepatic tissue, e.g., due to resection, theoretically reduces its
capacity to process ammonia, we queried the possibility of metabolic
remodeling. Here, we hypothesize that the toxic metabolite ammonia,
rather than being ‘wasted’ in the form of urea formed via the urea cycle
(Fig. 3a), is utilized to support the increased demand for metabolic
precursors necessary for anabolic pathway(s) of rapidly regenerating
liver. To investigate this, we determined the state of the urea cycle
during liver regeneration by treating mice with “NH,CI, given by
intraperitoneal injection, and analyzing liver tissue by LC-MS to assess
the fate of unlabeled and labeled ammonium chloride in the context of
the urea cycle. Interestingly, urea cycle activity, assessed as the ratio of
citrulline and CA (Fig. 3b), and as a function of ornithine transcarba-
moylase (OTC) activity (ratio of citrulline and ornithine) (Fig. 3c), is
lower following PHx from day 3-7, with a tendency to normalize to
control mouse liver levels on day 14 post-PHx. Importantly, this effect
on the urea cycle activity is mirrored by the levels of urea in the cir-
culation (Fig. 3d and Supplementary Fig. 5).

Lower urea cycle activity, and as a consequence, lower blood urea
levels, is further corroborated by LC-MS data showing lower citrulline
and arginosuccinate concurrent with increased ornithine levels on
days 3 and 7 post-PHx, and restoration to control levels at day 14 post-
PHx (Fig. 3e), thereby confirming lower activity of the urea cycle in
ammonia detoxification on days 3 and 7 post-PHx, and normalization
at the time of completed liver regeneration. Of note, similar metabolic
tendencies were observed for m+1 isotopologues of metabolites
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Fig. 1| Liver regeneration and hepatocyte proliferation are suppressed by a
DHODH inhibitor. a Scheme of the de novo pyrimidine pathway illustrating the
precursor substrates and respective enzymes to make the final product uridine-5-
monophosphate (UMP), which can be inhibited by BAY-2402234 (BAY) specifically
targeting DHODH in the mitochondria. b Mouse liver subjected to partial hepa-
tectomy (PHx) showing removal of the left lateral lobe (-35% of the whole liver) with
full regeneration of the remaining liver occurring within 7 days. Relative body
weight (c) and liver/bodyweight ratio (LBWR, %) (d) of control mice and mice
subjected to ~35% PHx with or without daily gavage of BAY. Assessment of pro-
liferation using western blot (WB) of MCM2, PCNA, and pHH3 (e), and using the EAU
assay (f) in control and ~35% PHx mice with or without daily gavage of BAY at the
indicated timepoints. g A section of regenerating liver was imaged for E-cadherin
(red) to demarcate the periportal region surrounding the portal vein (PV), GS
(green) to stain the pericentral cells surrounding the central vein (CV), and EdU-
positive cells (white) showing spatial localization of proliferating cells encom-
passing periportal to pericentral distribution within the liver (inset). For panel (c),
multiple ¢ tests using the Holm-Sidak method were used (control n=4, PHx n=8,
PHx + 2 mg/kg BAY n =4, PHx + 5 mg/kg BAY n =4; p-values for control vs. PHx at
days 1, 2, and 3 post-PHx are 0.0003, 0.0025, and 0.0122 respectively; p-values for
PHx vs. PHx+2 mg/kg BAY at days 2, 3, 4, 5, 6 and 7 post-PHx are 0.0362, 0.0075,

0.0057,0.0009, 0.0003, and 0.0061, respectively; p-values for PHx vs. PHx + 5 mg/
kg BAY at days 2, 3, 4, 5, 6 and 7 post-PHx are 0.0370, 0.0370, 0.0085, 0.0264,
0.0040, and 0.0018, respectively). For panels (d and f), unpaired ¢ test was used (d:
control n =15, day O post-PHx n = 4, day 3 post-PHx n =15, day 3 post-PHx + 2 mg/kg
BAY n =10, day 7 post-PHx n=15, day 7 post-PHx + 2 mg/kg BAY n = 4; p-values for
control vs. post-PHx at days 0, 3, 3 +2 mg/kg BAY, and 7 + 2 mg/kg BAY are
<0.0001, 0.0067, <0.0001, and 0.0002, respectively; p-values for post-PHx day 3
vs. day 3 +2 mg/kg BAY and post-PHx day 7 vs. day 7 + 2 mg/kg BAY are 0.0036 and
0.0035, respectively; (f) control n=11, day 3 post-PHx n=9, day 3 post-PHx + 2 mg/
kg BAY n=10, day 7 post-PHx n=11, day 7 post-PHx + 2 mg/kg BAY n =4; p-values
for control vs. post-PHx days 3, 3 + 2 mg/kg BAY, 7, 7 + 2 mg/kg BAY are < 0.0001,
0.0007, <0.0001, and < 0.0001, respectively; p-values for post-PHx day 3 vs. post-
PHx day 3 +2 mg/kg BAY, day 7, day 7 + 2 mg/kg BAY are < 0.0001; p-values for
post-PHx day 3 +2 mg/kg BAY vs. post-PHx day 7 and day 7 + 2 mg/kg BAY are
0.0017 and 0.0038, respectively). Images presented are representative of at least
three independent biological experiments. Data are expressed as mean + S.D. The
symbols */+, **/++, ***/+++’, and ***/++++ denote statistical significance at p<0
.05, p<0.01, p<0.001, and p < 0.0001, respectively; ns, not significant. Source data
are provided as a Source Data File.

(Fig. 3f), suggesting that the fate of injected ammonium chloride
resembles metabolic processing of the unlabeled and presumably
endogenous ammonia in the liver. Isotope fraction enrichment analy-
sis confirms the metabolic processing of labeled ammonia via the urea
cycle, and interestingly, demonstrated a more upstream enrichment of
new intermediates made from the administered ammonia (Fig. 3g).

Ammonia that is not detoxified by urea cycle supports liver
regeneration

The fact that the urea cycle activity is suppressed after PHx coupled
with a tendency to a more upstream processing of new intermediates
indicate that ammonia, which is detoxified via the urea cycle under
homeostasis, can be redirected from upstream of the pathway towards
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Fig. 2| Liver regeneration requires de novo pyrimidine synthesis. Assessment of
DHODH-dependent respiration (a), DHODH activity (b), and orotate-to-DHO ratio
(c) in control mice and mice subjected to ~ 35% PHx with or without daily gavage of
2 mg/kg BAY-2402234 (BAY). LC-MS data showing levels of de novo pyrimidine
metabolites glutamine (GIn), carbamoyl aspartate (CA), dihydroorotate (DHO),
uridine monophosphate (UMP), their MALDI-TOF representative images with
intensity quantification (d), and their MALDI-TOF spatial localization including
glutamate (Glu) and aspartate (Asp) (e) demarcated by pericentral (C) GS staining
(green), and periportal (P) taurocholic acid (TCA) accumulation in liver of control
mice and mice subjected to - 35% PHx with or without daily gavage of 2 mg/kg BAY.
MALDI-TOF images were acquired with the 9AA matrix and measured in the
negative mode. Images are displayed with TIC normalization, 99% quantile hotspot
removal, linear interpolation and weak denoising level. Peak intensities are rescaled
to the full color map. For panels (a-d), unpaired ¢ test was used, and data are
expressed as mean +S.D. (a: all groups have n=4; control vs. day 3 post-PHx + 2
mg/kg BAY p < 0.0001; control vs. day 7 post-PHx + 2 mg/kg BAY p = 0.0003; day 3
post-PHx vs. day 3 post-PHx +2 mg/kg BAY p < 0.0001; day 7 post-PHx vs. day 7
post-PHx +2 mg/kg BAY p = 0.0028; b: all groups have n =4; control vs. day 3 post-
PHx +2 mg/kg BAY p < 0.0001; control vs. day 7 post-PHx + 2 mg/kg BAY
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symbols */+, **/++, ***/+++" and “***/++++" denote statistical significance at
p<0.05,p<0.01, p<0.001 and p < 0.0001, respectively. Source data are provided
as a Source Data File.

anabolic reactions to support liver regeneration. This intriguing sce-
nario, where a toxic metabolite is repurposed ‘in time of need’ to
generate additional substrate to support efficient generation of pyr-
imidines by the de novo pathway, was further investigated. Figure 4a
shows schematically the metabolite fluxes involving the urea cycle and
de novo pyrimidine synthesis, highlighting diversion of the ammonia
flow into de novo pyrimidine synthesis during liver regeneration. In
this scheme, the entry points of ammonia into the pathway are (i)
direct amination of Glu to Gln, catalyzed by glutamine synthetase (GS);
(ii) reductive amination of a-ketoglutarate (a-KG) to Glu catalyzed by
glutamate dehydrogenase (GDH), which can further incorporate
ammonia by its amination to GIn, or be incorporated into the pathway
as Asp via transamination catalyzed by glutamic-oxaloacetic transa-
minase 1 (GOT1); and (iii) incorporation into CP catalyzed by carba-
moyl phosphate synthetase 1 (CPS1) that, along with Asp, can give rise
to CA via the second reaction of the trifunctional enzyme CAD.
Expression of these enzymes, including those of the de novo pathway
is similar in regenerating liver 3 to 14 days post-PHx including liver
treated with BAY-2402234 for 3 days post-PHx compared to control
(Supplementary Fig. 6), suggesting that their levels are maintained

post-PHx even after treatment with BAY-2402234 at the indicated
timepoints.

