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Limiting Mrs2-dependent mitochondrial Mg?* uptake
induces metabolic programming in prolonged dietary
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In brief
‘ ‘ Madaris et al. show that limiting

Limits Obesity/NAFLD channel deletion reprograms whole-body
energy metabolism that is driven by
HIF1« transcriptional regulation in liver
and adipose tissues in a citrate
metabolite-dependent manner.
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e Mitochondrial Mg2* channel Mrs2 rheostats MCU Ca®*
signals to maintain bioenergetic circuit

e DNL precursor and cellular Mg2+ chelator citrate curbs HIF1«
signal and oxidative metabolism

e Lowering ,Mg?* mitigates prolonged dietary-stress-induced
obesity and metabolic syndrome

e Mrs2 channel blocker CPACC reduces lipid accumulation and
promotes browning and weight loss
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SUMMARY

The most abundant cellular divalent cations, Mg?* (mM) and Ca®* (nM-puM), antagonistically regulate diver-
gent metabolic pathways with several orders of magnitude affinity preference, but the physiological signifi-
cance of this competition remains elusive. In mice consuming a Western diet, genetic ablation of the
mitochondrial Mg?* channel Mrs2 prevents weight gain, enhances mitochondrial activity, decreases fat accu-
mulation in the liver, and causes prominent browning of white adipose. Mrs2 deficiency restrains citrate efflux
from the mitochondria, making it unavailable to support de novo lipogenesis. As citrate is an endogenous
Mg?* chelator, this may represent an adaptive response to a perceived deficit of the cation. Transcriptional
profiling of liver and white adipose reveals higher expression of genes involved in glycolysis, B-oxidation,
thermogenesis, and HIF-1a-targets, in Mrs2~/~ mice that are further enhanced under Western-diet-associ-
ated metabolic stress. Thus, lowering ,,Mg?* promotes metabolism and dampens diet-induced obesity

and metabolic syndrome.

INTRODUCTION

Mitochondrial dysfunction and altered metabolite flux are among
the cellular hallmarks of metabolic syndrome. Mitochondria are
critical hubs for cellular metabolism, and anomalies have been
linked to disorders including obesity, diabetes, and cardiovascu-
lar disease.’™ lon channels are vital regulators of numerous
cellular signals that control mitochondrial bioenergetics, prolifer-
ation, and cell fate.>*~'° In multicellular organisms, mitochon-
drial Ca?* (,,Ca2*) uptake is a key driver of cellular bioenergetics.
On the other hand, overstimulation leading to excess Ca?* in-
duces mitochondrial permeability pore activation, driving ener-
getic collapse and cell death.®'"'? Although mitochondrial
Ca®* modulates cellular function, the influence of Mg®* on mito-
chondrial energetics is largely unexplored. Thus, to understand
bioenergetics, we must improve our understanding of the links
between mitochondrial divalent ion fluxes and cellular function.

The major ,Ca2* uptake machinery, the mitochondrial calcium
uniporter (MCU), is essential to shape cytosolic Ca®* dynamics
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and promote mitochondrial respiration.’®'* Indeed, genetic
ablation of MCU in murine liver, heart, and skeletal muscle
causes metabolic aberrations such as triglyceride accumulation,
lowered ketone body production, and increased total body
fat.*'> Conservation of MCU’s role in governing cellular meta-
bolism is demonstrated by global knockout of MCU in zebrafish.”
Interestingly, several pieces of evidence suggest that, in addition
to directly opposing actions of Ca®*, intracellular Mg?* (Mg?*)
can impair the activity of MCU and thereby lower ,Ca?*.>1%17
Unlike MCU, the mitochondrial Mg?* (-,Mg?*) uptake machinery,
MRS2, is conserved in both anaerobic and aerobic spe-
cies.>'>1® Mg?* is essential for a wide range of cellular pro-
cesses, including membrane integrity, charge neutralization, sta-
bilization of nucleic acids, and biological activity of nucleotides
and serves as a cofactor for numerous cytosolic and mitochon-
drial metabolic enzymes.®'® However, the molecular signals that
rely on ,Mg?* dynamics have not been fully elucidated. Remark-
ably, the mammalian glycolytic end-product, L-lactate, triggers a
dynamic transfer of free Mg?* ions between the endoplasmic
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Figure 1. Blocking mitochondrial Mg?* uptake prevents diet-induced obesity
(A) Body weight change over a 30-week diet period. Data fit with a Gompertz growth curve (n = 4-16 mice/group).

(B) Weight gained during the dietary regimen.
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reticulum (ER) and mitochondria to shape bioenergetics and
cellular metabolism.™ Deficiency of Mrs2 in mice is protective
from organ dysfunction in an in vivo model of septic shock and
allows maintenance of proper mitochondrial bioenergetics.'°
Despite these advances, the molecular events that link Mg2* dy-
namics and cellular metabolism are largely unknown.

The liver plays a dominant role in shaping glucose and lipid
metabolism during feeding and fasting. This cyclic process is
controlled by hormones, ligand-gated GPCR signals, and ion
channels.’>?? In hepatocytes, glucagon, vasopressin, and
epinephrine stimulate GPCR-linked intracellular Ca2* (Ca®*)
mobilization, which enhances the activity of mitochondrial en-
zymes involved in oxidative metabolism.”®> Over decades,
several Mg2* transporters have been proposed to regulate
cellular Mg2+ homeostasis in mammals; however, the role of
this cation in balancing carbohydrate and fat metabolism has re-
mained ambiguous.® Since the basal “free” Mg?* dynamically
controls {Ca*, any aberration to this signaling cascade may
contribute to metabolic diseases such as diabetes, obesity,
non-alcoholic fatty liver disease (NAFLD), hepatic steatohepatitis
(NASH), and even progression to liver cirrhosis and hepatocellu-
lar carcinoma (HCC).® Thus, further interrogation of the influence
of Mg?* on long-term Western diet (WD)-induced hepatic stea-
tosis and obesity is urgently needed. Here we set out to define
the mechanistic link between Mg?* dynamics and whole-body
metabolism in the setting of an obesogenic diet.

RESULTS

Lowering ,,Mg?* mitigates long-term Western-diet-
induced obesity and metabolic syndrome

The highly conserved bacterial CorA homologue, Mrs2, is an in-
ner mitochondrial membrane-localized Mg?* selective uptake
machinery whose biological function is not well understood.'®
Here, we investigated whether long-term WD-induced metabolic
syndrome could be prevented by perturbation of ,Mg?* dy-
namics. Fourteen-week-old male mice were subjected to WD
feeding for up to 52 weeks. The WD is composed of 40%
(kcal) fat in comparison to 17% in the standard chow diet (CD).
This protocol leads to obesity and deterioration of organ func-
tion.>**> Remarkably, consumption of the WD for 30 weeks
caused obesity in wild-type (WT) but not Mrs2~/~ mice (Fig-
ure 1A). We continued the dietary protocol up to 52 weeks;
even under this long-term dietary stress, loss of Mrs2 prevented
WD-induced weight gain (Figure 1B). WD-fed WT mice but not
Mrs2~'~ developed hepatomegaly typical of obesity and
NAFLD (Figures 1B and 1C). MRI body composition analysis re-
vealed reciprocal changes in fat and lean body mass with WD

¢ CellP’ress

OPEN ACCESS

feeding in WT or Mrs2~/~ mice (Figures 1D and 1E). Intriguingly,
the CD groups exhibited a normal fat/lean mass ratio highlighting
a metabolic switch in the Mrs2~'~ mice upon consumption of an
obesogenic diet.

Next, mice were placed in indirect calorimetry chambers to
examine energy expenditure and behavior.?®?” The difference
in weight gain in the WD-fed mice (Figures 1A and 1B) did not
appear to be attributable to changes in food intake, water con-
sumption, or locomotion, as WD-fed Mrs2~/~ mice displayed
no significant changes in these parameters compared with their
WT counterparts (Figures 1F, S1A, and S1B). Mice were sub-
jected to an overnight (16 h) fast followed by ad libitum feeding
for 4 h then measurement of blood parameters. In agreement
with the elevated dietary cholesterol (2%), WD-fed mice have
elevated plasma cholesterol despite the differences in body
weight (Figures S1C and S1D). As typically seen in obese
mice, the fasting blood glucose levels were higher in WT WD,
but the Mrs2~'~ mice exhibited normal glucose that was compa-
rable to that of mice on CD (Figure S1E). Fasting insulin levels
were relatively similar between the groups but trended higher
in the obese mice (Figure S1E). Although refed glucose levels
were similar among the four groups, they were slightly elevated
in the CD groups (Figure S1F), whereas post-prandial insulin
levels were increased in WD mice (Figure S1F). Energy expendi-
ture was lower in WT WD mice compared with Mrs2~/~ WD mice
(Figures 1G, 1H, and S1G). However, rectal body temperature
was similar in all groups (Figure S1H). Further, the ANCOVA anal-
ysis supports these findings (Figures S1l and S$1J).?%?” Mice
consuming WD had an overall decrease in respiratory exchange
ratio (RER), as is expected with increased reliance on fat-based
respiration.?® WD-fed WT mice had dampened RER oscillations
between the light and dark cycles; however, Mrs2~/~ mice pre-
served oscillations in RER during dietary stress (Figures 11 and
1J). Together, these data demonstrate that lowering [Mg®*]m
opposes changes associated with diet-induced metabolic
syndrome.

Deletion of Mrs2 prevents WD-induced liver steatosis,
microvascular rarefaction, and spontaneous tumor
prevalence

Consumption of high-fat diet (HFD) contributes to liver steatosis
and hepatocellular carcinoma.? The plasma ALT (alanine trans-
aminase) level, a marker of liver damage, was elevated in WT WD
but not in Mrs2~/~ WD mice or the CD controls (Figure 2A).%°
Fatty deposition, neoplastic lesions, and enlargement are all
characteristic of NAFLD and these changes were absent in
Mrs2~/~ WD mice (Figures 2B and S2A). Further, microscopic
examination of the livers from WD-fed mice revealed steatosis

(C) Liver, heart, and kidney weights after 1 year diet period. { = Not significant, multiple comparisons are done the same as the liver. n = 3-4 mice (organs) per

group.

(D and E) Percent lean mass (D) and fat mass (E) of indicated groups. n = 3-4 mice.

(F) Measurement of food intake of 1 year CD- or WD-fed mice during indirect calorimetry with Promethion system.

(G) Energy expenditure of CD- or WD-fed (1 year) WT or Mrs2~/~ mice. Data fit with a fixed-frequency sinusoidal equation y = B + A sin(0.25x + ¢). n = 4-5 mice.
H

) Lean mass-normalized energy expenditure data derived from (G).

(1) Respiratory exchange ratio (RER) of CD- or WD-fed (1 year) WT or Mrs2~/~ mice. Data fit with a fixed-frequency sinusoidal equation y = B + A sin(0.25x+¢). n =

4-5 mice.

(J) The change in RER from light to dark cycle. All data shown as mean + SEM; ***p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05, n.s. = not significant.
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Figure 2. Mrs2 deletion prevents the progression of NAFLD and development of HCC

(A) ALT levels in the plasma after 1-year diet period. n = 7-8 mice.

(B) Representative liver from WD-fed (1 year) mice, WT (top) and Mrs2~'~ (bottom). Scale indicates centimeter.

(C) Representative liver tissue sections stained with H&E (top) and Masson’s trichrome (bottom) from WT and Mrs2~/~ fed WD. n = 3 mice.

(D) Representative images of H&E-stained liver sections from 1-year WD-fed mice (WT, top and Mrs2~/~, bottom). Note a focus of immune cell infiltrates (circled)
an indicator of tumor nodules. Bar graph represents the hepatocellular carcinoma (HCC) incidence in these four groups. n = 12-19 mice/group.

(E) Immunohistochemical (IHC) analysis (o-CD31/PECAM1) of sinusoidal vasculature in liver from WD-fed WT (left) and Mrs2~~ mice (right). n = 3 mice.

(F) Quantification of hepatic microvascular density from Figure 2E n = 3 mice. Nine images per group were used for quantification. All data shown as mean + SEM;

***p < 0.0001, **p < 0.01, n.s. = not significant.

and fibrosis in WT but not in Mrs2~'~ mice or CD controls (Fig-
ure 2C [top] and Figure S2B; Figure 2C [bottom] and Figure S2C).
Remarkably, WT WD mice frequently developed liver tumors,
whereas Mrs2~/~ WD mice displayed significantly lower inci-
dence (Figures 2D and S2D). Microvascular rarefaction (micro-
vascular reduction) is a phenomenon that occurs commonly

4 Cell Reports 42, 112155, March 28, 2023

during aging-associated cardiovascular diseases.®>' Staining

for the CD31* endothelial marker® revealed decreased capillary
density in WT WD mice (Figures 2E and 2F). In contrast, WD
failed to cause microvascular rarefaction in Mrs2~/~ mice
(Figures 2E, 2F and S2E). Closer examination using electron mi-
croscopy revealed numerous large lipid droplets in WT WD-fed



Version of Record at: https://doi.org/10.1016/j.celrep.2023.112155

Cell Reports

mice that were absent in Mrs2~/~ WD hepatocytes (Figure S2F).
Since WD-induced obesity is associated with chronic kidney dis-
ease, we evaluated the cortex for fibrosis by examining collagen
deposition. Masson’s trichrome staining of coronal sections
showed collagen accumulation (blue color) in WD-fed WT
mice, while collagen deposition was nearly absent in WD-fed
Mrs2~'~ mice (Figure S2G). The histologic evaluation of inguinal
white adipose tissue (i\WAT) revealed an expansion of adipocytes
in WT WD, but it is abrogated in the Mrs2~/~ WD mice (Fig-
ure S2H). Although WT WD liver tissue exhibited hepatocellular
carcinoma, the iWAT did not show apparent neoplastic foci (Fig-
ure S2H). These data indicate that the deletion of Mrs2 channel
preserves microvascular density while preventing diet-induced
NAFLD and HCC progression.

