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A bacterial cytidine deaminase toxin enables CRISPR-free mitochondrial base editing.
Mok et al. Nature 2020-07-08.
(Mitochondrial genome editing gets precise. Aushev, Herbert. Nature 2020-07-08
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[FLERI/[EILE > EE] < 25.6

[ZLE&] = 2.56 mM = 23.04 mg/dL
[EJLE >8] = 0.1 mM = 0.88 mg/dL

[ZLE&] = 25.6 mM = 230.4 mg/dL
[EJLE V] =1 mM = 8.8 mg/dL
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l NADH + H* Pyruvate
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v NAD*

ALDH

NADH + H*
\2

NAD* Lactate

Acetate

Effect of pyruvaie on alcohol metabolism: We studied the
effect of pyruvate on alcohol metabolism (Fig. 1d). Oral
administration of 5 g of sodium pyruvate accelerated alco-
hol oxidation by 20% (Japan Patent 2000-204038). In sub-
jects with a genetic defect in aldehyde dehydrogenase
(ALDH2), pyruvate further elevated the acetaldehyde level,
this is because the first reaction by the alcohol dehydroge-
nase (ADH) from ethanol to acetaldehvde is stimulated by
supplementation of NAD™ by pyruvate, whereas the sec-
ond reaction from acetaldehyde to acetic acid 1s blocked
by the enzyme defect. To ameliorate the increased level
of acetaldehyde. we administered 1440 mg of L-cysteine
along with pyruvate, because acetaldehyde reacts with
L-cysteine to form a thiazolidine derivative that can be
excreted to urine. Combination of pyruvate and r-cysteine
accelerated alcohol oxidation by 30% (Japan Patent
2002-187839). These results indicate that orally adminis-
tered pyruvate can increase intracellular NAD'/NADH
ratio at least in the liver.
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“=.“ ScienceDirect

Mitochondrion 7 (2007) 399-403
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Available online at www.sciencedirect.com

Mitochondrion

www.elsevier.com/locate/mito

Letters to the Editor

Therapeutic potential of pyruvate therapy for mitochondrial
diseases

Mitochondrial disorders caused by mutations in the
mitochondrial or nuclear genome are devastating diseases
resistant to various medications. We propose here that
pyruvate has a therapeutic potential for mitochondrial dis-
eases. We have started an open clinical study on the effects
of sodium pyruvate on mitochondrial diseases and type II
citrullinemia.

pyruvate added exogenously (and converted to lactate) is
replaced by a mole of pyruvate derived from glycolysis
(Fig. 1b). Because NAD™ that has been formed by the ac-
tion of LDH on the extraneously added pyruvate is then
used for the oxidation of glyceraldehyde-3-phosphate, gly-
colysis is now able to proceed for production of ATP.
Thus, when 1 mol (110 g) of sodium pyruvate is adminis-
tered, 2 mol (1014 g) of ATP is formed even when oxidative
phosphorylation function is null.

Activation of PDHC by pyruvate: Pyruvate activates

144E R
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Tanaka M, et al. Mitochondrion 7:399-403,2007
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Haemodynamic effects of intracoronary pyruvate in
patients with congestive heart failure: an open study