In accordance with the scheme, we evaluated the regenerating
liver from P“NH,Cl-injected mice for the presence of metabolites
described, including their m+1 and m +2 isotopologues to track the
flow of ammonia. Figure 4b shows the overall trend, whereby meta-
bolites of de novo pyrimidine synthesis, GIn, DHO, orotate and UMP
increase on days 3 and 7 post-PHx before normalizing to control levels
on day 14, highlighting the need for de novo pyrimidines as the liver
regenerates. A similar trend was observed for Asp, Glu and CA, sug-
gesting the incorporation of ammonia into regenerating liver pyr-
imidine precursors via GDH and GOT], and CPS1 in the urea pathway.
Furthermore, the metabolic tendencies for the m+1 and m+2 iso-
topologues were similar to the unlabeled metabolites, pointing to
direct incorporation of ammonia into the precursors shown in Fig. 4a.
In addition, the accumulation of high levels of unlabeled and m +1and
m+2 DHO and CA coupled with low levels of UMP upon treatment
with BAY-2402234 on day 3 provides further evidence for incorpora-
tion of ammonia into the de novo pyrimidine pathway. Analysis of the
isotope fraction enrichment reveals that as much as ~50% of the new de
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novo pyrimidine intermediates GIn, CA, DHO and orotate stemmed
from the administered ammonia (Fig. 4c). These results show that
during liver regeneration, ammonia is diverted from urea cycle
detoxification towards anabolic processes to form pyrimidines via the
de novo pathway, thus allowing for fast cell proliferation to facilitate
liver regeneration following PHXx.

Liver regeneration involves zoning of metabolic pathways

On the premise that liver function is zonal”, where the urea cycle,
dependent on CPS1 to ‘scavenge’ ammonia, is largely confined peri-
portally, and GIn synthesis by GS strictly pericentrally, we propose that
the entry points for ammonia incorporation to support de novo

pyrimidine synthesis, and thus cell proliferation within regenerating
liver, will be zonal as well (Fig. 5a; ¢f. Figure 1g and Supplementary
Fig. 3a). This is further supported by our initial findings where Glu, an
upstream urea cycle metabolite, localized periportally and GIn peri-
centrally (cf. Figure 2e). We mapped liver zones spanning periportal to
pericentral localizations using specific functional markers
glutaminase-2 (GLS2), GS, and CPS1 (Fig. 5b). While GLS2 and CPS1 co-
localize periportally (Fig. 5b), CPS1 expression extends well beyond the
GLS2 + periportal regions further into the parenchyma but is mutually
exclusive with pericentral GS (Fig. 5c¢). This suggests that CPSI-
mediated ammonia scavenging encompasses the majority of the
hepatic zones, bounded only by the GS+ zone where it is not
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Fig. 3 | Hepatectomy is followed by low activity of the urea cycle. a Scheme of
the urea cycle showing the classical ‘entry’ of ammonia into the pathway as car-
bamoyl phosphate (CP), catalyzed by CPS1 and its eventual conversion into urea.
Assessment of the urea cycle activity presented as a ratio of citrulline and carba-
moyl aspartate (CA) (b), and as a ratio of citrulline and ornithine (OTC activity) (c),
and the corresponding urea levels in the blood (d), analyzed in the liver or blood of
control mice and mice subjected to ~ 35% PHx. e, f Evaluation of the m+ 0 and m +1
metabolites of the urea cycle following injection of “NH,Cl in control mice and
mice subjected to - 35% PHx. g Isotope ratio reported as fraction enrichment (%) of
all possible nitrogen isotope variations. For panels (b-f), unpaired ¢ test was used
and data are expressed as mean + S.D. (b: control, day 14 post-PHx n = 4; day 3 post-
PHx, day 7 post-PHx n =5; control vs. day 3 post-PHx p = 0.0431; control vs. day 7
post-PHx p = 0.0374; c: control, day 14 post-PHx n =4; day 3 post-PHx, day 7 post-
PHx n =5; control vs. day 3 post-PHx p = 0.0140; control vs. day 7 post-PHx
p=0.0234; d: all groups have n = 5; control vs. day 3 post-PHx p = 0.0191; control vs.
day 7 post-PHx p = 0.0173; e, Citrulline: control, day 14 post-PHx n =4; day 3 post-

PHx, day 7 post-PHx n = 5; control vs. day 3 post-PHx p = 0.0072; control vs. day 7
post-PHx p = 0.0072; e, Arginosuccinate: control, day 14 post-PHx n = 4; day 3 post-
PHx, day 7 post-PHx n =5; control vs. day 3 post-PHx p = 0.0025; control vs. day 7
post-PHx p = 0.0397; e, Arginine: control, day 14 post-PHx n = 4; day 3 post-PHx, day
7 post-PHx n =35; control vs. day 7 post-PHx p = 0.0250; control vs. day 14 post-PHx
p=0.0057; e, Ornithine: control, day 14 post-PHx n = 4; day 3 post-PHx, day 7 post-
PHx n=35; control vs. day 3 post-PHx p = 0.0060; control vs. day 14 post-PHx
p=0.0425; f, Citrulline: control, day 14 post-PHx n = 4; day 3 post-PHx, day 7 post-
PHx n=5; control vs. day 3 post-PHx p = 0.025L; control vs. day 7 post-PHx
p=0.0083; f, Arginosuccinate: control, day 14 post-PHx n = 4; day 3 post-PHx, day 7
post-PHx n = 5; control vs. day 3 post-PHx p = 0.0357; f, Arginine: control, day 14
post-PHx n =4; day 3 post-PHx, day 7 post-PHx n =5; f, Ornithine: control, day 14
post-PHx n=4; day 3 post-PHx, day 7 post-PHx n =5; control vs. day 3 post-PHx
p=0.0292). The symbols ““and “* denote statistical significance at p <0.05 and
p<0.01, respectively. Source data are provided as a Source Data File.

expressed. By resolving the tissue metabolites using MALDI imaging
and mapping them against the functional liver zones described, we
show de novo pyrimidine pathway metabolic flux along the defined
functional zones of the liver tissue (Fig. 5d). This analysis, in tandem
with the LC-MS and MALDI imaging data in Fig. 2d, e, and Fig. 4b shows
accumulation of high levels of the orotate precursors, CA and DHO, in
day 3 PHx mice treated with the DHODH inhibitor, but with spatial and
fluxomic resolution. Of note, taurocholic acid (TCA) accumulates
periportally, signifying precise mapping (Fig. 5d). This establishes
applicability of the MALDI imaging method to functional spatial ana-
lysis of metabolic flux within liver tissue.

We applied this analysis to regenerating liver tissue following
injection of “NH,Cl and tracked the metabolic fluxes of labeled
ammonia incorporation as it traverses the functional liver zones
(Supplementary Fig. 7). Figure 5e illustrates the metabolic map of
m+0 and m + 1 isotopologues of pyrimidine precursors, zonally from
periportal to pericentral in BAY-2402234-treated vs. untreated day 3
PHx and control livers. Detailed analyses show that higher levels of Glu
and GIn in all PHx liver samples compared to controls are zonally
distributed; whereas Glu is high periportally, GIn is high pericentrally
(Fig. 5f). Interestingly, while Glu and Asp are higher in day 3 PHx liver
compared to the control, treatment with the DHODH inhibitor shows
accumulation of high levels of CA, coupled with combined reduction
of Glu and Asp in the periportal zone (Fig. 5g), suggesting that Glu is
transaminated to Asp and incorporated with CP to form CA within
these zones. Notably, high levels of DHO accumulation are maintained
along all liver zones in day 3 PHx liver treated with BAY-2402234
(Fig. 5h), indicating the availability of CA periportally and GIn peri-
centrally as DHO precursors, to facilitate de novo pyrimidine synthesis
and, ultimately, supporting proliferation in the respective zones. Fur-
thermore, the metabolic flux along the functional liver zones of m+0
and m +1 isotopologues are almost identical (Fig. Se-h), demonstrat-
ing the incorporation of labeled ammonia into the respective de novo
pyrimidine precursors spatially as they traverse the liver zones, as
shown in Fig. 5a.