HIF-1o pathway as a switchable link in WD-induced
obesity

To identify the causal link between Mg?* dynamics and meta-
bolic disease progression, we performed global RNA profiling
of liver and adipose tissues (Figures S3A-S3C). The panoramic
transcriptomic changes in liver from WT WD and Mrs2~/~ WD
showed that =5,500 protein-coding genes were differentially
regulated, of which more than 200 are involved in metabolic dis-
eases and cellular processes such as glucose and fatty acid
metabolism and mitochondrial bioenergetics, consistent with
the antagonistic role of Mg?* against Ca2*-dependent signaling
(Figure 3A)."%** However, comparison of livers from WT and
Mrs2~'~ CD revealed that only eight genes were significantly
changed, of which six were differentially regulated in both dietary
conditions (Figures S3D and S3E). As presented in Figures 2C
and 2D, WT WD liver exhibited a significant elevation of tumori-
genesis, inflammation, and fibrosis markers when compared
with Mrs2~/~ WD (Figures 3B and S3F).>*¢ Although few indi-
vidual genes were altered in liver from CD-fed mice, the Kyoto
Encyclopedia of Genes and Genome (KEGG) pathway analysis
revealed significant patterns in numerous gene sets (pathways)
(Figure S3D and S3F left). Unbiased transcription factor analysis
using the ChIP-X Enrichment Analysis (ChEA) program demon-
strated HIF1-a as a likely candidate responsible for a subset of
the transcriptional changes seen in WD-fed animals (Fig-
ure S3G).°” Remarkably, HIF1-a-dependent signaling was
observed to be differentially regulated in WD-fed mice
(Figures S4G and S4H). Furthermore, KEGG-based analysis of
WD liver tissue revealed a substantial repression of thermogen-
esis, oxidative phosphorylation, fatty acid catabolism, glycol-
ysis, TCA cycle, and the hypoxia-inducible pathways in WT
but not Mrs2~'~ mice (Figure S3H). These data suggest a pro-
catabolic state in Mrs2~/~ liver tissue during chronic WD
consumption.

We next explored changes in the transcriptional profiles of
inguinal white adipose tissue (IWAT). Although gene expression
profiles were changed considerably in this tissue, we focused
on the major metabolic pathways and HIF1-a signaling
(Figures 3C-3E). As in liver, the ChEA unbiased transcription fac-
tor analysis of iIWAT revealed HIF1-a as a strong candidate for
controlling the transcriptional program (Figure 3F).%” Since a
massive elevation of thermogenic candidates was observed un-
der CD as well as WD in the iWAT of Mrs2~'~ mice, we performed
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histologic analysis that revealed a browning of IWAT in Mrs2~/~
CD that was augmented in Mrs2~/~ WD mice (Figure 3G). We
next measured vascular density in iWAT and was found to be
significantly increased in Mrs2~/~ WD (Figure S3l). As expected,
brown/beige markers, mt-encoded OXPHOS and ATP synthase
subunits were significantly elevated in Mrs2~'~ WD (Figure 3E).
Similarly, the RNA-seq analyses showed upregulation of beige
markers and fatty acid catabolism genes in Mrs2~/~ WD mice
(Figure 3E). Quantification of Ucp1 and Lep gene expression in
iIWAT tissue by RT-gPCR mirrored the RNA-seq findings (Fig-
ure S3J). Upon examination of the glycolytic pathway, HIF-1a
controlled glycolytic transcripts were significantly upregulated
in Mrs2~/~ WD mice (Figure 3E). We further examined mitochon-
drial density and bioenergetics in iWAT explants. Consistently,
WD-fed WT animals had hypertrophic, unilocular adipocytes
with a minimal mitochondrial network; meanwhile, Mrs2~/~ WD
had smaller, multilocular, adipocytes with a heavy mitochondrial
network (Figures 3H and 3l). The iWAT homogenate of Mrs2~/~
had higher oxygen consumption rate (OCR) when compared
with WT (Figures 3J and S3K). Overall, our RNA-seq data high-
light a beiging effect and a potential contribution of HIF-
1a-driven regulation of transcriptional programming in iWAT
(Figures 3C-3F and S31-S3K).***'" Comparing our transcrip-
tional data with Mg?* binding proteins revealed substantial over-
lap, suggesting direct regulation and adaptive mechanisms in
Mrs2~/~ mice (Figures S3L and S3M).*?

WD-induced suppression of mitochondrial fatty acid flux
and Ca2* uptake machinery is prevented in Mrs2~/~ mice
To understand the molecular changes that facilitate glucose and
lipid oxidation in Mrs2~'~ mice in response to WD, we isolated
hepatocytes from WT and Mrs2~/~ mice fed control or WD for
52-54 weeks. Overnight, cultured hepatocytes were co-stained
with the neutral lipid indicator BODIPY and AW,, TMRE to quan-
tify lipid droplets and mitochondrial ratio. The WT WD hepato-
cytes exhibited more and larger lipid droplets when compared
with other groups (Figures 4A-4C and S4A). A closer examina-
tion of the lipid droplets and mitochondria revealed a preserva-
tion of lipid droplet-mitochondria homeostasis in Mrs2~/~ WD,
but not in WT WD. Specifically, lipid droplets occupied less
than 10% of the extra-nuclear region in CD groups and Mrs2~/~
WD but increased to ~20% in WT WD (Figure 4B). Upon visual-
ization of hepatocytes, we observed a unique mitochondrial
BODIPY signal phenotype in Mrs2~/~ fed WD (Figures 4C and
S4A), reminiscent of fat-droplet associated mitochondria that
have been reported recently.*® Colocalization analysis showed
mitochondrial localization of BODIPY in the Mrs2~/~ WD group
(Figure 4D). Having observed mitochondrial BODIPY accumula-
tion, the abundance of the mitochondrial fatty acid transporter
carnitine palmitoyltransferase-1A was assessed in liver tissues.
Remarkably, the CPT1A protein abundance was suppressed in
WT WD, but its level was substantially maintained in Mrs2~/'~
suggesting higher B-oxidation to fuel bioenergetics (Figure 4E,
upper panel).

Since MCU-mediated mitochondrial Ca2* uptake is essential
for metabolic activities including B-oxidation, TCA cycle, and
electron transport chain complex, MCU and MICU1 protein
abundance was determined in liver.** WT WD showed a striking
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Figure 3. Blunting mMg2+ dynamics enhances hepatic oxidative metabolism profiles and adipocyte browning under Western diet regimen

(A) Heatmap depicts differentially expressed genes (adj. p < 0.05) in liver tissue from CD- or WD-fed Mrs2~/~

vs. WT mice. Values shown as row Z scores. n =3
mice.

(B) Expression of key marker genes associated with fibrosis/extracellular matrix, inflammation, and HCC (liver; WD-fed mice). Significance was determined by an
adjusted p-value of p < 0.05. The FPKM was normalized and expressed as relative mRNA abundance.
(C) Targeted KEGG analysis of iWAT from WT and Mrs2~'~ mice fed CD or WD (see STAR Methods). Values shown as row Z scores. n = 3 mice/group.

(D) KEGG gene set enrichment analysis of IWAT with all significantly (adjusted p < 0.05) differentially regulated pathways shown in chow diet comparison (left) and
Western diet comparison (right). Pathways of interest are indicated (black). The dotted line indicates significant threshold.

(E) Targeted differential enrichment analysis of adipose tissue from WD-fed WT and Mrs2~'~mice. Graphs indicate key adipose genes, mitochondrial encoded
electron transport chain (ETC) subunits, and differentially regulated genes from KEGG pathways indicated as fatty acid catabolism, glycolysis, and HIF1-a
signaling. All data are normalized like (B), n = 4 mice. p-values extracted from differential gene expression analysis. Data are mean + SEM; ***p < 0.0001,
***p < 0.001, **p < 0.01, *p < 0.05.

(F) Transcription factor analysis of WD iWAT using rank-based ChEA software. Select transcription factors highlighted. Y axis depicts mathematical inverse of the
enrichment score x 100.

(G) Representative H&E staining of adipose tissue from WT and Mrs2~/~ either fed with CD or WD. n = 4 mice/group.

(H and I) Adipose tissue explants were stained with AW, indicator (TMRE) and DAPI. Live images were acquired and mitochondrial density was quantified (I). n =3
mice. Fourteen to 32 images per group were used for analysis.

(J) iIWAT homogenate from WT and Mrs2~/~ mice were subjected to OCR measurement. n = 3 mice.
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Figure 4. Loss of Mrs2 enhances mitochondrial bioenergetics in hepatocytes from mice fed a Western diet

(A and B) Quantification of hepatocyte lipid droplet size and comparison of occupancy by mitochondria (red) and lipid droplet (black) areas in 1 year diet fed mice.
n = 3-4 mice.

(C) Representative confocal images of hepatocytes were acquired after staining with lipid/fatty acid marker BODIPY-488 and AW, indicator TMRE. n = 3
isolations.

(D) Spatial overlap and intensity profiles of mitochondrial colocalization of BODIPY and TMRE signals. n = 3 isolations.

(E) Western analysis of mitochondrial carnitine palmitoyltransferase 1A and MCU complex, MCU and MICU1 protein abundance in liver tissues harvested from
WT and Mrs2~/~ mice. n = 4 mice.

(F-H) Assessment of MCU-mediated ,Ca®* uptake (F), retention capacity (G), A¥, (H). n = 4 mice.

() OCR measurement of hepatocytes from WT and Mrs2~/~ normalized to total protein content. n = 3 mice.

(J) Basal and maximal respiration and proton leak from (1). Data represent individual wells from three different hepatocyte isolations in each group. All data shown
as mean +SEM; ***p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05, n.s. = not significant.

low abundance of MCU and MICU1 while Mrs2~'~ WD MCU
complex abundance was comparable to WT or Mrs2~/~ CD
mice (Figure 4E, lower panel). To further establish that MCU-
mediated Ca®* uptake and mitochondrial Ca®* handling is
necessary for proper bioenergetics, MCU complex activity was
measured in hepatocytes. Using a permeabilized hepatocyte
model, we found that the ,Ca?* uptake and Ca?* retention ca-
pacity were increased in Mrs2~/~ CD when compared with WT
CD (Figures 4F and 4G). In addition, we found that WT WD ex-
hibited complete abrogation of ,Ca®* uptake but Mrs2~/~ WD
hepatocytes significantly retained these activities (Figures 4F
and 4G). Despite the impaired handling of Ca?* and fatty acids,

AW, was not compromised in WT WD (Figure 4H). Consistent
with RNA-seq datasets, the WD regimen exhibited suppression
of Tom20 and OXPHOS complex abundance, suggesting loss
of mitochondrial density that was rescued in Mrs2~/= WD
(Figure S4B). Based on these results, we hypothesized that the
mitochondrial OCR had succumbed in WT WD hepatocytes.
Overnight cultured hepatocytes from these cohorts were tested
for basal respiration, maximal O, consumption, and mitochon-
drial proton uncoupling using a Seahorse flux analyzer. Basal,
uncoupler-induced maximal, and proton leak were significantly
suppressed in WT WD hepatocytes as compared with the other
three groups (Figures 4l and 4J). In addition, the extracellular
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Figure 5. Loss of Mrs2 stabilizes and citric acid destabilizes HIF-1a
(A) Hepatocytes were treated with LPS or CoCl, for 6 h. Total lysates were subjected to Western blot analysis to determine HIF-1a protein abundance. n = 3
isolations.
(B and C) Imaged analysis of HIF-1a protein abundance.
(D) WT hepatocytes were treated with PHD inhibitor FG-4592 (100 uM) for 6 h with or without metabolites. Total cell lysates were probed for HIF-1a. protein
abundance (see STAR Methods) and quantified (bottom panel) (n = 2).
(E) Dose curve for citrate-induced HIF-1a destabilization. Right panel shows the normalized protein abundance (n = 2).
(F) Top panel shows citrated induced HIF-1a degradation in the presence of various doses of citrate in COS-7 cells (n = 2). Bottom panel depicts the effect of
citrate on HIF-1o. mutant protein stabilization (n = 2).
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acidification rate, an index of glycolysis, was partially maintained
in Mrs2~/~ WD as compared with WT WD hepatocytes (Fig-
ure S4C). These results indicate that WD-induced lipid accumu-
lation in the liver could be due in part to decreased mitochondrial
fatty acid utilization, consequent remodeling of hepatic nuclear
encoded transcripts, and protein complex activities that are
Mg?*-dependent.