Hermann et al. Lancet 353: 1321-1323, 1999
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Figure 5. Changes in intracellular pH (pHi) in response to sodium
piopronate loading and addition of sodium pyruvate (SP) 33 mmol-L-1
(SP1 group, n=45), 66 mmol-L-1 (SP2 group, n=45) and 100
mmol-L-1 (SP3 group, n = 45). NS addition was performed as negative
control group (NS group, n = 45). No addition was performed as blank
control group (Control group, n =45). There was a positive correlation
between BCECF emission ratio (R, R = F(Ex=488nm/Em = 535nm)/
F(Ex = 445nm/Em = 535nm)) and pHi. Data are presented as means
(SD). *P<0.05, vs. NS; #P < 0.05, vs. control.
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Yang et al. Artificial Cells, Nanomedicine,
and Biotechnology, 2016; 44: 48-55
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L (SP) DN REFRD, Hik: EARNEERTIL.
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mmol/kg) ELTEAL., £IEEBIEK(NS) IZ&DABE
#BREXB Q2 mL/kg) ELTERLEL:, ;F5ED
pH, MEZAH R, BfRE. JILa—R ILT7F=>
(Cr) . BERUREDHDI=0IZ, IRERIREH DMK
EHTY S LELT =, invitroEETIX,. 7OEAY
A EALT. EFEHBEOMERAT O F— X%
FHELEL-, MAEAPH (pHI) &, SPOFIEICE S
BIESNFEL . &R . £ERNAR TIL, SPLEEDpH
[ENSEFDpHELLBL THEEREZRIEM o=, SP2
BEXUSP3T IL—TIE NST IL—T LY FLWpHTL
1= (P <0.01) , SP3% JL—F(Z. SBY JL—F (P <0.05)
EEUSP1YIL—F (P<0.05) kYL EL\pHETRLEL
T=o SB[, SPAEITHILCHLDEFEZHEL, I
A LEBEZETIEELE, SP3TIL—TIF,
SP1Y IL—T LY kEEERLEL-(P
<0.05), MIFCrBELUVRFBELANILDT RTDY )L—
THITEEEZIIBRINFEFFATL =, invitroid &
TlE. SPORIMERIZpHIN ERLEL=, #&/: T —
A, SPICKAMERABNRBEMETIF— REW
fg_'éf:&)@%ﬁbb\iﬁ%ﬁﬁﬁ%f&é:&%ﬁzﬂﬁbn\



51T D EEHZE (Harvard X

An engineered enzyme that targets circulating
lactate to alleviate intracellular NADH:NAD*

imbalance

MRRADBZETINEZRET S

Anupam Patgiri"?3*, Owen S. Skinner"23, Yusuke Miyazaki*, Grigorij Schleifer?, Eizo Marutani?,
Hardik Shah ©'23, Rohit Sharma'?3, Russell P. Goodman"?35, Tsz-Leung To"?3, Xiaoyan Robert Bao ©"236,

Fumito Ichinose?, Warren M. Zapol* and Vamsi K. Mootha

An elevated intracellular NADH:NAD+ ratio, or ‘reductive
stress', has been associated with multiple diseases, includ-
ing disorders of the mitochondrial electron transport chain.
As the intracellular NADH:NAD* ratio can be in near equilib-
rium with the circulating lactate:pyruvate ratio, we hypoth-
esized that reductive stress could be alleviated by oxidizing
extracellular lactate to pyruvate. We engineered LOXCAT, a
fusion of bacterial lactate oxidase (LOX) and catalase (CAT),
which irreversibly converts lactate and oxygen to pyruvate
and water. Addition of purified LOXCAT to the medium of
cultured human cells with a defective electron transport
chain decreased the extracellular lactate:pyruvate ratio, nor-
malized the intracellular NADH:NAD* ratio, upregulated
glycolytic ATP production and restored cellular prolifera-
tion. In mice, tail-vein-injected LOXCAT lowered the circulat-
ing lactate:pyruvate ratio, blunted a metformin-induced rise
in blood lactate:pyruvate ratio and improved NADH:NAD*
balance in the heart and brain. Our study lays the groundwork
for a class of injectable therapeutic enzymes that alleviates
intracellular redox imbalances by directly targeting circulat-
mg redox-coupled metabolltes

1,2,3%

Our recent work utilizing LINOX, a water-forming NADH oxidase
that directly oxidizes intracellular NADH to NAD*, demonstrates
that reductive stress can cause cellular pathologies, such as impaired
proliferation in the face of ETC dysfunction’.

The extracellular lactate:pyruvate ratio has classically been
used as a marker of intracellular NADH:NAD* status® due to
the high LDH reaction flux and robust transport of lactate and
pyruvate across the plasma membrane by monocarboxylate trans-
porters’. LDH catalyzes the oxidation of NADH to NAD*, while
transferring two electrons from NADH to pyruvate to make
lactate. Blood lactate:pyruvate levels are often elevated in a variety
of diseases, including mitochondrial ETC dysfunction®'’, in response
to an increased intracellular NADH:NAD" ratio. Previously, it was
shown that decreasing the extracellular lactate:pyruvate ratio by
adding exogenous pyruvate in the medium lowers the intracellular
NADH:NAD" ratio in cultured cells'**>. Sodium pyruvate has also
been tested as a therapy for mitochondrial dysfunction'>'*. However,
this approach has been ineffective clinically, in part because it
requires administering stoichiometric amounts of the metabolite.

Here, we investigate the possibility of directly targeting the cir-
culating milieu to alleviate intracellular redox imbalance by taking
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