We applied a similar approach to regenerating liver after a more
drastic resection by combined removal of left lateral and medial lobes,
which equates to about - 60% PHx" (Fig. 6), and noted certain differ-
ences. The loss of body weight by about 2 g (assuming mouse weight of
~20 g), tantamount to the amount of tissue loss at - 60% PHx", did not
fully recover to that of control mice at day 7 post-PHx (Fig. 6a), and is
further reflected by the LBWR (Fig. 6b), suggesting an initial delay in
regeneration possibly to make up for the bigger tissue loss. Although
~ 60% PHx mice treated daily with BAY-2402234 at 2 mg/kg have sig-
nificantly reduced body weights and LBWR, the difference to
untreated PHx mice only became significant from day 5 to day 7 post-
PHx (Fig. 6a, b). EAU labeling revealed that despite an overall higher
proliferative capacity (Figs. 1f, 6¢), a significant proliferative difference

can still be distinguished between treated and untreated mice on day 3
post-PHx (Fig. 6¢) that is not reflected by body-weight and LBWR,
suggesting effective attenuation of proliferation on day 3 post-PHx by
BAY-2402234 when given at 2 mg/kg. Increasing the dose to 5 mg/kg
however, while non-toxic to mice'® (Supplementary Fig. 2), resulted to
67% mortality 2 days post-PHx (Supplementary Fig. 2), indicating that
further suppression of DHODH by administering higher doses of BAY-
2402234 at -~ 60% hepatic tissue loss increased mortality. Likewise,
expression of the functional markers GLS2, CPS1 and GS showed very
similar localization effectively mapping liver zonation as described
where proliferation by EdU labelling spanned across periportal to
pericentral zones (Fig. 6d). Similarly, BAY-2402234 treatment effec-
tively attenuated DHODH as reflected by lower respiration (Fig. 6e),
lower activity (Fig. 6f), and lower orotate to DHO ratio (Fig. 6g). More
importantly, lower urea cycle activity is again evident following ~ 60%
PHx from day 3 to day 7, as reflected by lower ratios of citrulline and CA
(Fig. 6h), citrulline and ornithine (Fig. 6i), and blood urea
levels (Fig. 6j).

When injected with "NH,CI, labeled and unlabeled ammonia
incorporated into de novo pyrimidine precursors similarly to ~ 35%
PHx but accumulation of precursors, particularly Asp, Glu, CA, DHO,
and orotate peaked earlier on day 3 post-PHx before tapering off on
days 7 and 14 post-PHx (Fig. 4b and Supplementary Fig. 8a), suggesting
earlier accumulation of precursors to support the higher proliferative
capacity demonstrated by EdU labelling (Figs. 1f, 6¢). In addition, we
observed a 2-fold higher DHO accumulation upon treatment with BAY-
2402234 on day 3 post-PHx (Fig. 4b and Supplementary Fig. 8a), sug-
gesting that higher levels of precursors are being synthesized after
~ 60% PHx catering to increased proliferative capacity, and probably
due to higher levels of ammonia processing as a consequence of
greater tissue loss, as suggested by the isotope fraction enrichment
data where up to ~75% of new CA and orotate stemmed from the
labeled ammonia compared to only ~50% in ~ 35% PHx (Fig. 4c and
Supplementary Fig. 8b). Interestingly, despite the same treatment with
BAY-2402234 at 2 mg/kg for 3 days post-PHx, orotate accumulated
2-fold higher after ~ 60% PHx (Fig. 4b and Supplementary Fig. 8a),
indicating ‘attenuation’ rather than ‘suppression’ of DHODH at the
indicated dose after ~ 60% PHx, and hence, the significantly higher
proliferation after - 60% PHx compared to ~35% PHx by EdU labelling in
day 3 treated mice (Figs. 1f, 6¢). Increasing the dose to 5 mg/kg, how-
ever, led to higher mortality (Supplementary Fig. 2).

When analyzed for the metabolic flux to show incorporation of
ammonia into de novo pyrimidine precursors as it traverses the
functional liver zones from periportal to pericentral 3 days post-PHx
(Fig. 6k and Supplementary Fig. 9), incorporation into high levels of
Glu and GIn showed periportal and pericentral accumulation, respec-
tively (Fig. 6k, 6l). The high levels of Asp mirrored Glu with reducing
trend from periportal to pericentral, indicative of the more periportal
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Fig. 4| Ammonium is used by regenerating liver for anabolic processes. Scheme
linking the urea cycle and the de novo pyrimidine pathway (a), showing the possible
entry points of ammonia into the system and how they can be diverted and
incorporated as de novo pyrimidine pathway precursors (red broken arrows;
metabolites in red), and their m+0, m+1, and m +2 isotopologue levels (b), ana-
lyzed by LC-MS using liver from ®NH,Cl-injected control mice and from mice
subjected to ~35% PHx with and without daily gavage of 2 mg/kg BAY-2402234
(BAY) at the indicated timepoints. ¢ Isotope ratio reported as fraction enrichment
(%) of all possible nitrogen isotope variations. For panel (b) unpaired ¢ test was used
and data are expressed as mean + S.D. (For all m + 0, m + 1, and m + 2 isotopologues
of metabolites: control, day 3 post-PHx n=3; post-PHx days 7, 14, and 3 + 2 mg/kg
BAY n=4; m+ 0 Aspartate: control vs. day 3 post-PHx p = 0.0029; control vs. day 7
post-PHx p = 0.0032; control vs. day 14 post-PHx p=0.0006; m + 1 Aspartate:
control vs. day 3 post-PHx p = 0.0008; control vs. day 7 post-PHx p = 0.0025; m + 0
Glutamate: control vs. day 3 post-PHx p = 0.0014; control vs. day 7 post-PHx
p=0.0009; control vs. day 3 post-PHx + 2 mg/kg BAY p = 0.0062; m +1 Glutamate:
control vs. day 3 post-PHx p = 0.0010; control vs. day 7 post-PHx p = 0.0458; m + 0

Glutamine: control vs. day 7 post-PHx p = 0.0266; m + 1 Glutamine: control vs. day 3
post-PHx p = 0.0028; control vs. day 7 post-PHx p = 0.0003; m + 2 Glutamine:
control vs. day 3 post-PHx p = 0.0193; m + 0 Carbamoyl aspartate: control vs. day 3
post-PHx+2 mg/kg BAY p=0.0004; m + 1 Carbamoyl aspartate: control vs. day 3
post-PHx +2 mg/kg BAY p =0.0053; m +2 Carbamoyl aspartate: control vs. day 3
post-PHx+2 mg/kg BAY p =0.0127; m + O Dihydroorotate: control vs. day 3 post-
PHx+2 mg/kg BAY p =0.0004; m + 1 Dihydroorotate: control vs. day 3 post-PHx +
2 mg/kg BAY p =0.0042; m +2 Dihydroorotate: control vs. day 3 post-PHx + 2 mg/
kg BAY p=0.0106; m + O Orotate: control vs. day 3 post-PHx + 2 mg/kg BAY
p=0.0022; m+ 0 UMP: control vs. day 3 post-PHx p =0.0049; m +1 UMP: control
vs. day 3 post-PHx p = 0.0029; control vs. day 7 post-PHx p = 0.0383; control vs. day
3 post-PHx+2 mg/kg BAY p = 0.0101; m +2 UMP: control vs. day 3 post-PHx
p=0.0493; control vs. day 7 post-PHx p = 0.0299; control vs. day 3 post-PHx +2
mg/kg BAY p=0.0059). The symbols *, *¥, and “** denote statistical significance
at p<0.05, p<0.01, and p < 0.001, respectively. Source data are provided as a
Source Data File.
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urea cycle activity incorporating ammonia into Glu, then transami-
nating to Asp (Fig. 6k, m). Interestingly, treatment with BAY-2402234
led to near depletion of GIn levels not observed in - 35% PHx (Figs. 5e, f,
6k, 1), whose flux mirrors a concurrent higher level of the orotate
precursors Asp, CA, and DHO peaking at the highest pericentrally
(Fig. 6k, m, n). This suggests that under conditions of greater hepatic

tissue loss (- 60% PHx), a more active pericentral incorporation of
ammonia into de novo pyrimidine precursors occurs. The almost
identical flux exhibited by “NH,CI into the respective m+1 iso-
topologues confirms ammonia incorporation into the respective de
novo pyrimidine precursors as it traverses the functional liver zones
(Fig. 6k—-n).
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Fig. 5 | Liver regeneration involves zoning of metabolic pathways. a Scheme of
functional liver zonation into glutaminase-2 positive (GLS2 +) periportal (P), car-
bamoyl phosphate synthase positive (CPS1 +) periportal (P) extending towards but
mutually exclusive to glutamine synthetase positive (GS +) pericentral (C) regions
depicting how ammonia is ‘scavenged’ and incorporated into the de novo pyr-
imidine pathway spatially within a regenerating liver as it traverses the respective
zones towards the direction of blood flow as indicated. The respective zones
described are imaged in the mouse liver (b), showing periportal (P) to pericentral
(C) staining using the functional markers GLS2 and GS, respectively, with the
endothelium lining the blood vessels positive for CD31, and with the GS+ zone
mutually exclusive with the CPS1 + zone (c). d Combined analyses using imaging to
depict liver functional zones (upper panel) in tandem with MALDI-TOF analysis
(lower panels) on the same zones (depicted by yellow line in imaging panels) using
liver of control mice and mice subjected to ~ 35% PHx with or without daily gavage
of 2 mg/kg BAY-2402234, showing metabolic fluxes of de novo pyrimidine meta-
bolites from periportal (P) to pericentral (C) zones (arrows). Horizontal bars on
lower panels represent metabolic flux set relative to control levels. Taurocholic acid
(TCA) and GS staining were used to demarcate periportal and pericentral zones,