Efflux of the DNL precursor and endogenous Mg?*
chelator citrate is blunted in Mrs2~/~ mice

Citrate is the major precursor of de novo lipogenesis (DNL) in
metazoans; we measured the plasma citrate levels from these
four cohorts.*® Blood samples were drawn from these mice
before harvesting organs for RNA-seq and histological studies.
The plasma citrate concentration was not significantly affected
by WD in WT mice; however, the plasma citrate was consider-
ably lower in Mrs2~/~ mice, regardless of diet (Figure S5A). To
assess the contribution of liver in citrate efflux, extracellular cit-
rate levels were measured in WT and Mrs2~/~ hepatocytes.
Extracellular citrate accumulation was blunted in Mrs2~/~ hepa-
tocyte culture media (Figure S5B). To complement Mrs2~'~, we
used a dominant-negative-like mutant Mrs2 that lacks n,Mg?*
uptake.'® WT hepatocytes expressing mutant Mrs2 exhibited a
lower citrate accumulation, indicating a tendency of low citrate
efflux due to lowered [Mg?*]m (Figure S5C).'° The differences
in citrate levels in plasma and media from in vitro cultured hepa-
tocyte prompted us to examine mitochondrial citrate efflux,
since the TCA cycle is the major source. To examine the mito-
chondrial citrate concentration ([ncitrate]), the newly created
mitochondria-targeted genetically encoded citrate sensor mito-
Citron was transiently constituted in HepG2 cells.*® Upon stimu-
lation with high glucose (17 mM), the mitoCitron signal was
rapidly increased, followed by a dissipation that corresponds
to citrate production and subsequent utilization or efflux from
the mitochondria (Figure S5D). We next expressed both cyto-
solic and mitochondria citrate sensors in WT and Mrs2~'~ hepa-
tocytes. Mitochondrial citrate production was higher in Mrs2~/~
hepatocyte mitochondria; however, the appearance of cytosolic
citrate in Mrs2~'~ hepatocytes was greatly reduced following
glucose stimulation (Figures S5E and S5F). In addition, we re-
constituted the loss-of-function Mrs2 mutant in WT hepatocytes
to measure the cytosolic and mitochondrial citrate concentra-
tion. Consistent with Mrs2~/~, the Mrs2 mutant expressing hepa-
tocytes exhibited lower cytosolic citrate flux when compared
with control (Figures S5G and S5H).'® Furthermore, we evalu-
ated citrate dynamics in HepG2 cells and obtained data consis-
tent with the primary hepatocytes (Figures S5l and S5J). Expres-
sion of Slc25a1 (the mitochondrial citrate carrier) was observed

¢ CellP’ress

to be similar in cells from CD-fed animals and only slightly
reduced in WD-fed conditions (Figure S5K). RNA-seq analysis
of liver tissue from these animals correlated perfectly with the
cellular data (Figure S5L). Thus, the decreased citrate efflux
from Mrs2~/~ mitochondria is not attributed to reduced
Slc25a1 expression; these data support the model that ,,Mg**
could directly regulate SLC25A1-mediated citrate efflux.

HIF-10 is stabilized in Mrs2~/~ mice

To examine the intrinsic role of Mrs2, we previously challenged
Mrs2~'~ mice with LPS to induce an inflammatory response.
We noticed that there was a barely detectable HIF-1« stabiliza-
tion in control but a significant HIF-1o. protein accumulation
following LPS stimulation in Mrs2~/~ hepatocytes.'® Having
observed the remarkable response against an inflammatory
stimulus, we compared the HIF-1a stabilization between geno-
types following stimulation with LPS or prolyl hydroxylase
(PHD) inhibitor cobalt chloride (CoCl,). Hepatocytes derived
from Mrs2~/~ mice showed higher accumulation of HIF-1o
(Figures 5A-5C). We envisioned that loss of Mrs2 might control
metabolite fluxes that regulate HIF-1a stability under normoxic
conditions. HIF-1a is the most commonly studied transcription
factor that responds to oxygen tension and its stabilization con-
trols numerous metabolic cascades, including glycolysis and
oxidative phosphorylation.*’™*° We conducted a targeted
metabolite screen to identify whether these metabolites poten-
tially altered in Mrs2~/~ control HIF-1¢, stabilization. WT hepato-
cytes were treated with the PHD inhibitor FG-4952 for 6 h in the
presence or absence of metabolites.®® Of the conditions tested,
the presence of citric acid destabilized HIF-1a (Figure 5D) and its
effect was observed at a concentration >6 mM (Figure 5E). In
hepatocytes, CoCl,, FG-4592, and DMOG all promoted HIF-1a
stabilization, with higher concentrations causing increased sta-
bilization (Figures S6A-S6C). We next explored whether citric-
acid-mediated HIF-1a destabilization is a hydroxylation-depen-
dent mechanism by reconstitution of hydroxylation-dead mutant
HIF-1o. in COS-7 cells.®’ As expected, 10 mM citric acid
completely blunted FG-4592-dependent stabilization (Figure 5F,
top panel). In contrast, constitutively stabilized HIF-1o. mutant
was unaffected by the presence of citric acid, suggesting that
the hydroxylated HIF-1« is the target (Figure 5F, bottom panel).
We next tested the potency of citric acid and sodium citrate
derivatives. WT or Mrs2~/~ hepatocytes were treated for 6 h.
HIF-1a stabilization was less affected by di- or tri-sodium citrate
than by citric acid (Figure 5G). This suggests that pH may play a
role in the destabilization of HIF-1a. Nevertheless, lactic acid and
citric acid alter intracellular pH but HIF-1a destabilization is cit-
rate-dependent (Figures 5D and 5F). The citric-acid-mediated

(G) Top panel shows the effect of citrate derivatives on FG4592-mediated HIF-1q stabilization (n = 2). Bottom panel shows the effect of citrate on CoCl,-mediated

HIF-1o stabilization in WT or Mrs2 ™~ hepatocytes (n = 2).

(H) Effect of citrate on FG-4952, DMOG, or CoCl,-dependent HIF-1a stabilization in WT hepatocytes (n = 2).

(
(
(
(
(n=23).
(

) Effect of mitochondrial pyruvate transport blocker UK5099 or ;Mg®* chelator EDTA-AM on HIF-10, stabilization (n = 2).

J) Effect of MgCl, supplementation on HIF-1a stabilization under normoxia (n = 2).

K) Effect of TCA cycle citrate precursor OAA or a-KG on HIF-1a destabilization (n = 2).

L) Intracellular accumulation of citrate elicits HIF-1a destabilization. Right panel depicts reciprocal action of citrate on FG-4592-dependent HIF-1a stabilization

M) Western blot analysis of HIF-1a. protein stabilization in liver tissues harvested from the 1-year diet period of WT and Mrs2~'~ mice (n = 4/group). Densitometric

analysis of HIF-1a protein from (M). All data shown as mean + SEM; ***p < 0.0001, **p < 0.001, **p < 0.01, n.s. = not significant.
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HIF-10 destabilization was observed across a range of inducers
(Figure 5H) and the intracellular chelation of Mg?* ions sup-
pressed FG-4952-induced HIF-1a stabilization (Figure 5I).
Furthermore, we showed that blockade of mitochondrial pyru-
vate entry with UK5099 (UK) did not prevent HIF-14. stabilization
(Figure 51). We evaluated the effect of higher levels of Mg®* on cit-
rate-mediated HIF-1a destabilization and found it to be weakly
iMg?* dependent; high levels of Mg?* (10 mM) were sufficient
to promote low levels of HIF-1a stabilization (Figure 5J, green
highlight). To determine whether the citrate precursor oxaloace-
tate (OAA) or citrate product a-ketoglutarate («-KG) exert similar
functions in human kidney cell line (HK-2), cells were treated with
OAA, pyruvate, citric acid, a-KG, succinate, and malate after six
hours of CoClI2 exposure. Citric acid but no other metabolites ex-
erted HIF-1a destabilization (Figures 5K and S6D). We next
tested whether citric-acid-induced HIF-1a destabilization still
occurs in hepatocytes pretreated with FG-4562. We found that
the citric acid elicited HIF-1o. destabilization, suggesting that
the citrate effect is specific and robust (Figure S6E). To evaluate
whether the citric-acid-mediated HIF-1a destabilization was at
the post-translational level, WT hepatocyte homogenate was
treated with FG-4562 for 6 h prior to citric acid exposure. Cit-
ric-acid-induced HIF-1a destabilization still occurs in hepatocyte
homogenate, suggesting that its role is at the post-translational
level (Figure S6F). Since citric acid destabilizes HIF-1a, we
next asked FG-4592-mediated HIF-1a stabilization is transient
in intact cells that was partly due to intracellular citrate accumu-
lation. As predicted, we found that HIF-1o. abundance decreased
over time in hepatocytes treated with FG-4592 (100 uM) (Fig-
ure 5L, left panel) and correlates with citrate accumulation (Fig-
ure 5L, right panel). We next tested HIF-1o. abundance in liver tis-
sues harvested from the dietary cohorts. HIF-1a protein
abundance was prominent in both Mrs2~/~ CD and Mrs2~/~
WD, whereas HIF-1a protein was nearly completely absent in
WT WD (Figure 5M). Collectively, these results suggest that
HIF-1a signaling is a key driver in glycolysis, OXPHOS, B-oxida-
tion, and thermogenesis in Mrs2~/~ mice (Figures 3, 4, and S3).

Bacterial CorA blocker selectively inhibits Mrs2 channel
activity

Bacterial CorA forms a pentameric complex that selectively
drives Mg?* uptake in an electrogenic manner. CorA is highly
selectively inhibited by cobalt and ruthenium derivatives (i.e.,
cobalt(lll)hexaammine, ruthenium(lllhexaammine, chloropen-
taammine cobalt(lll)chloride [CPACC; half maximal inhibitory
concentration (ICsg) ~100 pM], chloropentaammine rutheniu-
m(lllchloride) with an ICso ~3-100 uM (Figure 6A).°2 Mrs2 is
the eukaryotic homologue of CorA and contains two transmem-
brane domains with a well-conserved F/Y-G-M-N motif; there-
fore, we tested whether CorA blockers alter Mrs2-mediated
mMg?* uptake.’® Digitonin-permeabilized hepatocytes were
used to measure the inhibitory effect and determine its ICsq. Per-
meabilized cells were treated with compound followed by a
1-mM bolus of MgCl,. A 1-mM Mg?* bolus was added after
baseline recording, and the extramitochondrial Mg®* clearance
was used as a readout for Mrs2-mediated ,Mg?* uptake using
Mag-Green as a Mg?* indicator (Figures S7A-S7D).'° Of all
four compounds tested, ruthenium derivatives did not exhibit
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any inhibitory effect on Mrs2 activity (Figure S7A). Remarkably,
CPACC exerted complete inhibition of ,,Mg?* uptake at 10 uM
(Figures 6B, S7B and S7C). Inhibition by cobalt(ll)hexaammine
in intact hepatocytes was not observed (Figure S7D). We found
CPACC (ICsg = 0.175 uM) to be over 500 times more effective
at inhibiting ,Mg?* in permeabilized hepatocytes in comparison
with bacterial CorA (Figure 6B).°> We next investigated Mrs2 in-
hibition by CPACC in intact hepatocytes loaded with Mag-
Green-AM. Mitochondrial Mg?* uptake was measured by
confocal microscopy following L-lactate stimulation and was
significantly inhibited in a dose-dependent manner (Figures 6C
and 6D). We next examined whether CPACC had any effect on
MCU-mediated Ca?* uptake in permeabilized cells. Impor-
tantly, CPACC treatment did not inhibit ,Ca2* uptake, revealing
the specificity of CPACC on Mrs2 (Figure 6E). The availability of
the compound to intact cells was measured using graphite
furnace atomic absorption spectroscopy (GFAAS) and bicincho-
ninic acid in parallel. It is important to note that CPACC accumu-
lates in the cell in a dose-dependent manner (Figure S7E).
Encouraged by the potent inhibitory effect of CPACC and cellular
permeability, we next measured the cytotoxicity of CPACC in
cells. CPACC was effectively non-toxic in HeLa or HEK293T cells
up to 2 mM and 500 pM, respectively (Figure 6F).

Next, we assessed whether CPACC directly affects the as-
sembly of purified human MRS2 using dynamic light scattering
(DLS). DLS has been used to determine whether the complex
stability of proteins/channels is altered by molecular chaperones
or drugs.>® Because of the high sensitivity of DLS to changes in
complex sizes, we evaluated full-length Mrs2 assembly in the
presence of Ca®* (5 mM), Mg®* (5 mM), Co®* (5 mM) or the
MRS2 blocker CPACC (0.5 mM) (Figures 6G-6K). Remarkably,
we found that Co?* and the Co®* derivative CPACC, but not
Mg?* or Ca®*, potently decreased the full-length MRS2 complex
sizes as determined from the earlier decaying autocorrelation
functions, without affecting protein integrity (Figures 6G-6K).
A concentration-response assessment confirmed robust de-
creases in hydrodynamic radii at all CPACC concentrations
tested and as low as 10 uM (Figure 6K). Together, these data
indicate that CPACC directly binds to Mrs2 and inhibits the
activity.

CPACC treatment reduces lipid droplet size and
promotes adipose browning, thus lowering whole body
weight

Given the potent inhibition of ,Mg®* uptake and low toxicity
of CPACC, we hypothesized that CPACC could mimic the
Mrs2~'~ cellular phenotype. WT hepatocytes isolated from
over 12-month-old mice were treated with 50 uM CPACC for
48 h. Control and CPACC-treated hepatocytes were stained
with BODIPY and TMRE for intracellular tracing using confocal
imaging. CPACC-treated hepatocytes displayed a marked
reduction of lipid droplet size and appeared to dissipate or smear
(Figures 7A, 7B, S7F, and S7G). Importantly, no negative effect
on mitochondrial membrane potential was observed
(Figures 7C and S7F). We next asked if CPACC treatment affects
the mitochondrial OCR. Freshly isolated WT hepatocytes were
treated with 5-25 uM concentrations of CPACC for 16 h before
measurement of OCR. CPACC increased basal mitochondrial
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Figure 6. CPACC selectively inhibits Mrs2 activity

(A) Chemical structures of chloropentaammine cobalt(lll) chloride [Co(NH3)sCI]Cl, (CPACC) and hexaamminecobalt(lll) chloride [Co(NH3)s]Cls.
(B) Dose-response curve of permeabilized hepatocytes pulsed with 1 mM MgCl, with increasing concentrations of CPACC. n = 3.
(C and D) Effect of CPACC on Mrs2-mediated ,,Mg?* uptake in intact hepatocytes (C) and its quantification (D). n = 3-4. ***p < 0.0001, *p < 0.01, n.s. = not

significant.

(E) Spectrofluorimetric measurement of MCU-mediated Ca2* uptake in control (n = 1) or 10 uM CPACC (n = 3) treated HeLa cells. Quantification of .,Ca?* uptake

rate (inset).

(F) Cytotoxicity dose-response curves for CPACC in HeLa and HEK293T cells. n = 3 (replicates; n = 6).
(G) Autocorrelation functions of human MRS255_443 (0.5 mg/mL) with and without 5 mM MgCl,, CaCl, and CoCl, and 0.5 mM CPACC. Inset shows micelles

without protein.

(H) Hydrodynamic radii distribution derived from (G). Dashed box highlights the disappearance of higher order oligomers only in the presence of CoCl, and

CPACC. Inset shows micelles without protein.

(I) Weight-averaged hydrodynamic radii based on cumulants deconvolution of autocorrelation functions shown in (G).

(J) Coomassie blue-stained SDS-PAGE gel (15% [w/v]) confirming the divalent cations and CPACC do not affect MRS2s5.443 integrity.

(K) Cumulants-determined weight-averaged hydrodynamic radii of MRS2s5.443 (0.5 mg/mL) as a function of increasing CPACC, highlighting the concen-
tration-dependent decrease in particle size. Inset shows a systematic shift to earlier decay times with increasing CPACC levels. Mean + SEM; n = 3. ***p < 0.001
for + Co?* and +CPACC compared with no divalent cation, +Mg?* and +Ca?* groups.

respiration without a significant effect on maximal OCR
(Figures 7D and S7H). Thus, decreased hepatic lipid droplet
size by blockade of Mrs2 may result in part from enhanced
glucose and fatty acid oxidation, although our data do not pre-
clude the possibility of CPACC-dependent partial stabilization
of HIF-1a driving glycolysis and thermogenesis (Figures 3 and
S3). Since we observed an enhancement of basal OCR in
CPACC-treated hepatocytes, we also measured the extracel-
lular acidification rate in control and CPACC-treated hepato-
cytes and found it to be higher in the CPACC condition,
indicating higher glycolytic activity (Figure S7I). Based on the
prominent browning/beiging in Mrs2~/~ iWAT, we examined
the expression of beige markers, Ucp1 and Cidea, and white ad-

ipose marker, Lep, in the iWAT of the CPACC-treated HFD-fed
WT mice. Twelve-week HFD-fed WT mice were treated with
CPACC (20 mg/kg) or vehicle via intraperitoneal injection every
3 days over 6 weeks. Our results demonstrate a transition from
WAT to beige adipose (Figure 7E). Similar to Mrs2~/~ mice, the
RT-gPCR analysis revealed a glycolytic transcriptional signature
of HIF-1a activation in iWAT of CPAAC-treated HFD mice (Fig-
ure 7E). After demonstrating that pharmacologic blockade of
Mrs2 by CPACC reduced lipid droplet size and enhanced mito-
chondrial function, we asked whether in vivo administration of
CPACC prevents weight gain. CPACC administration restricted
body weight gain (Figures 7F and 7G). Plasma ALT levels from
CPACC-treated mice were lower than those in the control group,
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Figure 7. Limiting Mrs2-mediated Mg2+ uptake by CPACC reduces lipid droplet size and promotes mitochondrial function, thus preventing

weight gain in vivo

(A) Visualization of hepatocytes isolated from 12-month-old WT mice using BODIPY-488 (left) and TMRE (middle), with or without CPACC (50 uM) treatment

for 48 h.
(B and C) Quantification of lipid droplet size and AW, from (A). n = 3-4.
(D) OCR rate in WT hepatocytes with or without CPACC treatment. n = 3.

(E) Heatmap of normalized fold change of mMRNA in iWAT from HFD-fed WT with or without intraperitoneal (i.p.) CPACC treatment. n = 3 mice.
(F) WT mice were fed HFD or CD for 14 weeks followed by CPACC (20 mg/kg) or vehicle for additional 6 weeks i.p. every 3 days. The body weight was measured

weekly. n = 3 mice.
(G) Body weight change during the 6-week treatment period.

(Hand ) Plasma ALT (H) and citrate (l) levels of HFD-fed WT with or without CPACC treatment. n = 3 mice. Data shown as mean + SEM; ****p < 0.0001, ***p < 0.001,

*p < 0.05, n.s. = not significant.

suggesting improved liver function (Figure 7H). Since Mrs2~/~
mice have lower levels of plasma citrate, we asked if CPACC
treatment lowers plasma citrate in HFD mice. Indeed, CPACC-
treated mice had reduced plasma citrate levels (Figure 7I).
Together, these data suggest that limiting ,Mg?* promotes
oxidative metabolism in multiple tissues.

DISCUSSION

Four major cations, Na*, K*, Mg?*, and Ca?*, control numerous
cellular functions including membrane polarization, bioenergetics,
metabolism, transcription, and proliferation.>”* Upon cellular
stimulation, highly compartmentalized Ca®* ions rapidly mobilize
to initiate “on” reactions. In contrast, the antagonistic cellular
Mg?* dynamics carry out “off” reactions, in some cases through
direct competitive binding.'***-® Although this concept was pro-
posed several decades ago, the control and physiological conse-
quences of Mg?* dynamics remain poorly understood. In addition,
cellular Mg?* is an intrinsic component of numerous metabolic en-
zymes, phosphometabolites, and metabolic precursors such as
citrate. For instance, GPCR, nicotinic, and NMDA receptors,
L-type Ca?* channels, ryanodine receptors, and ion pumps activity
were modulated by Mg?* and aberrations contribute to several
prevalent diseases such as hypertension, heart disease, diabetes,
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ischemia/reperfusion injury, preeclampsia, cancer, chronic
obstructive pulmonary disease, asthma, neurological diseases,
Parkinson, and Alzheimer’s diseases.>®°"*®

Recently, it was shown that the glycolytic end-product
L-lactate acts as an activator of ER Mg®* release, and the
elevated free Mg?* was subsequently taken up by mitochondria
through a highly conserved Mg?* selective transport machinery,
Mrs2.'% However, the physiological function of MRS2-mediated
Mg?* uptake and its effect on bioenergetics and whole-body
metabolic consequences thereof have not been determined.
To decipher the contribution of ,,Mg?* in physiology and disease
contexts, we used a mouse model of long-term WD-induced
metabolic disease progression. Our study reveals striking pro-
tection from the metabolic consequences of a diet that is high
in fat and sugar. To identify pathways that facilitate diet-induced
metabolic disorders, we fed WD to control and global Mrs2~/~
mice for more than 52 weeks. Our findings reveal both qualita-
tively and quantitatively different mechanisms in diet-regulated
metabolic syndrome that are Mg?* dependent. Upon WD
consumption, Mrs2~'~ mice exhibited no body weight gain,
near-complete ablation of energy storage expansion, prevention
of spontaneous HCC tumor incidence, and retention of
microvascular density with normal liver function (Figures 1 and
2). Remarkably, Mrs2~/~ mice maintained normal circadian
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oscillations of respiration, whereas this pattern is disrupted in WT
WD mice. Having observed such a significant physiological
outcome, we tested mechanisms that might contribute to pro-
tection from WD, including thermogenic activation, increased
glucose and fatty oxidation, and oxidative phosphorylation.
Our histological, biochemical, and global transcriptomic regula-
tion analyses fully support the absence of metabolic syndrome
phenotype in Mrs2~/~ mice.

We have also found a notable reprograming of adipose tran-
scriptional profiles that favors thermogenesis, glycolysis, fatty
acid oxidation, and oxidative phosphorylation in Mrs2~/~, and
that transcriptional reprograming was heightened under WD
regimen (Figures 3C-3E). Our data indicate that a retrograde
signal that emanates from mitochondria controls transcriptional
profiles in an Mg?*-dependent manner. We found a marked sup-
pression of mitochondrial citrate efflux and stabilization of HIF-
1o in Mrs2~/~ mice. Since differences in citrate efflux from
Mrs2~'~ mitochondria are not attributed to Slc25a1 abundance,
at least at the transcript level, we speculate that ,Mg?* could
regulate SLC25A1 activity directly. In support of the model that
reduced citrate efflux could have beneficial metabolic effects,
the genetic ablation of Sic25a1 prevented obesity and NAFLD
implicating cytosolic efflux of citrate in metabolic syndrome pro-
gression.®® In addition, these findings shed light on how intracel-
lular divalent cation dynamics control diet-induced metabolic
dysregulation and disease progression. HIF-1o. may be a key
mediator of altered ;Mg?* dynamics in multiple tissues and may
have additional benefits beyond those we have measured. For
instance, it has been shown that aerobic or ischemic-mediated
HIF-1a stabilization exerts protection against coronary artery
disease.”’ Aerobic stabilization of HIF-1a. transcriptionally con-
trols several monovalent and divalent cation channels, and mito-
chondria localized SOD2 that prevents oxidative stress and hy-
pertension implying a potentially profound influence of ,Mg?*
and HIF-1a-dependent signaling across cellular metabolism.*°

Our findings reveal that blockade of ,,Mg®* uptake by both ge-
netic and pharmacologic interventions diminishes weight gain
and hepatic lipid accumulation (Figures 4 and 7) while inducing
a more thermogenic transcriptional profile in adipocytes (Fig-
ures 3 and 7). We find that a cobalt derivative (CPACC) inhibits
mMg?* uptake at low micromolar ranges in hepatocytes and phe-
nocopies effects of Mrs2 deletion, including protection from
weight gain in vivo and reducing hepatocyte lipid accumulation
ex vivo. Since CorA channel interacts with the fully hydrated
Mg?* ion, it is hypothesized that amine groups of the divalent
and trivalent cations mimic the size and shape of a hydrated
Mg?* cation that exerts the inhibition of Mg?* ion perme-
ation.’®"® Indeed, our studies demonstrate that CPACC alters
the physical structure of Mrs2 to restrict the flux of Mg?* (Fig-
ure 7). This proof-of-concept approach will aid in designing
Mg?* channel modulators that buffer WD-induced adipose
expansion and prevent metabolic dysregulation. Taken together,
our findings reveal a mechanistic link between ;Mg?* dynamics
and whole-body energy metabolism in mammals.