respectively. e Similar combined analyses using imaging to identify liver functional
zones as previously described using specific markers (upper panel) in combination
with MALDI-FTICR (lower panels) in liver taken from ®NH,Cl-injected control mice
and from mice subjected to ~35% PHx with and without daily gavage of 2 mg/kg
BAY-2402234 showing distribution of m + 0 and m +1 isotopologues of de novo
pyrimidine precursor metabolites that can incorporate ammonia within the func-
tional liver zones. Using MALDI-FTICR data on the functional zones identified
through imaging (depicted by white arrow from P to C on upper panel of e), the
periportal (P) to pericentral (C) m+0 and m +1 metabolic fluxes of isotopologues
of pyrimidine precursors that can potentially incorporate ammonia, specifically GIn
and Glu (f), CA, Asp and Glu (g; arrows point to the ‘P’ zone), and DHO and its
upstream substrates Gln and CA (h; arrows point to the ‘C’ zone), are shown.
MALDI-TOF and MALDI-FTICR images were acquired with the 9AA and DAN
matrices measured in the negative mode, respectively. Images are displayed with
TIC normalization (MALDI-TOF) or RMS normalization (MALDI-FTICR), 99% quan-
tile hotspot removal, linear interpolation and weak denoising level. Peak intensities
rescaled to full color map. Source data are provided as a Source Data File.

Notably, non-surgical naive and surgical unhepatectomized sham
mice with and without BAY-2402234 treatment when used as controls,
demonstrated that surgery and BAY-2402234 treatment itself did not
compromise overall health of mice at the time of experimental mea-
surements (Fig. 6a). In addition, when isotope fraction enrichment
data were analyzed using intensities of the MALDI-FTICR imaging for
~35% PHx (Supplementary Fig. 7) and ~ 60% PHx (Supplementary
Fig. 9), similar to LC-MS data (Figs. 3g, 4c and Supplementary Fig. 8b), a
tendency to a more upstream processing of new intermediates in the
urea cycle indicate ammonia redirection to new pyrimidine precursors
GIn, CA, DHO, and orotate in the de novo pyrimidine pathway (Sup-
plementary Fig. 10a, b). Intriguingly, the tissue levels of BAY-2402234
correlated positively with CA and DHO, and negatively with orotate
and UMP in a timepoint-dependent manner from day 3 to 7 to 14 post
~60% PHx (Supplementary Fig. 11a, b), where BAY-2402234 at 2 mg/kg
only attenuates rather than suppress liver regeneration (Fig. 4b, Sup-
plementary Fig. 8a and Figs. 1f, 6c). This suggests that its effect on
DHODH inhibition is not only dependent on its levels in the tissue, but
also on the extent of liver regeneration (albeit attenuated in this case),
where a more ‘normalized’ liver on days 7-14 compared to day 3 post-
PHX, is better able to presumably metabolize the drug, lowering its
levels, hence its effects (Supplementary Fig. 11a, b).

Discussion

Of'the various tissues, the liver is endowed with the exceptional feature
of regeneration, and up to 90% PHx still allows for complete re-growth
of the organ'™. This process involves rapid liver volume increase post-
PHx due to CCH, followed by very fast proliferation of hepatocytes
such that the number of cells in the regenerating liver within 7 days is
similar to that of the pre-PHx organ®®*%. This intriguing ‘memory’
within the liver is particularly noteworthy. Moreover, it holds sig-
nificant implications for liver transplantation, where matching of the
original liver size given by cell number is imperative for its function,
supporting a strictly regulated process®.

The highly robust proliferation of hepatocytes after PHx is
accompanied by activation of anabolic pathways that support liver cell
proliferation’'°. While there is relatively good knowledge about the
various pathways that are upregulated and downregulated in the
regenerating liver, with mitochondria being an important player in
these pathways’?, virtually nothing is known about the possible role of
the de novo pyrimidine pathway in liver regeneration. To the best of
our knowledge, there are only a few reports focusing on the formation
of nucleotides, often in cultured cells, including hepatocytes* . This
is surprising given the fact that rapidly proliferating cells, typically
represented by cancer cells, need de novo pyrimidine synthesis to
support rapid transition through the S-phase of the cell cycle, and that

DHODH, the ‘mitochondrial component’ of the pathway, is a vulner-
ability that can be exploited for cancer treatment” >, Further, it was
shown that DHODH is expressed early in malignant transformation,
most likely to support rapid cell proliferation®. Our own research has
shown that the de novo pyrimidine pathway is linked to horizontal
mitochondrial transfer in the context of tumor formation and pro-
gression, supporting the requirement of this pathway for rapid cell
proliferation'*®,

Linked to the above, we reasoned that due to very high pro-
liferation rates, regenerating liver after ~ 35% PHx is likely to be
dependent on the de novo pyrimidine pathway. Indeed, we show here
that this is the case. Our first evidence is based on the use of a highly
specific inhibitor of DHODH, the enzyme that catalyzes the fourth
reaction of the pathway. We show that the inhibitor suppresses cell
proliferation in the liver after ~ 35% PHx by inhibiting DHODH-
dependent respiration and DHODH activity. This clearly points to the
importance of DHODH activity, and consequently, DHODH-dependent
respiration in liver regeneration. We next investigated the metabo-
lomics of the de novo pyrimidine pathway and, consistent with the
above-mentioned results, we found that DHODH inhibition caused
high-level accumulation of DHO, as shown earlier in the context of
cancer'®'®, as well as that of CA.

Since regenerating liver has a high demand for pyrimidines to
support robust cell proliferation of the tissue, we investigated the
origin of substrates for de novo pyrimidine synthesis that should be
formed in higher amounts to comply with the anabolic needs of
regenerating liver. The ‘classical’ substrate for the pathway is GIn. In
the context of the functional liver histology, this may hold true peri-
centrally, where GS is expressed in abundance. However, the peri-
portal presence of high levels of GLS2, whose primary function is to
break down GIn into Glu and ammonia, with the latter known to further
stimulate GLS2 as an amplification loop for the urea cycle®, presents a
dichotomous scenario. With this in mind, by using functional spatial
metabolomics in regenerating liver with perceived urea cycle
attenuation, we present an interesting concept where two of its main
substrates, CP catalyzed by CPS1, and Asp from transamination of Glu,
both metabolically capable of scavenging ammonia in the periportal
parenchyma, are redirected as de novo pyrimidine precursors where,
histologically, GIn is not available. As proliferation in regenerating liver
is disproportionately high in the combined periportal and par-
enchymal regions outside the bounds of the pericentral zone, the urea
cycle attenuation presents a major hepatic metabolic remodeling
event to support increased demand for pyrimidines, where, based on
functional histology, GIn is not directly available as a substrate. This
zonal nature of metabolic remodeling, where the periportal/par-
enchymal urea cycle metabolic flux is redirected towards the de novo
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pyrimidine synthesis when the demand for proliferation is high, is a
concept supported by our data. Of note, similar functional con-
sequences of attenuated urea cycle activity in pathological disorders,
albeit irreversible, have been documented™. Furthermore, the fact that
ammonia detoxification by the urea pathway, facilitated by CPSI, is
strictly periportal® gives credence to the zonal metabolic remodeling
events we observed during liver regeneration, though in a reversible
manner.