Limitations of the study
Although our study provides a comprehensive understanding of
the role of the highly conserved, Mg?* selective mitochondrial

¢ CellP’ress

channel MRS2 in bioenergetics and whole-body metabolism,
several limitations should be highlighted. We performed pro-
longed dietary stress to recapitulate human metabolic syn-
drome; however, acute dietary stress may have less chance
for indirect effects and thus help clarify which consequences of
Mrs2 ablation are primary. We recognize the limitation of using
global knockout of Mrs2, which does not allow examination of in-
dividual tissue’s role in controlling metabolism. MRS2 channel is
ubiquitously expressed and its impact on other organs, including
brain, cardiac, kidney, lung, and skeletal muscle need a thorough
investigation. Third, the reciprocity of cellular and organellar
divalent cation (Ca®** and Mg®*) dynamics and its physiological
consequences remain to be fully established. Our study identi-
fied an inorganic-based blocker of MRS2 and its utility in vivo
but future studies warrant developing a small molecule modu-
lator of MRS2 that can be used in human studies. Nevertheless,
our study unveils the link between Mg?* channel and prolonged
dietary-stress-induced obesity and metabolic diseases.
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Antibodies

Total OXPHOS Rodent WB Antibody Cocktail Abcam Cat# ab110413
CPT-1a Abcam Cat# 234111
CPT-2 Abcam Cat# 181114
HIF-1o Cell Signaling, MA, USA Cat# 14179S
Hydroxy HIF-1a Cell Signaling Cat# 3434S
MCU Cell Signaling Cat #D273B
MICU1 Cell Signaling Cat# D4P8Q
B-Actin Santa Cruz Biotechnology Cat# SC47778
a-Mouse Secondary (HRP-conjugated) Cell Signaling Cat# 5127S
a-Rabbit Secondary (HRP-conjugated) Cell Signaling Cat# 911968
Goat Anti-Mouse CD-31/PECAM-1 (unconjugated) R&D Systems Inc., MN, USA Cat# AF3628
Horse Anti-Goat IgG (H + L) Biotin Conjugated Vector Laboratories, CA, USA BP-9500-50
RTU Secondary

Bacterial and virus strains

Ad-mRFP Vector Biolabs, PA, USA Cat# 1660
Ad-Mrs2(mut).mRFP.FLAG [Mutant Mrs2] Vector Biolabs N/A
BL21-CodonPlus Competent Cells (Escherichia coli) Agilent Technologies, CA, USA Cat# 230280

Chemicals, peptides, and recombinant proteins

Western Diet (WD)
Standard Chow Diet (CD)
High Fat Diet (HFD)
Human MRS2 (MRS25g_443)
HisPur™ Ni-NTA Resin
Ndel Restriction Enzyme
Xhol Restriction Enyme

Halt™ Protease and Phosphatase
Inhibitor Cocktail

Restore™ PLUS Western Blot
Stripping Buffer

NuPAGE™ MOPS SDS
Running Buffer (20X)

SuperSignal™ West Pico PLUS
Chemiluminescent Substrate

Bis-Tris Polyacrylamide Gel (4%-12%)
TagMan™ Fast Advanced Master Mix
SuperScipt® VILO™

Lipopolysaccharide (LPS)
(E. coli 0111:B4)

FG-4592 (Roxadustat)
DMOG

Cobalt(Il) Chloride (CoCly)
Glucose
Glucose-6-Phosphate
Fructose-6-Phosphate
Fructose-1,6-Bisphosphate

Research Diets

Envigo

Research Diets

This Study and Daw et al.®
ThermoFisher Scientific
New England Biolabs

New England Biolabs
ThermoFisher Scientific

ThermoFisher Scientific
ThermoFisher Scientific
ThermoFisher Scientific

ThermoFisher Scientific
ThermoFisher Scientific
ThermoFisher Scientific
Sigma Aldrich

Cayman Chemical, MI, USA
Sigma Aldrich

Fluka (Sigma Aldrich)
Sigma Aldrich

Sigma Aldrich

Sigma Aldrich

Sigma Aldrich

Cat# D09100310

Cat# 7012

Cat# D12492

NCBI acc. NP_065713.
Cat# 88223

Cat# R0111S

Cat# R0146S

Cat# 78441

Cat# 46430

Cat# NP00O01

Cat# 34578

Cat# WG1402BOX
Cat# 4444557
Cat# 11754-050
Cat# F3665

Cat# 15294
Cat# D3695-10MG
Cat# 60818
Cat# G8644
Cat# G7879
Cat# F3627
Cat# F6803
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REAGENT or RESOURCE SOURCE IDENTIFIER
Glyceraldehyde-3-Phosphate Sigma Aldrich Cat# G5251
Dihydroxyacetone Phosphate Sigma Aldrich Cat# D7137
3-Phosphoglyceic Acid Sigma Aldrich Cat# P8877
Phospho(enol)pyruvic Acid Sigma Aldrich Cat# P7127
Pyruvate Sigma Aldrich Cat# P2256
Lactic Acid Sigma Aldrich Cat# L1750
Citric Acid Sigma Aldrich Cat# C1909
Isocitric Acid ThermoFisher Cat# 205010250
a-Ketoglutarate Sigma Aldrich Cat# K2000
Succinate Sigma Aldrich Cat# S2378
Fumarate Chem Cruz Biochemicals (Santa Cruz) Cat# SC-215873
Malate Sigma Aldrich Cat# 1613881
Palmitate Sigma Aldrich Cat# P9767
D-2-hydroxyglutarate (D-2-HG) Toronto Research Chemicals Cat# H942595
Oxaloacetic Acid (OAA) Sigma Aldrich Cat# O7753
Mono Sodium Citrate Sigma Aldrich Cat# 71497
Di Sodium Citrate Sigma Aldrich Cati# 71635
Tri Sodium Citrate Sigma Aldrich Cat# 54641
EDTA-AM AAT Bioquest, CA, USA Cat# 19010
UK5099 (Mitochondrial Pyruvate CalbioChem (MilliPore Sigma) Cat# 5048170001
Carrier Inhibitor)

Magnesium Chloride (MgCly) Sigma Aldrich Cat# M1028
Chloropentaammine Cobalt(lll) This Study N/A

Chloride (CPACC)

Hexaammine Cobalt(ll) Chloride This Study N/A
Chloropentaammine Ruthenium(lll) This Study N/A

Chloride

Hexaammine Ruthenium(lll) This Study N/A

Chloride

Magnesium Green™ Pentapotassium Salt ThermoFisher Scientific Cat# M3733
Magnesium Green™, AM ThermoFisher Scientific Cat# M3735
Mitotracker™ Deep Red FM ThermoFisher Scientific Cat# M22426
Tetramethylrhodamine, Ethyl Ester, ThermoFisher Scientific Cat# T669
Perchlorate (TMRE)

BODIPY™ 493/503 ThermoFisher Scientific Cat# D3922
FURA-FF Pentapotassium Salt Cayman Chemical Cat# 20415
Calcium Green 5N ThermoFisher Scientific Cat# C3737
JC-1 Sigma Aldrich Cat# 7176
Digitonin Sigma Aldrich Cat# D141
ATP Dipotassium Salt Hydrate Sigma Aldrich Cat# A8937
ATP Magnesium Salt Sigma Aldrich Cat# A9187
Calcium chloride Sigma Aldrich Cat# 2115
Thapsigargin Thermo Fisher Scientific Cat# T7458
Seahorse XF Calibrant Solution Seahorse Bioscience (Agilent) Cat# 100840-000
Glucose Sigma-Aldrich Cat# G8644
L-Glutamine, 200mM Gibco (ThermoFisher Scientific) Cat# 250030
Sodium Pyruvate, 100mM Gibco (ThermoFisher Scientific) Cat# 11360
HEPES (1M) Gibco (ThermoFisher Scientific) Cat# 15630
Rotenone Sigma-Aldrich Cat# 557368
Antimycin A Sigma Aldrich Cat# A8674
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REAGENT or RESOURCE SOURCE IDENTIFIER
Oligomycin Sigma Aldrich Cat# 75351

FCCP Sigma Aldrich Cat# C2920
Normal Horse Serum Vector Laboratories Cat# S-2000-20
Fetal Bovine Serum, Characterized, Heat Inactivated Hyclone (GE Life Sciences) UT, USA Cat# SH30396.03
Antibiotic-Antimycotic, 100X Gibco (ThermoFisher Scientific) Cat# 15240
Saline (0.9% Sodium Chloride Injection USP) Braun, PA, USA Cat# L8002

EGTA, OmniPur (powder)
Collagenase (Type 4)

MilliporeSigma
Worthington Biochemical Corp., NJ, USA

Cat# 4100-50GM
Cat# LS004188

Critical commercial assays

Pierce™ BCA Protein Assay Kit

Citrate Assay Kit

Alanine Transaminase Kit

Trichloroacetic Acid Precipitation Kit
RNeasy Plus Universal Mini Kit

Agilent Seahorse XF Cell Mito Stress Test Kit
Agilent Seahorse XFe96 FluxPak
VECTASTAIN Elite ABC-HRP Kit
Avidin/Biotin Blocking Kit

LiquiColor Enzymatic Cholesterol Assay Kit

ThermoFisher Scientific
Abcam

Abcam

Abcam

QIAGEN, MD, USA

Agilent Technologies, CA, USA
Agilent Technologies

Vector Laboratories

Vector Laboratories

Stanbio, TX, USA

Cat# 23225

Cat# ab83396
Cat# ab105134
Cat# ab204708
Cat# 73404

Cat# 103015-100
Cat# 102416-100
Cat# PK-6100
Cat# SP02001
Cat# 1010225

Deposited data

RNA-seq of liver and iWAT This study GEO: GSE216538
from WT and Mrs2~/~ mice

Experimental models: Cell lines

Human: HEK 293 Cell Line ATCC Cat# CRL-1573
Human: Hela Cell Line ATCC Cat# CCL-2
Human: HepG2 Cell Line ATCC Cat# HB-8065
Human: HK-2 Cell Line ATCC Cat# CRL-2190
Cercopithecus aethiops: ATCC Cat# CRL-1651
COS-7 Cell Line

Mouse: Primary Hepatocytes This Study N/A
Experimental models: Organisms/strains

C57BL/6J Mice The Jackson Laboratory, USA C57BL/6J
Mrs2 ™~ (Mrs2 knockout) Mice Daw et al.™® Mrs2 KO

Oligonucleotides

Ucp1 (RT-gPCR Tagman Probe)
Cidea (RT-gPCR Tagman Probe)
Lep (RT-gPCR Tagman Probe)
Ldha (RT-gPCR Tagman Probe)
Ldhb (RT-gPCR Tagman Probe)
Pfkl (RT-gPCR Tagman Probe)
Pgk1 (RT-gPCR Tagman Probe)
Hk1 (RT-gPCR Tagman Probe)
Actb (RT-qPCR Tagman Probe)

ThermoFisher Scientific
ThermoFisher Scientific
ThermoFisher Scientific
ThermoFisher Scientific
ThermoFisher Scientific
ThermoFisher Scientific
ThermoFisher Scientific
ThermoFisher Scientific
ThermoFisher Scientific

Mm01244861_m1
MmO00432554_m1
MmO00434759_m1
MmO01612132_g1
MmO05874166_g1
MmO00435605_mH
MmO00435617_m1
Mm00439335_m1
MmO01205647_g1

Recombinant DNA

pCMV Citron (Cyto)

pCMV MitoCitron

pET-28a (+)

HA-HIF1o P402A/P564A/N803A-pcDNA3

Addgene (Zhao et al.“%)
Addgene (Zhao et al.“%)
Novagen (Millipore Sigma)
Addgene (Yan et al., 2017°%)

Cat# 134303
Cat# 134305
Cat# 69864-3
Cat# 87261

(Continued on next page)
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Software and algorithms

Canvas 11.0

GraphPad Prism version 8

Leica Application Suite X (LAS X)

ImagedJ

Agilent Seahorse Wave Desktop
Software (v2.6.1)

Felix GX Software (v4)

Promethion Software

R (v4.0.4)
Hisat2 (v2.0.5)

FeatureCounts (v1.5.0-p3)

DESeq2 (v1.20.0)

GSEA (Gene Set Enrichment
Analysis) Tool (v4.2.2)

ClusterProfile R Tool (v3.14)

KEGG (Kyoto Encyclopedia of
Genes and Genome)

Dynamics Software (v7.8.1.3)

ChEA (ChIP-X Enrichment
Analysis) software

BioVenn
DeepVenn
SankeyMATIC Plot Generator

ACD Systems
GraphPad Software
Leica Microsystems Inc., IL, USA

Schneider et al., 2021°"
Agilent Technologies, CA, USA

PTI - Horiba, Canada

Sable Systems NV, USA

R Core Team

Kim et al.®?; Kim et al.®%;
Pertea et al.%*; Zhang et al.%®

Liao et al.®®

Love et al.®”

Subramanian et al.?®; Mootha et al.®®
Yu et al., 2012"°

Kanehisa and Goto®

Wyatt Technology Corp., CA, USA

Lachmann et al.®”

Hulsen et al.”"

Hulsen’®
Steve Bogart (Open-Source Freeware)

https://www.canvasgfx.com/en/
support/canvas-11/
https://www.graphpad.com/
scientific-software/prism/
https://www.leica-microsystems.com/
products/microscope-software/
p/leica-las-x-Is/
https://imagej.nih.gov/ij/
https://www.agilent.com/en/
products/cell-analysis/software-
download-for-wave-desktop

https://www.horiba.com/int/
products/detail/action/show/
Product/pti-felixgx-1652/

https://www.sablesys.com/
products/promethion-line/
promethion-software/

https://www.R-project.org/

http://daehwankimlab.github.io/
hisat2/

http://www.bioconductor.org/
packages/release/bioc/html/
Rsubread.html

https://github.com/mikelove/DESeq2
https://www.gsea-msigdb.org/gsea/
index.jsp
https://bioconductor.org/packages/
release/bioc/html/clusterProfiler.html
https://www.genome.jp/kegg

https://www.wyatt.com/products/
software/dynamics.html

https://maayanlab.cloud/
Harmonizome/resource/ChlIP-
X+Enrichment+Analysis

https://www.biovenn.nl/
https://www.deepvenn.com
https://sankeymatic.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, Madesh
Muniswamy (muniswamy@uthscsa.edu).

Materials availability
All unigue/stable reagents generated in this study are available from the lead contact with a completed materials transfer agreement.

Data and code availability
® RNA-seq data of liver and iWAT have been deposited in the NCBI Gene Expression Omnibus (GEO)" and are publicly available
as of the data of publication. The accession number is listed in the key resources table. Additional information regarding
RNA-seq data and analysis can be found in Data S1. All other data reported in this paper will be shared by the lead contact
upon request.
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® 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

Cell lines

HEK293 (ATCC CRL-1573), HeLa (ATCC CCL-2), and COS-7 (ATCC CRL-1651) cells were grown in high glucose complete growth
medium (high glucose Dulbecco’s modified Eagle’s medium, HG-DMEM). HepG2 (ATCC HB-8065, male) cells were grown in normal
glucose complete growth medium (Dulbecco’s modified Eagle’s medium, DMEM) These cell lines were supplemented with 10% (v/v)
FBS, 1% (v/v) antimycotic-antibacterial cocktail (Gibco). HK-2 (ATCC CRL2190) cells were maintained in specialized serum-free
Keratinocyte-SFM media supplemented with required EGF and BGE (Gibco). All cells kept in a 37°C, 5% CO, humidified incubator.
Cells lines were detached using Trypsin-EDTA 0.05%, (HEK293 and HK-2) or 0.25% (COS-7, HelLa, HepG2). All transfected cells
were grown in corresponding complete growth media supplemented with puromycin (2 ng/mL) or G418 (500 pg/mL). Cell line’s
sex are both female (HEK293 and Hela) and male (COS-7, HepG2, and HK-2).

Animal models

Wild-type (WT) and Mrs2~/~ (KO) C57BL/6J mice (male) were housed and maintained in our animal breeding facility with prior
approval and accordance with the Institutional Animal Care and Use Committee (IACUC). Animals were housed in temperature
controlled (20-22°C) rooms with an automatic 12-h light and 12-h dark cycle. Mice were fed a Western Diet (WD; Research Diets
D09100310), a standard Chow Diet (CD; Envigo 7012), or a High Fat Diet (HFD; Research Diets D12492) with water available ad
libitum. For most experiments, WT and KO mice were maintained on the WD or the CD starting at 12 weeks of age with termination
at 12 months. In a subset of experiments, WT mice were switched to an HFD (or remained on CD) starting at 6 weeks of age. After
6 weeks of consistent diet, these HFD- and CD-fed mice were administered control (saline) or CPACC (20 mg/kg BW in saline)
i.p. every 3 days. Body weight, health, and food were measured regularly for all groups. Body temperature was recorded using a
rectal thermometer (Digi-Sense). When needed, blood was collected in K3/EDTA coated tubes and plasma prepared by centrifuga-
tion at 1,000xg for 10 min at 4°C.

Isolation and culture of primary murine hepatocytes

Primary adult murine hepatocytes were isolated using portal vein perfusion. After cannulation of the portal vein, the liver is perfused
with wash media (35 mM HEPES and 0.75 mM EGTA) followed by digestion media (DMEM, GIBCO, Cat#12320, GIBCO) containing
freshly added Collagenase D (380 pg/mL, Worthington) to dissociate extracellular matrix. After perfusion, liver lobes were gently
dissected and dissociated in isolation media (DMEM supplemented with 1% (v/v) FBS). The crude hepatocytes were filtered to
100 pm and subjected to three steps of centrifugation-wash cycles (50xg, 4°C, 5 min). After each spin, the pellet was washed in
25mL of isolation media. The cell’s final resuspension is in hepatocyte growth media (Williams E media (Sigma, #W4128) containing
10% (v/v) FBS, 1% (v/v) antibiotic-antimycotic solution, and 200mM L-glutamine). Finally, cells are counted using trypan-blue exclu-
sion and seeded in hepatocyte growth media according to planned experimental procedures. Hepatocytes are grown in pre-coated
collagen culture dishes (Corning BioCoat); or for experiments using confocal microscopy, seeded on in-house collagen coated
25-mm glass coverslips. After 4-8 h, cell attachment is visually examined, and media is replaced with fresh hepatocyte growth media.

Whole-body respirometry measurement and analysis, body composition, and blood chemistry

Mouse metabolic studies were performed at the Penn Diabetes Research Center Rodent Metabolic Phenotyping Core (University of
Pennsylvania). A standard 12h light/dark cycle was maintained throughout the study in a dedicated temperature controlled (20-22°C)
housing room. Mice were acclimated for 5 days before recording. Indirect calorimetry data were recorded using a computer-
controlled Promethion Core system (Sable Systems, Las Vegas, NV). Each cage is thermally controlled and equipped with an
XYZ beam break array (BXYZ-R, Sable Systems), a voluntary running wheel (WHEEL-M), and mass measurement modules (2 mg
resolution) for food intake and water intake. All animals had ad libitum access to specified diet and water for 5 days of the study.
On the final day, mice were overnight fasted from 1900 to 0900 using a computer-controlled script for automated access to food
hopper (Promethion AC-2 Access Control Module) in order to restrict feeding at designated time intervals during the calorimetry
run. Respiratory gases are measured with an integrated fuel cell oxygen analyzer, NDIR CO, analyzer, capacitive water vapor partial
pressure analyzer and barometric pressure analyzer (CGF, Sable Systems). Gas sensors were calibrated using 100% N as the zero
reference. Oxygen consumption (VO,) and carbon dioxide (VCO,) production are measured for each mouse at 5 min intervals for 20 s
resulting in a 3 min cycle time. Respiratory Exchange Ratio (RER) is calculated as the ratio of VCO2/VO2. Energy expenditure is calcu-
lated using the abbreviated Weir equation: Kcal/h = 60*(0.003941*V0,+0.001106*VCO,).”® Consecutive adjacent infrared beam
breaks were counted and converted to distance, with a minimum movement threshold set at 1 cm/s. Voluntary wheel revolutions
were also measured continuously as revolutions converted to distance. Data acquisition and instrument control were coordinated
by IM-3 software and the obtained raw data were processed using Macrolnterpreter v.2.38 (Sable Systems) using an analysis script
detailing all aspects of data transformation (One-click macro v.2.45; Sable Systems). Analysis of indirect calorimetric data was done
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using CalR, Excel, and GraphPad Prism v8.?®*” RER and energy expenditure time point data were fit with a fixed-frequency sinusoi-
dal equation y = B + A sin(0.25x+¢). Normalization to lean mass where indicated. EchoMRI nuclear magnetic resonance spectrometer
(Echo Medical Systems, Houston, TX) was used to measure whole body lean and fat mass. Blood chemistry parameters were deter-
mined as followed: plasma cholesterol with an enzymatic assay (Stanbio), glucose using a ReliON glucometer, and insulin using
ELISA.

METHOD DETAILS

Liver, iWAT, and kidney tissue preparation and processing

Liver, inguinal white adipose, and kidneys were dissected from mice and gently washed in cold, Ca®* and Mg?* free DPBS. Excess
fatty tissue was excised from the kidneys and the lymph nodes were removed from the subcutaneous iWAT. Kidneys were sliced
longitudinally and the iWAT and liver (left lateral lobe) were sliced transversely. Each tissue was fixed in 10% neutral buffered formalin
for histological examination. Additional liver slices were fixed for transmission electron microscopy (2% paraformaldehyde and 2%
glutaraldehyde in 0.1M Na cacodylate buffer, pH 7.4). Adipose explants for confocal microscopy were made using a 2mm punch.
Remaining liver tissue was cut into smaller pieces, rinsed well with ice-cold DPBS (Ca®*/Mg?* free) to rinse blood from the tissue,
and flash frozen in liquid nitrogen; the remaining iIWAT was also flash frozen. Before RNA isolation of the liver and iWAT, the tissue
was crushed cryogenically to homogenize the tissue.

Histology and quantification

Tissues were fixed in 10% neutral buffered formalin and washed in 70% ethanol overnight before paraffin embedment and generation
of unstained slides. Paraffin embedment, mounting, slide preparation, and standard staining was done by the Histology Laboratory in
UT Health San Antonio Department of Pathology & Laboratory Medicine with detailed protocols on file. Briefly, tissues are dried,
paraffin embedded, sectioned (longitudinally, kidney; and, transverse, liver and iWAT), and placed on slides. For H&E and Masson’s
trichome staining, sections were processed according to the Histology Laboratory’s established protocols. Unstained liver tissue
sections were used to conduct IHC (immunohistochemistry) in-house. Sections were deparaffinized then rehydrated, followed by
antigen retrieval (0.01M citrate buffer). Endogenous peroxidase blocking was done using 3% H,0O, for 10 min. Avidin and biotin
blocking was conducted using Vector Laboratories Avidin/Biotin Blocking Kit (SP02001). Nonspecific binding was blocked by 1 h
incubation in normal horse serum (NHS, Vector Laboratories, S-2000-20) containing 0.1% Tween 20 in 0.01M PBS and 10%
BSA. Unconjugated goat anti-mouse CD-1/PECAM-1 (14 png/mL; R&D Systems, AF3628) primary was applied overnight at 4°C in
10% NHS. Sections were incubated with biotinylated ready-to-use horse anti-goat IgG secondary (Vector Laboratories, BP-9500-
50) for 1 h at room temperature. Secondary development was done using the VECTASTAIN Elite ABC-HRP kit (Vector Laboratories
PK-6100) and DAB reagent according to manufacturer’s recommendations. Developed sections were counterstained with Mayer’s
Hematoxylin. Thorough washing with PBS was conducted after each step. Slides were imaged using an Olympus light microscope
and imaged at 20x magnification. Vascular density was quantified from H&E-stained slides using ImageJ.”* A digital filter was placed
over selected images for vascular clarity and the number of micro vessels observed in each image was recorded. 2-3 slides (different
mice) per group were used.

Plasma alanine transaminase activity and citrate measurements

Liver function and damage was determined by measuring alanine transaminase (ALT). The ALT activity in the plasma was determined
using the Alanine Transaminase Activity Assay Kit (Abcam ab105134) following manufacturer’s protocol. The plasma ALT levels over
two different time points were obtained and corresponding ALT activity was determined by reading in a plate reader at 570 nm.
Plasma and extracellular citrate levels were determined using the Citrate Assay Kit (Abcam ab83396) by reading in a plate reader
at 570 nm following the manufacturer’s protocol. When required, deproteination was accomplished using a trichloroacetic acid
precipitation kit (Abcam ab204708) for tissue and cells, or 10,000 MWCO spin column for plasma.

Gene expression studies (RT-qPCR, RNA-seq, and analysis)

Total RNA was isolated from liver tissue, iWAT, or hepatocytes using a kit following manufacturer’s instructions (Qiagen). RT-gPCR
was conducted utilizing TagMan probes: Ucp? (Mm01244861_m1), Cidea (Mm00432554_m1), Lep (Mm00434759_m1), Ldha
(Mm01612132_g1), Ldhb (Mm05874166_g1), Pfkl (Mm00435605_mH), Pgk1 (Mm00435617_m1), Hk1 (Mm00439335_m1), and
Actb (Mm01205647_g1). The AACt method was used to analyze the data with Actb as the housekeeping gene. RNA-seq data gen-
eration was contracted with NovoGene. Libraries were constructed using poly-T magnetic beads following by fragmentation, cDNA
synthesis, adaptor ligation, and finally PCR. Quality control was conducted by removing low quality reads or those containing the
adaptor or poly-N strings. Reads were aligned to the reference genome using Hisat2 v2.0.5.52°° FeatureCounts v1.5.0-p3 was
used to count mapped reads and FPKM values were subsequently calculated to correct for gene length and sequencing depth.®®
Consistency between biological replicates was confirmed by correlation analysis. DESeq2 v1.20.0 was used for differential expres-
sion analysis®’; p-values were adjusted using the Benjamini-Hochberg method and statistical significance was considered by an
adjusted p-value < 0.05. Gene set enrichment analysis (GSEA) was done using the publicly available GSEA analysis tool from Broad
Institute (http://www.broadinstitute.org/gsea/index.jsp).?*%° The R package ClusterProfile was used to test for significant

22 Cell Reports 42, 112155, March 28, 2023


http://www.broadinstitute.org/gsea/index.jsp

Version of Record at: https://doi.org/10.1016/j.celrep.2023.112155

Cell Reports ¢? CellPress

enrichment of KEGG pathways.>* In the heatmaps in Figures 3C and S3H, the following KEGG pathways are utilized as the query for
the respective pathway: ‘thermogenesis’ (thermogenesis; mmu04714), ‘oxidative phosphorylation’ (oxidative phosphorylation;
mmu00190), ‘fatty acid catabolism’ (fatty acid metabolism; mmu01212 and fatty acid degradation; mmu00071), ‘“TCA cycle’ (citrate
cycle (TCA cycle); mmu00020), ‘glycolysis’ (glycolysis/gluconeogenesis; mmu00010), ‘Hif-1a’ (Hif1 signaling pathway;
mmu04066).>* Following NovoGene’s preliminary analysis, further in-house analysis was conducted. Normalized FPKM values for
heatmaps were generated using the STANDARDIZE formula in Microsoft Excel to generate a row Z score and each gene was normal-
ized individually for comparison within each gene across the four groups. Relative mRNA abundance was calculated by normalizing
FPKM values in Excel, specifically using the average FPKM for the gene across the four groups. Each gene was normalized individ-
ually. Unbiased transcription factor analysis was conducted using ChEA software.®” Area-proportional Venn diagrams were created
with BioVenn and DeepVenn.”"" Finally, the Sankey plot was generated using the SankeyMATIC tool (https://sankeymatic.com/).
Detailed information for the RNA-Seq data and analysis can be found in an Excel workbook (Data S1) in the supplementary files.