Ammonia detoxification is a major liver function facilitated by the
urea cycle. Tracing analysis of urea cycle metabolites, using ammonia
with a stable isotope of nitrogen, shows low levels of metabolites of the
urea cycle in regenerating liver as well as low activity of the pathway,
given by the ratio of citrulline to CA. We also found that the activity of
the first step of the urea cycle, catalyzed by OTC, is diminished in the
regenerating liver. This attenuation, coupled with the reduced liver
capacity by up to - 60% due to resection, poses a possible problem
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Fig. 6 | Regenerating liver after - 60% partial hepatectomy has attenuated urea
cycle with exacerbated pericentral ammonium use for de novo pyrimidine
synthesis. Relative body weight (a), liver/body weight ratio (LBWR, %) (b), and
assessment of proliferation by EdU assay (c) in control mice and mice subjected to
~60% PHx, with or without daily gavage of 2 mg/kg of BAY-2402234 (BAY) and
sham-operated mice as indicated. d Localization of EdU+ cells within the functional
liver zones imaged by GLS2+ periportal (P) and CPS1+ zones extending towards a
mutually exclusive GS+ pericentral zone (C). Assessments of DHODH-dependent
respiration (e), DHODH activity (f), orotate-to-DHO ratio (g), urea cycle activity as a
ratio of citrulline and carbamoyl aspartate (CA) (h), as a ratio of citrulline and
ornithine (OTC activity) (i), and as blood urea levels (j), in control mice and mice
subjected to ~ 60% PHx with or without daily gavage of 2 mg/kg BAY. k Combined
analyses by liver functional zone imaging as described using specific markers
(upper panel) in combination with MALDI-FTICR images (lower panels) of liver
taken from “NH,Cl-injected control mice and from mice subjected to ~ 60% PHx
with and without daily gavage of 2 mg/kg BAY showing distribution of m+ 0 and
m +1 isotopologues of de novo pyrimidine precursor metabolites that can incor-
porate ammonia within the functional liver zones. Using MALDI imaging data on the
functional zones identified through imaging (depicted by white arrow from P to C
on upper panel of k), the periportal (P) to pericentral (C) m + 0 and m + 1 metabolic
fluxes of isotopologues of pyrimidine precursors that can potentially incorporate
ammonia, specifically GIn and Glu (I), CA, Asp and Glu (m; arrows point to the ‘C’
zone), and DHO and its upstream substrates GIn and CA (n; arrows point to the ‘C’
zone), are shown. MALDI-FTICR images were acquired with the DAN matrix and
measured in the negative mode. Images are displayed with RMS normalization, 99%
quantile hotspot removal, linear interpolation and weak denoising level. Peak
intensities rescaled to full colormap. For panel (a) multiple ¢ tests using the Holm-
Sidak method were used (control n =5, control + BAY n =4, sham n =8, sham + BAY

n=38,PHx n =10, PHx + BAY n =13; control vs. day 1 sham p = 0.0196; control vs. day
1sham+BAY p = 0.0205; p-values for control vs. PHx at days 1, 2, 3, 4, 5, 6 and 7 post-
PHx are 0.000002, 0.00000005, 0.0001, 0.0004, 0.0010, 0.0002, and 0.0010,
respectively; p-values for control vs. PHx + BAY at days 1,2, 3, 4, 5, 6 and 7 post-PHx
are 0.000000001, 0.0000009, 0.0000003, 0.00002, 0.00002, 0.000009, and
0.00001, respectively; p-values for PHx vs. PHx+BAY at days 5 and 7 post-PHx are
0.0278 and 0.0025, respectively). For panels (b, ¢), and (e-j), unpaired t test was
used (b: control n=4, days 3 and 7 + BAY n = 3; p-values for control vs. post-PHx at
days 3,3+ BAY, 7,7 + BAY are < 0.0001, 0.0001, 0.0001, and < 0.0001, respectively;
day 7 post-PHx vs. day 7 post-PHx+BAY p = 0.0005; c: control n =35, day 3 post-PHx
+BAY n=10, day 7 post-PHx + BAY n = 5; p-values for control vs. post-PHx days 3,
3+BAY, 7, 7+ BAY are <0.0001, < 0.0001, 0.0475, and 0.0002, respectively; day 3
post-PHx vs. day 3 post-PHx+BAY p = 0.0407; e: control n=4, day 3 post-PHxn=3,
day 3 post-PHx+BAY n =4, day 7 post-PHx +BAY n =3; control vs. day 3 post-PHx
+BAY p=<0.0001; control vs. day 7 post-PHx+BAY p =0.0005; day 3 post-PHx vs.
day 3 post-PHx+BAY p < 0.0001; day 7 post-PHx vs. day 7 post-PHx + BAY
p=0.0014; f: control n =3, day 3 post-PHx n =3, day 3 post-PHx + BAY n=4, day 7
post-PHx + BAY n = 4; control vs. day 3 and 7 post-PHx+BAY p < 0.0001; day 3 post-
PHx vs. day 3 post-PHx+BAY p =0.0002; day 7 post-PHx vs. day 7 post-PHx + BAY
p=0.0123; g: all groups n = 3; p- values of day 3 post-PHx + BAY vs. post-PHx days
3,7, and 14 are 0.0037, 0.0462 and 0.0140, respectively; h: control n=4; days 3, 7,
and 14 post-PHx n =S5; control vs. day 3 post-PHx p = 0.0013; i: all groups n=35;
control vs. day 3 post-PHx p = 0.0408; control vs. day 7 post-PHx p =0.0390; j: all
groups n =4; control vs. day 3 post-PHx p = 0.0001; control vs. day 3 post-PHx
p=0.0001; control vs. day 7 post-PHx p=0.0019). Data are expressed as mean +
S.D. The symbols */+, **/++, ***/+++', and ****/++++ denote statistical significance
at p<0.05, p<0.01, p<0.001, and p <0.0001, respectively; ns, not significant.
Source data are provided as a Source Data File.

concerning the metabolic fate of ammonia. Interestingly, we found
that the urea cycle’s ammonia-scavenging mechanism via Glu and Asp,
as well as its incorporation into carbamoyl phosphate mediated by
CPS1, works in tandem with pericentral GS in diverting ammonia as
anabolic pyrimidine precursors in their respective functional zones
(see scheme in Fig. 5a). Even more intriguing is the proportionate
increase in the capacity to divert ammonia into pyrimidine precursors
when the need for proliferation is further enhanced, as reflected by the
exacerbated hepatic tissue loss upon - 60% liver resection, where not
only was proliferative capacity increased, but a proportional increase
in ammonia-derived pyrimidine precursors was also noted. In parti-
cular, the increase in GIn-derived pyrimidine precursors fluxing peri-
centrally provides evidence of higher levels of ammonia flowing
through the functional liver zones, mainly because anatomically, the
central vein is the liver’s exit point towards systemic circulation, and it
is in the central veins where GS+ cells synthesize GIn from ammonia.

The greater loss of hepatic tissue in this case presumably leads to
an even greater acute increase in ammonia levels that need to be
processed to prevent toxicity. Under this circumstance, the impor-
tance of a functional de novo pyrimidine pathway via DHODH along
the functional zones in the regenerating liver cannot be further
emphasized, as not only does it provide for the anabolic requirement
for hyperactive liver regrowth, but it also helps ‘detoxify’ ammonia via
diversion when urea production is low, hence increasing mortality
when its function is blocked. The use of a toxic product, ammonia,
being utilized for anabolic processes, implies a counterintuitive sce-
nario. Support for this idea comes from recent work, which showed
that ammonia is used in the liver to form Glu from a-KG and GIn from
Glu, both of which are then used for biomass build-up for rapidly
proliferating cancer cells*. In addition, it has been shown that reduced
activity of enzymes of the urea cycle diverts ammonia in both cancer
and urea cycle deficiency syndromes, to support de novo pyrimidine
synthesis®%,

Surprisingly, not much is known about altered activity of the urea
cycle in the context of liver regeneration, although there is an earlier
paper on the possible role of salvage and de novo pathways of
nucleotides; however, no definitive conclusion was reached®,

including the potential use of ammonia and its role in the process. To
link the lower urea cycle activity and the use of ammonia for gen-
erating pyrimidine precursors, similar to that shown for breast
cancer***°, we traced stable isotopes of the de novo pyrimidine path-
way following injection of labeled ammonium chloride. This analysis
confirmed that ammonia that is not detoxified in the regenerating liver
is used for generating CA, converted from CP and Glu and Asp peri-
portally, and GIn pericentrally, and used as substrates for de novo
pyrimidine synthesis to effect liver regrowth. The relevance of the urea
cycle in ammonia diversion is further highlighted in a study in pan-
creatic cancer, where CPS1 was shown to redirect CP towards de novo
pyrimidine synthesis by utilizing it as a substrate for the second cata-
lytic activity of CAD, aspartate carbamoyl transferase-2 (ACT2)".. The
plausibility of these scenarios occurring in liver regeneration is given
by our results showing the presence of m+0 and m + 1 isotopologues
of CA and DHO in regenerating liver and its accumulation upon
treatment of the regenerating tissue with BAY-2402234. Using a MALDI
imaging approach, we were also able to spatially resolve metabolites of
the de novo pyrimidine pathway, in particular by showing that for-
mation of Glu and its flux towards Asp and CA was mainly in the
periportal regions where the urea cycle is localized, and GIn mainly
pericentral. The downstream metabolic flux, supporting de novo
pyrimidine synthesis, is largely confined to respective regions upon
BAY-2402234 treatment, highlighted by the periportal to pericentral
differential accumulation of Glu and GIn.

The importance of our finding of metabolic remodeling, resulting
in higher levels of pyrimidine precursors, is underscored by evidence
that some of these substrates are shared with other anabolic pathways,
such as de novo purine and amino acid synthesis pathways®*"*°. Our
findings also have clinical relevance, which is linked to increased levels
of ammonia. This occurs in certain pathologies, in particular those with
a dysfunctional urea cycle, resulting in hyperammonemia presenting
with toxic effects of ammonia that can no longer be detoxified in the
liver due to deficiency or mutations of genes coding for urea cycle
enzymes®*%. Of these, the OTC gene is affected most frequently®.
Thus, under these pathological conditions, ammonia is a highly toxic
substance with severe neurological consequences. On the other hand,
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in the regenerating liver following PHx, which is a frequent approach to
the management of liver diseases, ammonia plays a positive role, being
used for anabolic processes that are needed for liver regeneration. This
shows that ammonia can be highly toxic or beneficial in mammals, a
feature that is context-dependent.