Immunoblotting

Crushed tissues were homogenized in lysis buffer (ThermoFisher) on ice for 1 min (20-30 strokes) using an automatic Dounce homog-
enizer set to 2000 RPM. Whole cell lysate was prepared in lysis buffer (Abcam) using 3 sets of 3-s sonication (power level 3) intervals
on ice. Protein concentration was estimated using Pierce BCA assay kit and samples were prepared and heated for 90°C for 5 min.
Equal amounts of protein were loaded and separated on 4%-12% Bis-Tris polyacrylamide gel (Thermo Fisher Scientific), transferred
to a PVDF membrane, blocked for 1-2 h using 5% fat free skim milk, washed and finally, probed with corresponding antibodies as
specified below. Antibodies were from Cell Signaling Technology (HIF-1a. and hydroxy HIF-1e dilution 1:3000, MCU dilution 1:5000,
MICU1 dilution 1:3000), Abcam (CPT-1a, CPT-2, OXPHOS cocktail dilution 1:3000), ZYMED Laboratories (3-actin; dilution 1:1,000),
and Amersham (secondary antibodies conjugated with peroxidase). Development was done using X-ray film using a series of timed
exposures and ImageJ was used for densitometric analysis on scanned film images.”*

Mitochondrial oxygen consumption rate

Primary murine hepatocytes were plated on in-house collagen coated 96-well Seahorse XF Cell Culture Microplates (Agilent) at a
density of 4 x 10° cells/well. After initial processing, equivalent weights of iWAT were gently homogenized in 750uL ICM buffer
(mM, 120 KClI, 10 NaCl, 1 KH,PO,4, 20 HEPES-Tris, pH 7) before seeding in uncoated Seahorse microplates. In some experiments,
hepatocytes were treated with 5, 10 and 25 uM of chloropentammine cobalt(l1l) chloride (CPACC) for 1 h at 37°C. Media was changed
to Seahorse XF Cell Mito Stress Test Kit (Agilent) assay media supplemented with glucose, glutamine, pyruvate, and HEPES with
concentrations equivalent to that of the hepatocyte growth media 1 h before the experiment start time. After media change, per
manufacturer instructions, cells and tissue homogenate were placed in a CO,-free incubator for 1 h. Oxygen consumption rate
(OCR) was measured at 37°C in an XF96 extracellular flux analyzer (Seahorse Bioscience, Agilent) calibrated using Seahorse XF Cal-
ibrant solution (Seahorse Bioscience, Agilent) in a CO,-free incubator overnight. Respiratory chain inhibitors (2 uM oligomycin, 5 uM
FCCP, and a mixture of 1 uM antimycin A and 1 uM rotenone) were added at the indicated time points. Data were collected using
Agilent Seahorse Wave 2.6.1 Desktop software and analyzed using GraphPad Prism version 8.”%7°

Confocal microscopic examination of cellular lipid localization and mitochondrial membrane potential maintenance
Primary murine hepatocytes were stained with the lipid indicator BODIPY (ex/em 493/503 nm, 1 ng/mL) and mitochondrial membrane
potential (AW, indicator tetramethylrhodamine, ethyl ester (TMRE, ex/em 556/610 nm, 100 nM) in serum-free conditions for 30 min
(5% CO,) and washed before imaging.” For CPACC-treated experiments, hepatocytes were acquired from 12-month-old mice and
cells were treated with CPACC (50uM) for 12 h. Fresh iWAT explants were stained with TMRE (20nM) and DAPI (0.5 png/mL) for 30 min
(5% CO,) and washed before imaging (63x). All confocal microscopic images were acquired using a Leica SP8 confocal microscope
(Manheim, Germany) coupled with a temperature-controlled environmental chamber. Leica Application Suite X was used to quantify
lipid-mitochondrial colocalization using line scan analysis followed by smooth curve fitting. Imaged was used to calculate Pearson’s
and Mander’s colocalization coefficients. The lipid droplet size and mitochondrial membrane potential in hepatocytes were quanti-
fied using both Leica Application Suite X and ImagedJ. The mitochondrial density in iWAT explants was quantified utilizing modules in
KNIME software.”” Briefly, the LASX image files were imported to the Files and Folders module, read with Image Reader (Table), and
then channel separated using Splitter. The TMRE channel was then processed with a background subtraction Imaged macro (rolling =
50) followed by a Gaussian blur macro (o = 2) and Watershed macro (iterations = 1; count = 1). Finally, the Analyze Particle macro
(size = 0 to infinity; circularity 0-1) to obtain the mitochondrial area and number. All statistical analyses were done using
GraphPad Prism v8.

Metabolite screening for Hif1-« stabilization

Primary murine hepatocytes from WT or Mrs2~/~ mice were treated with either LPS (0 or 1 ug/mL) or CoCl, (ImM) for 6 h. In most ex-
periments, cells were treated with FG-4592 (0-200uM), CoCl, (0-200uM), or DMOG (dimethyloxallyl glycine, 0-1mM) for 6 h as indicated.
An additional experiment utilized FG-4592-treated (6 h) hepatocytes that were lysed (lysis buffer, ThermoFisher) and then treated
with the indicated (0-10mM) dose of citrate (Figure S7F). In the targeted metabolite screen, hepatocytes were cotreated (6 h)
with FG-4592 (100uM) and the designated metabolite: glucose, glucose-6-phosphate (G-6-P), fructose-6-phosphate
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(F-6-P), fructose-1,6-bisphosphate (F-1,6-BP), r-glyceraldehyde-3-phosphate (GA-3-P), dihydroxyacetone phosphate (DHAP),
3-phosphoglycerate (3-PG), phosphoenol pyruvate (PEP), pyruvate (pyruvic acid), lactic acid, citric acid, isocitrate, a-ketoglutarate
(2-KG), succinate, fumarate, or malate (10mM); or, palmitate or 2-hydroxyglutarate (D-2-HG) (100uM). Additional screening was conduct-
ed utilizing HK-2 cells treated with CoCl, with or without a metabolite (10mM): oxaloacetate (OAA), pyruvate, citric acid, «-KG, succinate,
or malate. Citric acid derivatives (mono, di, and tri sodium salts) were used at a concentration of 10mM in WT and Mrs2~/~ hepatocytes.
The time-dependent nature of citrate-mediated Hif1-a. stabilization was examined by utilizing hepatocytes treated with FG-4592
(0-24hrs) with or without citric acid (10mM). The role of Mg?* in Hif1-o stabilization was further explored by treated cells with EDTA-
AM (43uM) or MgCl supplementation (0-10mM). UK-5099 (100pM) was used to explore the impact of pyruvate on Hif1-o stabilization.
COS-7 cells were transfected with mutant Hif1-o construct (addgene#87261) and treated with citric acid (0-10mM) (Figure 6F).*° Cells
were rinsed with DPBS (Ca?*/Mg?* free) then scraped in lysis buffer followed by generation of whole lysate.

Evaluation of dose-dependent Mrs2 inhibition by confocal live cell imaging system

Primary murine hepatocytes were treated with varying doses (1,2,5,10.25 uM) of CPACC, or control, for 12 h. To visualize Mg®* and
the mitochondria, cells were stained with 2.5mM Magnesium Green-AM (ex/em 488/510 nm) and 1 mM MitoTracker Deep Red FM
(ex/em 644/665 nm) for 30 min in their normal growth conditions. Using the Leica SP8 confocal microscope, time lapse images were
collected every 3 s. After 30 s of baseline recording, the cells were stimulated with lactate (5 mM). Data were quantified using Leica
Application Suite X.

Visualization of citrate flux in live cells using confocal microcopy

Primary murine hepatocytes were grown and seeded as previously described. HepG2 cells were grown on 0.1% gelatin coated glass
coverslips. After overnight growth, cells were transiently transfected with 2 ng of genetically encoded biosensors, CMV-Citron or
CMV mito-Citron1 (deposited by Robert Campbell*® at Addgene, #134303 and #134305; GFP ex/em 488/510 nm) using Lipofect-
amine 3000 transfection reagent. After 24hr, transfected hepatocytes were infected with adenoviruses (Vector BioLabs), Ad-RFP
and Ad-Mrs2(mut)mRFP-FLAG (MOI 10). After 48 h of infection, the cells were washed and imaged using the Leica SP8 Confocal
microscope under 60x oil immersion. After 30 s of baseline recording, cells were stimulated with 20 mM of glucose (hepatocytes)
or 16.7 mM (HepG2) and the corresponding fluorescence emissions in the cytosol and mitochondria were recorded. The citrate tran-
sient-generated fluorescence emission was quantified using Leica Application Suite X and analyzed using GraphPad Prism v8.

Spectrofluorimetric measurement of mitochondrial Mg2* and Ca?* dynamics

Fluorescence measurements were conducted in a multiwavelength excitation dual wavelength emission spectrofluorometer (Delta
RAM, PTI, HORIBA) similar to prior studies.*'° Cells were washed with Ca®* & Mg?* free DPBS, pH 7.4. Following centrifugation (50 x
g, 4°C, 5 min), approximately 4-5x10° cells were resuspended and permeabilized using 40 ng/mL digitonin in 1.5 mL of intracellular
medium (ICM) (mM, 120 KCI, 10 NaCl, 1 KH,PO,, 20 HEPES-Tris, pH 7). Suspension was additionally supplemented with succinate
(5mM), ATP, and a fluorescent dye. Magnesium measurements were performed using K*/ATP (1.5 mM) and Mag Green (0.5mM);
meanwhile, calcium measurements were performed using Mg2*/ATP (1.5mM) and Fura-2FF (1 uM). Mag-Green has an excitation
of 505nm and emissions of 535nm and 595nm based on Mg®* binding. Fura2-FF has excitations 340nm and 380nm based on
Ca?* binding and emits at 510nm. Changes in extramitochondrial Mg?* ((Mg?*]ut) or Ca2* ([Ca%*]oy) was used as an indicator of mito-
chondrial uptake of these ions. After a 400 s background acquisition period, cells were pulsed with either a single bolus of 1 mM Mg?*
or multiple 20 pM Ca** pulses followed by the mitochondrial uncoupler, FCCP (2 uM). To measure the inhibition of ,Mg?* uptake,
permeabilized hepatocytes in ICM were supplemented with different concentrations (0.05, 0.1, 0.5, 1,2,5,10.25 uM) of CPACC, or
control, and pulsed with a bolus of 1 mM Mg?* at 450s followed by FCCP (10 uM) at 1000s. This set of experiments was also con-
ducted using hexaammine Co(lll) chloride at the same dosages; additionally, ruthenium ion based inhibition of ,Mg?* was investi-
gated using hexaammine Ru(lll) chloride (5um) and chloropentammine Ru(lll) chloride (5uM). The ,Mg?* uptake rate was calculated
from the linear portion of the traces immediately after Mg?* addition. All experiments were done at 37°C with constant stirring.

Cellular uptake assay

Hepatocytes were treated with varying doses of CPACC for 30 min, cells were washed in Ca®* and Mg?* free DPBS, and cell pellets
flash-frozen. Pellets were suspended in ice-cold lysis buffer (0.1% Triton X-100 and 0.2% HNOj3 in ultrapure water). The suspension
was vortexed for 30s and incubated on ice for 45 min. The cell lysate was centrifuged, and the supernatant was transferred to a clean
tube prior to analysis. The Co content of the lysate was determined using graphite furnace atomic absorption spectroscopy (GFAAS)
and was normalized to the protein content of the sample, which was determined using the bicinchoninic acid (BCA) assay kit following
manufacturer instructions (ThermoFisher). Results are reported as the average mass ratio of Co to protein (pg/ung) in each
sample +SEM.

MRS2 cloning, expression, and purification

The full length human MRS2 (NCBI accession NP_065713.1), identified as MRS25g_443 (i.€., residues 58-443) and excluding the mito-
chondrial targeting sequence, was cloned into pET-28a using Ndel and Xhol restriction sites. The sequence and frame of the MRS25g_
443 coding insert within the pET-28a vector was confirmed by Sanger DNA sequencing. Transformed BL21(DE3) codon + Escherichia
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coli were grown in Luria-Bertani (LB) broth supplemented with 60 pg/mL kanamycin to an optical density (600nm) of =0.6-0.8 at
37°C. Expression was induced upon addition 300 uM isopropyl B-D-1-thiogalactopyranoside (IPTG), and growth was continued
overnight. The protein was purified from the harvested cells under native conditions according to the HisPur nickel-nitriloacetic
acid (Ni-NTA) manufacturer guidelines (ThermoFisher). After elution from the Ni-NTA beads using buffer containing 20 mM Tris,
150 mM NaCl, 1 mM DTT, 10 mM CHAPS, 325 mM imidazole, pH 8.0, the 6 x His-MRS25g_443 Was dialyzed in the same buffer without
imidazole and thrombin digested (=1 U/mg protein) to remove the 6 xHis tag. A final size exclusion chromatography (SEC) purifica-
tion step was performed through a Superdex 200 10/300 GL column connected to an AKTA Pure FPLC (GE Healthcare). The buffer for
the SEC and all experiments was 20 mM Tris, 150 mM NaCl, 1 mM DTT, 10 mM CHAPS, pH 8.0.

Dynamic light scattering (DLS)

A Dynapro Nanostar (Wyatt) equilibrated to 20°C was used for all DLS experiments. Protein samples at ~ 0.5 mg/mL in 20 mM Tris,
150 mM NaCl, 1 mM DTT, 10 mM CHAPS, pH 8.0 without or with 5 mM CaCl,, 5 mM MgCl,, 5 mM CoCl, or 0.5 mM CPACC were
centrifuged at 12,000 x g for 5 min before a 5 pL aliquot of the supernatant was removed and loaded into a JC501 cuvette (Wyatt). The
sample was equilibrated for 5 min at 20°C before 10 autocorrelation function acquisitions of 5s each were recorded and averaged.
Two aliquots (technical replicates) from each sample were averaged, and each experimental condition was performed on three in-
dependent/individual protein expression preparations (biological replicates). Autocorrelation functions were deconvoluted using the
regularization algorithm to extract polydisperse distributions of hydrodynamic radii and cumulants algorithm to extract weight-aver-
aged monodisperse hydrodynamic radii, using the accompanying Dynamics (v7.8.1.3) software (Wyatt). The dependence of hydro-
dynamic size on CPACC concentration was determined using ~0.5 mg/mL protein supplemented with 0.01, 0.05, 0.1, 0.5, or
0.75 mM CPACC, using a similar experimental setup as described above and cumulants analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical tests and data representation
Unless otherwise indicated, statistical analysis is conducted using one-way ANOVA with Tukey’s multiple comparisons. Where indi-

cated, two-tailed Student’s t-test was used. GraphPad Prism version 8 was used for statistical testing and regression analysis. Data
are represented as mean + SEM unless otherwise indicated.
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Figure S1: Assessment of Water Consumption, Locomotion, And Plasma Cholesterol in
WT And Mrs2” Mice (Related to Figure 1).

A and B) Water consumption and locomotion of mice during metabolic screening with
Promethion system.

C and D) Plasma levels of cholesterol after mice were subjected to 16 hrs fasting (C) followed
by 4 hrs of fed state (D). WT and Mrs2” mice fed either a WD or CD for one year. n=4-5 mice
per group.

E and F) Blood glucose and plasma insulin levels in fasting (left) or fed (right) states of CD or
WD-fed (1 year) WT or Mrs27 mice.

G) Maximum energy expenditure calculated from Fig. 1G from mice from the four groups. n=4
mice per group.

H) Average rectal temperature from mice from the four groups before indirect calorimetry. n=4-5
mice per group.

I and J) ANCOVA plots of indirect calorimetry data of oxygen consumption (G) and energy
expenditure (H) with lean mass as a covariate. n=4 mice per group.

A-H) Data is mean + SEM; ****= P<0.0001, **= P<0.01, *= P<0.05, n.s.=not significant.
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Figure S2: Microscopic Assessment of Fibrosis, Microvascular Density, and
Ultrastructure in WT and Mrs2” Mice (Related to Figure 2).

A) Gross anatomy of Western diet-fed mice after 1 year on diet. Wildtype (left) and Mrs2-*
(right).

B and C) Representative liver tissue sections stained with hematoxylin & eosin (H&E) (B) and
Masson'’s trichrome (C) from WT and Mrs2/- chow diet (CD) fed after 1 year diet period. n= 3
mice per group.

D) Representative images of H&E-stained liver sections from 1-year WD fed mice. Note foci of
immune cell infiltration as an indicator of tumor nodules appearing in the liver (yellow curve).
E) Immunohistochemical analysis of vascular density (a-CD31) in liver samples obtained from
CD-fed WT (left) and Mrs2-/- mice after 1 year diet period. n=3 mice per group.

F) Representative transmission electron microscopy (TEM) images of liver sections from 1-year
WD fed WT or Mrs2”- mice. n= 3 mice per group.

G) Representative kidney sections stained with Masson’s Trichrome from CD or WD-fed WT
and Mrs2- after 1 year diet period. n=3 mice per group. Dot plot indicates the quantification of
collagen staining. Randomly five slides were used for quantification. Mean £+ SEM. **= P<0.01
****= P<0.0001, n.s.= not significant.

H) Representative H&E-stained adipose tissue sections from remaining WT and Mrs2”- chow
diet (CD) or Western diet (WD) fed after 1 year diet period. Total n=3 mice per group.
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Figure S3: RNA-seq Quality Control and Comparative Analyses of Differentially
Regulated Gene Transcripts (Related to Figure 3).

A) Correlation (Pearson’s r?) heatmap of RNA-seq data.

B) Coexpression analysis of Western-diet fed groups to examine the variability between
biological replicates (within group). %variability indicates the proportion of protein-coding genes
that are uniquely expressed in a single replicate within the indicated group. Mean + SEM.

C) Venn diagram depicts the differentially expressed protein-coding genes between WT and
Mrs27- mice fed Western diet or chow diet (1 year diet period). Liver tissue (left) and iWAT
(right).

D) Significant (adj. P<0.05) differentially expressed genes between Mrs27- CD and WT CD liver
tissue shown as a heatmap. Values shown as row z-scores. n=3 mice/group.

E) Bar graph shows the differentially expressed genes (adj. P<0.05) shared in both CD
comparison and WD comparison from Mrs27- and WT liver tissue. The corrected enrichment
counts (FPKM) were normalized and expressed as relative mRNA abundance. n=3 mice per
group.

F) Liver tissue KEGG gene set enrichment analysis with significantly differentially regulated
pathways indicated (adjusted P<0.05). CD-fed mice (left) and WD-fed mice (right). The dotted
line indicates the significance threshold.

G) Transcription factor enrichment analysis of liver tissue using utilizing ChEA ranking tool.
Select transcription factors are highlighted. The y-axis is the mathematical inverse of the
enrichment score x100. Based on differential expression analysis of Western-diet fed mice.

H) Targeted KEGG analysis of liver tissue from WT and Mrs27 mice fed CD or WD. The
heatmap depicts all gene hits in selected KEGG pathways (see methods). Values shown as row
z-scores. n=3 mice/group.

I) Microvascular densities in the adipose tissue were quantified from the H&E-stained tissues.
Data expressed as the number of vasculatures/field n=3 mice per group. Nine images were
chosen for the quantification. Mean + SEM. ****= P<0.0001, **= P<0.01, n.s.= not significant.
J) Heatmap depicting relative fold-change (Act normalized) of Ucp1 and Lep in iWAT (RT-
gPCR) from WT and Mrs2- mice fed either CD or WD. n=4 mice per group.

K) Quantification of the basal OCR in fresh iWAT explant homogenate. Mean + SEM. Two-tailed
Student’s t-test; ****=p<0.001.

L) Venn-diagram depicts the differential expression of Mg?* binding protein transcripts. These
candidate genes were extracted from Uniprot and compared between iWAT CD vs WD
conditions of WT and Mrs2” mice.

M) Sankey plot diagram depicting the expression of differentially regulated genes between WT
WD and Mrs27-WD animals (generated using SankeyMATIC). This diagram links the essential
pathways that are modulated by iMg?*and Hif1-o. dependent signaling.
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Figure S4: Assessment of Hepatocyte Mitochondrial OXPHOS Complex Protein
Abundance and Extracellular Acidification (Related to Figure 4).

A) Split channel confocal images from Fig. 4A. Hepatocytes stained with AYy, indicator, TMRE
(red, left images), lipid/fatty acid marker, BODIPY-488 (green, right images). Black and White
images were generated for both TMRE and BODIPY staining (inset). 100x objective, scale bar
20 um. n= 3 isolations per group.

B) Western blot depicting the abundance of mitochondrial OXPHOS complex protein in WT and
Mrs2” liver from chow or western diet-fed mice. n=4 mice per group.

C) Traces (left) represent extracellular acidification rate (ECAR) in WT or Mrs27 hepatocytes
isolated from CD or WD-fed mice (1 year diet period). Inhibitors (oligomycin, FCCP, and
rotenone+antimycin added at the indicated time points. Bar charts show basal glycolysis and
glycolytic reserve. Mean + SEM. n=3-6. ****= <0.0001, **= P<0.01, n.s.=not significant.
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Figure S5. Genetic deletion of Mrs2 or Reconstitution of Loss-Of-Function Mrs2 Mutant
Suppress Mitochondrial Citrate Efflux. (Related to Figure 5).

A) Plasma citrate levels were measured in WT and Mrs27 mice fed with chow or Western diet.
n = 4-7 mice/group.

B) Extracellular citrate production after 2 hours (left) and 36 hours (right) of WT and Mrs2 KO
hepatocytes in culture. n=3 per time point.

C) Extracellular citrate production in isolated hepatocyte culture after 36 hours of infection with
adenovirus expressing mutant Mrs2. n=3.

D) Representative image of HepG2 cells expressing mitochondria targeted citrate sensor
Citron1. The pseudocolored images depict the mito-Citron dynamic fluorescence change upon
glucose (17 mM) stimulation. Trace depictsmito-Citron1 fluorescence dynamics after glucose
stimulation and the inset is the quantification of citrate production (amplitude;peak — pre-
addition)

E) Measurement (left) and quantification (right) of mito-Citron1 dynamics in WT or Mrs2*
hepatocytes after stimulation with 20 mM glucose. n=3.

F) Measurement (left) and quantification (right) of cytosolic-Citron1 dynamics in WT or Mrs2-
hepatocytes after stimulation with 20 mM glucose. n=3.

G) Measurement (top) and quantification (bottom) of mito-Citron1 dynamics in WT hepatocytes
infected with either Ad-RFP or Ad-mutant-Mrs2-RFP. Stimulated with 20 mM glucose. n=3.

H) Measurement (top) and quantification (bottom) of cytosolic-Citron1 dynamics in WT
hepatocytes infected with either Ad-RFP or Ad-mutant-Mrs2-RFP. Stimulated with 20 mM
glucose. n=3.

I) and J) Measurement (left) and quantification (right) of mito-Citron1 (I) or cyto-Citron1 (J)
dynamics in HepG2 cell line infected with either Ad-RFP or Ad-mutant-Mrs2-RFP. 17 mM
glucose stimulation. n=3.

K) Normalized Sic25a1 gene expression in isolated hepatocytes from CD or WD-fed WT and
Mrs27- mice. Data represented as % of WT CD.. n=3 per group. *=p<0.05, n.s.=not significant.
L) Differential gene expression analysis of Sic25a1 in liver tissue (RNA-seq). Data represented
as the corrected read count (FPKM). n=3 per group.

A-L) Data represented as mean + SEM. (A, K) One-way ANOVA,; **= P<0.01, *= P<0.05,
n.s.=not significant. (B,C,E-K) Two-tailed Student’s t-test; ****= p<0.0001, ***= p<0.001, *=
p<0.05.
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Figure S6. Citrate Destabilizes FG-4592, CoCl; or DMOG-Induced HIF-1a Protein in
Hepatocytes (Related to Figure 5).

A-F) FG-4592, CoClz or DMOG induced HIF-1a stabilization in WT hepatocytes were treated for
6 hours and total lysates were subjected to Western blot analysis to determine HIF-1a protein
abundance. n=2-3 independent hepatocyte isolations.

E) FG-4592 mediated HIF 1a stabilization is destabilized by citrate in a time-dependent fashion.
As indicated, citrate (10 mM) was added to FG-4592 (100 uM) hepatocytes. n=2 independent
hepatocyte isolations.

F) FG-4592 treated hepatocytes were permeabilized and challenged with citrate at various
concentration in vitro. Quantification of HIF 1o protein abundance from the Western blot. n=2
independent experiments.
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Figure S7. The Effect of Cobalt or Ruthenium Derivatives on Mrs2-Mediated »Mg?* Uptake
and Mitochondrial Function (Related to Figures 6 and 7).

A-D) Permeabilized hepatocytes were treated with various concentrations of pretreatment.
chloropentaammine Co(lll) chloride, Ru (1) hexaammine chloride, chloropentaammine Ru (ll1)
chloride, or cobalt (11I) hexaammine chloride and then pulsed with 1 mM MgCl, and FCCP at the
indicated time points. Representative traces show the uptake and the release of Mg?* from the
mitochondria (A, B, and D). Quantification of the uptake rate from Fig S7B (C). n=3-4.

E) Cellular uptake of CPACC in WT hepatocytes. Intracellular Co(lll) was measured by atomic
absorption spectroscopy. n=3.

F) Visualization and appearance of hepatocytes isolated from 12 months old WT mice using
BODIPY-488 to label lipid droplets (left) and A¥n indicator TMRE (middle), with or without
CPACC (50uM) treatment for 48 hours. Left-most images are merged channel of images from
Fig. 7A. Right-most images are merged, magnified images of images. Black and white images
were generated for both TMRE and BODIPY staining (inset). Scale bar 10uM.

G) Size distribution of lipid droplets in hepatocytes following CPACC treatment (50uM). The
area of droplet size was quantified from multiple cells. n=3.

H) Bar charts depict basal respiration, maximal respiration, and proton leak from Figure 7D
traces. Mean + SEM. n=3-6.

I) Traces (left) represent extracellular acidification rate (ECAR) in WT hepatocytes (12 months
old mice) with varying concentrations of CPACC treatment. Inhibitors (oligomycin, FCCP, and
rotenone + antimycin added at the indicated time points. Bar charts show basal glycolysis and
glycolytic reserve. Mean + SEM. n=3-5.

C, F, G-I) Data shown as mean + SEM. ****= P<0.0001, ***= P<0.001, **= P<0.01, *= P<0.05,
n.s.=not significant.
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