In conclusion, we show that liver regeneration requires de novo
synthesis of pyrimidines and that this is made possible by the use of
ammonia from the less active urea cycle to generate the necessary
pyrimidine precursors in functionally relevant liver zones. We also
show the pathway changes after PHx to support the anabolic de novo
pyrimidine pathway, and a ‘switch’ back towards homeostasis upon
completion of liver regeneration. Probably the most intriguing aspect
of this research is that our results point to the use of a toxic byproduct,
which is normally converted to urea and excreted, for tissue
regeneration.

Methods

Ethical statement

This research complies with all relevant ethical regulations. All animal
work was approved by the Ethics Committee of the Institute of Mole-
cular Genetics, Prague (permit number 120-2024-P) in accordance with
the Czech guidelines for the Care and Use of Animals in Research and
Teaching and the Animal Protection Law of the Czech Republic.

Animal Work

For all animal studies, 12-14 weeks old female C57BL/6 ) mice (rando-
mized in groups; inbred house strain in the Czech Centre for Pheno-
genomics, Prague, Czech Republic), kept at specific pathogen-free
condition under a light regime of 12/12 h, maintained at 20-23 °C with
relative humidity of 45-65%, and with free access to water and food
(Altromin, cat# 1324), were used. To reduce variability associated with
sex-related biological differences, only female mice were used. To
induce liver regeneration by partial hepatectomy, mice were anes-
thetized using isoflurane (2%, 21/min O, flow rate) and the liver
exposed by making an upper midline incision starting from the xiphoid
process, then extended to 2 cm caudally. The left lateral lobe (LLL),
representing ~ 35% of the liver, or the left lateral lobe with the median
lobe (ML), representing - 60% of the liver”, were ligated, excised, and
the incision closed using 5-0 polydioxanone (PDS II, Ethicon) suture.
Following partial hepatectomy, body weight and survival were
monitored daily.

To treat mice with the dihydroorotate dehydrogenase (DHODH)
inhibitor, BAY-2402234 (MedChemExpress, HY-112645) was dis-
solved in DMSO (Sigma, D2650) at 5.2 mg/ml, reconstituted in corn
oil (Sigma, D8267) at the final concentration of 0.2mg/ml, and
administered in mice by daily oral gavage at 2 or 5mg/kg. Alanine
transaminase (ALT), aspartate transaminase (AST), and blood urea
nitrogen (BUN) levels were measured using a biochemical analyzer
(Beckman Colter AU480). To label proliferating hepatocytes with 5-
ethynyl-2-deoxyuridine (EdU, MedChemExpress, HY-118411) in vivo,
mice were intraperitoneally injected with 50 mg/kg EdU in
phosphate-buffered saline (PBS) 6 h before sacrifice. To treat mice
with labeled ammonium chloride (“NH4CI) (Sigma, 299251) for
metabolic tracing analysis, mice were intraperitoneally injected with
9 mmol/kg “NH,Cl in physiological saline 30 min before sacrifice. For
isotypic control in MALDI-FTICR experiments, non-labeled ammo-
nium chloride (NH4CI) (Sigma, A4514) was used in mice as described.
For the specific n number of mice used, please refer to the Source
Data file and main figure legends.

Liver Collection

Mice were sacrificed by anesthetic overdose with isoflurane. The right
inferior liver lobes were collected and snap-frozen in liquid nitrogen,
and kept as fresh frozen samples at -80 °C. The right superior liver
lobes were collected and washed serially in pre-warmed 2 and 10%

(w/w) gelatin solution, respectively. The samples were then transferred
to cryomolds with fresh 10% gelatin solution and flash-frozen in the
Novec 7200 bath (3 M) tempered in liquid nitrogen, and subsequently
stored at -80 °C prior to cryosectioning.

Cryosectioning

Frozen tissue blocks were cooled to -12 °C in the CM1950 cryostat
(Leica Biosystems) and cut in random order to 10 um thick sections.
Cryosections were mounted onto warm ITO glass slides (Ossila, UK) for
matrix-assisted laser desorption/ionization mass spectrometry ima-
ging (MALDI MSI) analyses. Corresponding consecutive cryosections
were also collected and mounted onto Superfrost plus glass slides
(Thermo Fisher Scientific) for immunofluorescence (IF) staining. All
tissue sections were dried in a desiccator for 15 min, packed in plastic
slide mailers, and vacuum-sealed for storage at -80 °C until MALDI
imaging and IF staining.

Tissue slide preparation for MALDI imaging

Tissue sections were removed from the freezer and adjusted to room
temperature for 30 min, and placed in a desiccator for 15 mins to dry.
For measurements using the MALDI-Time-of-Flight (TOF) imaging
platform, 9-aminoacridine (9AA; Sigma,92817) at 10 mg/ml in 70%
ethanol (v/v) was sprayed onto tissue sections in 12 matrix layers using
the following parameters: spray nozzle temperature, 50 °C; flow rate,
35 pl/min; horizontal nozzle movement speed, 1000 mm/min; nitro-
gen flow rate, 2 I/min; gas pressure, 10 psi; distance between each pass,
2 mm; nozzle distance, 42 mm. The same sample preparation method,
except the flow rate adjusted to 50 ul/min, was used for phosphate
group-containing metabolite profiling using the MALDI- Fourier
transform ion cyclotron resonance (FTICR) mass spectrometry (MS).
For general metabolite profiling using the MALDI-FTICR MS], 1,5-dia-
minonaphthalene (DAN; Sigma, 56451) at 10 mg/ml in 70% acetonitrile
(v/v) was sprayed onto tissue sections in 10 matrix layers using a
pneumatic sprayer (TM-Sprayer 3, HTX Imaging) according to the
following parameters: spray nozzle temperature, 65 °C; flow rate, 50 pl/
min; horizontal nozzle movement speed, 1000 mm/min; nitrogen flow
rate, 2 |/min; gas pressure, 10 psi; distance between each pass, 2 mm;
nozzle distance, 42 mm. Prior to MALDI imaging, matrix-layered tissue
sections were placed in a desiccator for at least 30 min.

MALDI imaging measurement

MALDI-TOF spectra of 3 biological replicates for a control (Ctrl) group,
3 days post ~35% PHx (D3-PHx) group, and 3 days post ~ 35% PHx with
BAY-2402234 treatment (D3-PHx + B) group (9 in total) were acquired
in sets of 3 (representing an experimental cohort where each group is
represented per acquisition) using the rapifleX MALDI-TOF/TOF mass
spectrometer (Bruker Daltonics) operated by the fleXcontrol
v4.2 software (Bruker Daltonics) in the reflector negative-ion mode
with the 355nm SmartBeam™ 3D laser (spatial resolution of
50 x 50 um, m/z range of 20-1000) at the constant laser fluence of 88%
and laser frequency of 5kHz. 200 shots were summed up from each
position. The instruments were set up accordingly: ion source 1,
19.973 kV; PIE, 2.664 kV; lens, 11.353 kV; reflector 1, 20.810 kV; reflector
2,1.034 kV; reflector 3, 8.577 kV. The pulsed ion extraction time was set
to 90 ns, detector gain was 2302 V. Data were acquired with a digitizer
speed at 2.5 GS/s. Calibration was done externally using red phos-
phorus to achieve precision up to 2 ppm®. Spatial navigation for
imaging data acquisition was done in the fleximaging v6.0 software
(Bruker Daltonics).

MALDI-FTICR imaging experiments on a representative biological
sample per experimental group (3 in total) from mice treated with
BNH,CI were conducted in the negative ion mode using the MALDI-
solariX 12T-2w Fourier transform ion cyclotron resonance (FTICR)
mass spectrometer (Bruker Daltonics) equipped with the Smartbeam Il
2 kHz laser, and operated by the ftmsControl v2.3.0 software. The laser
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focus was selected to achieve a lateral resolution of 35x35um by
summing up 100 laser shots at the 1kHz laser frequency and constant
laser power. The instrument parameters were adjusted to maximize
ion intensities of compounds of interest, considering the sample pre-
paration, including the MALDI matrix. First, for samples overlaid with
the DAN matrix, data were collected in the mass range of 40-650 m/z
with one acquired spectrum per pixel. The data were collected with
2 M data points in the transient (0.21s), which provided the estimated
resolving power of 48,000 at m/z of 400. The ion optic parameters
were optimized to maximize ion transmission within the defined m/z
range, including the funnel RF amplitude (80 Vpp), collision cell (col-
lision voltage: 1.5V, DC bias: -1.0 V), time-of-flight delay (0.4 ms), and
transfer optics (6 MHz, Q1 m/z 100). Second, the MALDI MSI method
used for the samples prepared with the 9-AA matrix was adjusted as
follows. MS data were acquired in the mass range of 100-650 m/z and
continuous accumulation of selected ions mode, allowing for a selec-
tion of multiple mass windows, including one isolation window of
70 Da with the Q1 mass of 130 m/z, and the second isolation window of
300 Da with the Q1 mass of 380 m/z. The parameters of ion transfer
optics were kept the same as used in the above-mentioned MALDI-
FTICR MSI method except for the Q1 mass. Data were acquired with
2M data points in the transient (0.565s), providing an estimated
resolving power of 130,000 at m/z 400. Both MSI methods were
externally calibrated on clusters of red phosphorus prior to data
acquisition, achieving mass accuracy better than 1 ppm®. Spatial
navigation for imaging data acquisition was set in the fleximaging
v5.0 software (Bruker).

Tissue from the right inferior liver lobes after ~60% hepa-
tectomy, previously chopped into 1 mm? pieces, was transferred to
2ml Eppendorf tube, weighed, and methanol/acetonitrile/water
(4:4:2, v/v) was added at the ratio of 20 ul per mg of tissue. One
stainless steel ball was added to each tube, and tissue was immedi-
ately homogenized in TissueLyser Il (QIAGEN) for 2 min at 30xs®
frequency at room temperature. Samples were then transferred to
-20 °C and left to precipitate overnight. The next day, the samples
were spun down in a centrifuge cooled to 4°C at 20,000 x g for 5min.
1ul of the supernatant was mixed with 9 ul of the DAN matrix solution
(10 mg/ml in 70% acetonitrile). 0.5l of the sample-matrix mixture
was spotted onto a stainless steel MALDI target and dried. Pure
reference standards (DL-aspartic acid, Sigma, A9006; L-citrulline,
Merck, PHR3191; L-glutamic acid monosodium salt monohydrate,
Sigma, 49621; L-glutamine, Merck, G5792; orotic acid, Sigma, 02750;
dihydroorotic acid, Sigma, D7128; L-ornithine monohydrochloride,
Merck, 57197; N-carbamoyl-DL aspartic acid, TCI EUROPE N.V.,
C0029; uridine 5-monophosphate, Sigma, U1752; BAY-2402234,
MedChemExpress, HY-112645) were dissolved in methanol/acetoni-
trile/water (4:4:2, v/v/v) at concentrations of 1 mM. 1yl of the stan-
dard solution was mixed with 9 ul of the DAN matrix solution (10 mg/
ml in 70% acetonitrile), and 0.5 pl of the standard-matrix mixture was
spotted onto stainless steel MALDI target and dried. The metabolites
of interest were identified by the fragmentation experiments using
the MALDI-FTICR MS/MS analysis in the negative ion mode. MS/MS
data were acquired in the mass range of 50-650 m/z with external
mass calibration to ion clusters of red phosphorus before data
acquisition, and with a resolving power of 150,000 at m/z 150. The
product ion mass spectra of [M-H] precursor ions were acquired with
the smartbeam laser operated at 1kHz laser frequency with 100 laser
shots per position. The precursor ions were isolated in the quadru-
pole with the isolation window of 1 Da and fragmented via collision-
induced dissociation applying optimized collision energy (5V) for
each measured molecular ion, e.g., aspartate, citrulline, glutamine,
glutamate, orotate, uridine 5-monophosphate, dihydroorotate, car-
bamoylaspartate, uridine, and ornithine. The acquired MALDI MS/MS
spectra were averaged by summing 16 to 32 scans from each sample
(Supplementary Fig. 12). Spectra similarity score was assessed using

the mzCloud standalone application (www.mzcloud.org) (Supple-
mentary Table 1).

MALDI imaging data processing

Raw data files generated by the TOF and FTICR instruments were
imported as full spectra into SCiLS Pro software v2025b Pro (Bruker
Daltonics). Spectra from TOF measurements were normalized by the
total ion current method (TIC), while spectra from the FTICR instru-
ment were normalized using the root mean square method (RMS).
Intensity at peak maximum was reported in both cases using the
rainbow color map. Images were displayed with linear interpolation,
and the image denoising level was set to “weak”. The hotspot removal
level was set to the 99% quantile. For better image contrasting, 100%
color intensity of the color map was used. Averaged spectra for MALDI-
TOF and MALDI-FTICR datasets were exported as an ASCII file and
imported into the mMass software v 5.5*. Spectra acquired by MALDI-
TOF were internally re-calibrated utilizing known compounds, reach-
ing mass accuracy of 5 ppm.

Spectra acquired by MALDI-FTICR were processed without reca-
libration. A publicly available metabolite database was downloaded
from www.hmdb.ca (v5), and only features annotated by the provider
as “quantified” and “detected” were considered for putative annota-
tions. MALDI-TOF spectra were annotated within +10 ppm interval.
MALDI-FTICR spectra of liver after ~35% hepatectomy were assigned
within £3.5 ppm error (Supplementary Table 2), and spectra from
~60% hepatectomy were assigned with +2.5 ppm interval (Supple-
mentary Table 3). Only [M-H] ions were considered. To correctly
annotate ®N isotope variants, we implemented a new function into our
in-house modification of the mMass software (https://github.com/
marta-kaliaeva/mmass-extended) (Supplementary Table 4 and Sup-
plementary Table 5). Molecules with a non-labeled nitrogen atom are
further referred in text as m+ 0 (no mass shift from the molecular
weight of the non-labeled molecule), m+1 (one N atom, mass shift +
1Da) and m+2 (two ®N atoms, mass shift + 2 Da).

For image analysis intensities, metabolites were displayed at a
gray scale, and images (8-bit depth, resulting in signal levels from O to
255) were exported as PNG files into the FIJI software (Image) 1.54f).
Intensities were reported as surface spanning from portal to central
vein, respectively, with a depicted line of 10-pixel thickness. Intensity
profile data were exported as .csv files and processed in the R software
(www.r-project.org). For isotope enrichment ratios, intensity data for
the given peak and sample were exported as.csv files and processed in
the R software. Isotope ratio was reported as a fraction of all possible
nitrogen isotope variations.

LC-MS and LC-MS data processing

A Q-Exactive orbitrap mass spectrometer with an lon Max source and
HESI II probe attached to the Vanquish Horizon UHLPC system was
used to evaluate polar metabolites. The liquid chromatography — mass
spectrometry (LC-MS) system underwent weekly cleaning and cali-
bration with positive and negative Pierce ESI lon Calibration Calmix
(Thermo Scientific). To prepare samples for polar metabolite extrac-
tion, snap-frozen liver samples from 3 to 5 biological replicates after
~35% PHx were pulverized, and - 10 mg of tissue was vortexed in 60%
cold methanol (- 20 °C) for 10 min. 500 pl of cold chloroform (- 20 °C)
was added to the mixture and vortexed for 10 min. The solution was
centrifuged at maximum speed for 10 min at 4 °C, and the top layer
(polar fraction) was collected for polar metabolite analysis. 2 pl of the
sample adjusted to 2 pg protein was run through a SeQuant ZIC-pHILIC
5 um 150 x 2.1 mm analytical column (Sigma) with a 2.1 x 20 mm guard
column (Sigma) attached to the front end. The column oven was set to
25°C, and the autosampler was set to 4 °C. Buffer A comprised 20 mM
ammonium carbonate (Sigma) and 0.1% ammonium hydroxide
(Sigma) in HPLC-grade water (Sigma), and buffer B compromised 100%
acetonitrile (Sigma). The liquid chromatography was set to the flow
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rate of 0.15 ml/min. The metabolites were separated using the linear
gradient from 80% buffer B to 20% buffer B over the course of 20 min,
followed by an increasing gradient from 20% buffer B to 80% buffer B
for 0.5 min, and by isocratic flow at 80% buffer B for 7.5 min. The mass
spectrometer was set to full scan, polarity switching mode, with the
spray voltage set to 4.0 kV, heated capillary to 350 °C, and the HESI
probe to 30°C. The MS data were acquired in the mass range of
70-1000 m/z. The sheath gas flow was set to 10 units, auxiliary gas to 1
unit, and sweep gas flow to 1 unit. Resolution of scans was set to
70,000, AGC target to 10°, and maximum injection time to 20 ms. An
additional scan between 220 and 700 m/z was used to enhance
nucleotide detection in the negative mode, together with the max-
imum injection time set to 80 ms.

For LC-MS/MS measurements after ~60% hepatectomy, liver
samples from 4 to 5 biological replicates were processed the same way
as for MALDI-FTICR-MS/MS measurements, with the exception that the
methanol/acetonitrile/water (4:4:2, v/v) solvent mixture was added at
the ratio of 10 pl of solvent per mg of tissue. For measurement, Orbi-
trap IDX (Thermo Scientific) with an Optamax source and HESI probe,
attached with Vanquish Horizon UHPLC, was used. 2 pl of the solution
was injected into the iHILIC-(P) Classic 100 x2.1mm, 5pum, 200 A
(HILICON) analytical column with iHILIC-(P) Classic 20 x 2.1 mm, 5 pm,
200 A (HILICON) guard column. The column compartment was pre-
heated to 40 °C. Mobile phase A contained 20 mM ammonium formate
(Merck) with pH adjusted to 7 was used. Mobile phase B contained 95%
acetonitrile with 10 mM ammonium formate. Flow rate was set to
200 pl/min. Chromatography was as follows: linear gradient from 95%
to 42% buffer B for 14 min, followed by linear gradient from 42% to 95%
of buffer B for 1 min, followed by isocratic flow of 90% buffer B for
1min. The mass spectrometer was set to switch between full scan
(100-1000 m/z) and ddMS2 in 0.6 s in negative polarity. Electrospray
voltage was set to 2500 V, with Sheath Gas to 50 (Arb unit), Aux gas to
10, Sweep gas to 1. The ion transfer tube was set to 300 °C, vaporizer
temperature to 350 °C. Orbitrap resolution was set to 60,000 for full
scan. Peak intensities are reported as the area under the curve, and
only [M-H] ions were considered. Average peak mass for distinct
metabolites was used to annotate peaks with the mMass software and
the database from www.hmdb.ca (v5). Only features annotated by the
provider as “quantified” and “detected” were considered for putative
annotations within * 1.5 ppm interval (Supplementary Table 6). For the
ddMS2 Orbitrap, resolution was set to 15,000. Collision energies for
the ddMS2 scan were set for 20, 30 and 40 in the stepped collision
energy mode. Maximum injection time was set to 118 ms for full scan
80 ms for ddMS2. Aspartate, citrulline, glutamine, glutamate, orotate,
uridine 5’-monophosphate, dihydroorotate, carbamoylaspartate, uri-
dine, ornithine, and BAY-2402234 were fragmented. Spectra similarity
score was assessed using the mzCloud standalone application (Sup-
plementary Fig. 13 and Supplementary Table 7). Putative structure
annotations were adapted from www.mzcloud.org, www.hmdb.ca, and
https://cfmid.wishartlab.com/. Chemical structures were drawn in
ChemSketch software v2023.1.2, (ACD/Labs).

Raw data were processed by MZmine v 4.5.20 software (mzio)
with the retention time tolerance +20s and mass tolerance +
0.0015 m/z. For isotope enrichment ratios, areas under the curve for
the given peak and sample were exported as.csv files and processed in
the R software. Isotope ratio was reported as a fraction of all possible
nitrogen isotope variations.

Immunofluorescence imaging

Tissue slices mounted on Superfrost slides were fixed with 4% paraf-
ormaldehyde (Sigma, P6148), washed twice with 0.1% Tween-20
(Sigma, P2287) in phosphate-buffered saline (0.1% PBT), and blocked
with 0.5% bovine serum albumin (BSA, Sigma A3294) in 0.1% PBT
(blocking buffer) for 1h at room temperature. This was followed by
overnight incubation with primary antibodies diluted in the blocking

buffer. The sections were subsequently washed 3 times with 0.1% PBT
and incubated with fluorescence-conjugated secondary antibodies
(Invitrogen, A11029, A11012, A21245, A11006; diluted at 1:500 in 0.1%
PBT) for 3 h. The sections were finally washed twice with 0.1% PBT for
5min and mounted on coverslips using the Vectashield mounting
medium with DAPI (Vector Laboratories, H-1200-10).

The following primary antibodies were used: E-cadherin (Cell
Signaling, 14472; 1:100), glutamine synthetase (GS, Abcam, ab73593;
5upg/ml), GS (Santa Cruz, sc-74430; 4 pg/ml), glutaminase-2 (GLS2,
Abcam, 113509; 20 pg/ml), carbamoyl phosphate synthase-1 (CPS1,
Abcam, ab3682; 1:500), CD31 (DIANOVA, DIA-310; 1:10). To detect
proliferating cells labeled with EdU in the tissue sections using the click
chemistry method, the sections were incubated for 1 h with a reaction
cocktail consisting of 10 uM fluorescent azide (Thermo Fisher Scien-
tific, A10277), 2 mM CuSOy (Sigma, 7758-98-7), and 20 mg/ml sodium
ascorbate (Sigma, A4034) after the fixation, blocking, and washing
steps, and prior to primary antibody application described above.
Stained tissues were scanned using AxioScan.Z1 (Zeiss, Germany) fitted
with a 10x objective, and processed with Zen 2 software (blue edition;
Zeiss, Germany). Images were also acquired using the Leica TCS SP8
(Leica Biosystems, Germany) confocal microscope and processed
using the Leica LAS-X (Leica Biosystems) software. All images acquired
were exported as PNG or TIFF files.

Western blotting

Frozen liver samples (~50pg) were homogenized and lysed in the
radioimmunoprecipitation assay (RIPA) lysis buffer (20 mM Tris, pH
7.5; 150 mM NaCl; 1 mM EDTA; 1 mM EGTA; 1% NP-40; 0.1% SDS; 0.5%
sodium deoxycholate) with a protease inhibitor (1:100) (cat. 3910202;
Serva). Protein concentration was quantified using the BCA method
(Pierce Biotechnology). Protein (15-25 pg) was separated by SDS-PAGE
and then transferred onto a nitrocellulose membrane. The membrane
was probed with the following antibodies: anti-MCM2 (NBP2-33953;
Novus Biologicals), anti-PCNA (sc-25280; Santa Cruz), anti-P-HH3
(3642; Cell Signaling), anti-DHODH (14877-1-AP; Proteintech), anti-
CAD (93925; Cell Signaling), anti-OTC (ab203859; Abcam), anti-UMPS
(sc-398086; Santa Cruz), anti-CPS1 (ab3682; Abcam), anti-GOT1
(ab189863; Abcam), anti-GDH (12793S; Cell Signaling), and anti--
actin (3700; Cell Signaling). Immunodetection was performed using
the ECL Western Blotting Substrate (Thermo Fisher). Full blots are
supplied in the Source Data file.

DHODH-dependent respiration

To evaluate DHODH-dependent respiration in liver tissue samples,
snap frozen tissue samples were homogenized using a PBI-Shredder
(Oroboros) in the MirO5 medium (0.5 mM EGTA, 3 mM MgCl,, 60 mM
K-lactobionate, 20 mM taurine, 10 mM KH,PQ,4, 110 mM sucrose, 1g/I
essential fatty acid-free bovine serum albumin, 20 mM Hepes, pH 7.1 at
30°C). The homogenate was transferred to the chamber of the
Oxygraph-2k instrument (Oroboros), and respiration evaluation con-
ducted at 37°C. DHODH-dependent respiration was corrected by
subtracting the residual respiration rate remaining after addition of
30 uM teriflunomide from the respiration rate observed in the pre-
sence of 0.5 uM rotenone, 1 mM dihydroorotate, 3 mM ADP, and 10 uM
cytochrome c. To validate the suitability of using snap-frozen tissue
samples for the assay, freshly collected liver samples were assayed and
compared with their corresponding snap-frozen liver samples under
several conditions, as indicated in Supplementary Fig. 14.

DHODH activity assay

DHODH activity was assessed following a modified protocol®. Briefly,
fresh-frozen tissue samples were homogenized using the PBI-Shredder
(Oroboros) in water. The homogenates were then incubated in a
solution containing 160 mM K,CO5-HCI (pH 8.0), 400 uM DHO, and
80 uM decylubiquinone at 37 °C for 60 min, while the reference sample
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was maintained on ice. The reaction mixture was then supplemented
with 20 mM K,COs3, 2 mM Kj[Fe(CNygl, and 1 mM 4-(trifluoromethoxy)
benzamidoxime (4-TFMBAO), followed by heating at 80 °C for 4 min.
The reaction was stopped by rapid cooling on ice, and fluorescence
intensity was read using the Infinite M200 plate reader (Tecan), with
the excitation and emission wavelengths set at 320 nm and 420 nm,
respectively. To generate a calibration curve, lysate-free samples
containing 0.5, 0.75, and 1uM orotic acid were used.

Statistical analysis and reproducibility

Data are mean values + standard deviation (S.D.) of at least three
independent experiments. In mouse experiments, experimental
groups of 3-15 randomly allocated animals were used, unless stated
otherwise. No statistical method was used to predetermine sample
size. Non-paired parametric data were compared with Student’s ¢ test
using GraphPad Prism Software (7.0), where a p-value of <0.05 was
considered statistically significant. Images are representative of at
least three independent experiments. The investigators were blinded
to allocation during experiments and outcome assessment.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data supporting the findings of this study are available within the
paper and its Supplementary Information. Source Data are provided
with this paper. The MALDI images used in this study are available in
the Metaspace database under the following link: https:/
metaspace2020.org/project/kucera-2025. Source data are provided
in this paper.
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