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ABSTRACT: The remodeling of female mammalian physiology to support the development of a fertilized egg into an externally breathing
individual and then to provide all the nutrition to this individual while remodeling back to nearly her pregestational state is without parallel in male
mammalian physiological transitions. While it is common parlance to refer to postpartum depression as a not infrequent stress in women, the
postpartum physiological changes after every birth constitute profound metabolic stresses that are understudied and have important nutritional,
behavioral, and neurodevelopmental implications for the maternal and neonatal health of every mammalian species. We discovered that the
postpartum liver of a lactating female mouse has a depressed nicotinamide adenine dinucleotide (NAD) metabolome linked to circulation of
higher levels of NAD metabolites in support of a >20-fold increase in NAD coenzymes in the mammary. Furthermore, by supporting a new
mother’s apparent higher demand for NAD precursors, we increased circulation of prolactin, superinduced mammary biosynthetic programs,
increased her time of arched-back nursing, enhanced mammary production of brain-derived neurotrophic factor, promoted postgestational
weight loss, advanced the neurobehavioral development of her offspring, and allowed them to mature as stronger and more resilient adults
with advantages in hippocampal neurogenesis and body composition. These results show that a new mother’s capacity for biosynthesis and
functionally important nurturing is apparently limited by NAD. Here, we discuss homeorhetic flow of resources from a new mother to her offspring

in the context of NAD metabolism and suggest avenues for future investigation.
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Biologists frequently cite homeostasis as the most remarkable
feature of living things. The ability of living organisms to
maintain their form and function over long periods of time is
so remarkable that to, casual observation, living creatures may
appear to violate the second law of thermodynamics by main-
taining their organization over time.

No living creature violates the second law because no living
creature is an isolated system. For example, the chipmunk I am
watching in the backyard is in as good shape today as yesterday
because it ate from my garden, whose biomass was created by
solar energy and the incorporation of matter from the soil.
Whereas homeostasis refers to the energy-dependent set of
processes that allow us to repair and maintain ourselves, the
larger process that incorporates the concept of continuous flow
of energy (ie, from the sun to the chipmunk) is termed
homeorhesis.

Just as there is a homeorhetic flow of energy from the sun to
the strawberry to the chipmunk to its DNA repair, there is
homeorhesis from a pregnant mother to her developing embryo
and from a postpartum mother to her newborn. When the
chipmunk is pregnant, its energy intake and resting metabolic
rate are increased to support the development of the next gen-
eration of chipmunks. During the postpartum period, homeor-
hesis continues as the new mother marshals protein, fat, and
carbohydrate for lactogenic calorie transfer to her offspring.!

Dale E. Bauman and W. Bruce Currie, pioneers in applying
concepts of homeorhesis to maternal physiology, used dairy
cows and sheep to show that provision of growth hormone and
prolactin to mothers results in increased milk production and
weight gain to their offspring.? While the knowledge gained
from these classical insights has been used in the livestock
industry, little attention has been paid to the stresses homeor-
hetic processes exert on a mother during postpartum. In fact,
people ask her when she is getting back to work and pretty
much ignore the remarkable retransformation of her body after
pregnancy—some of which is mediated by the process of
breastfeeding and homeorhetic transfer to baby.3

Four nicotinamide adenine dinucleotide (NAD) co-
enzymes [NAD*, reduced nicotinamide adenine dinucleotide
(NADH), NAD phosphate (NADP-), and reduced NAD
phosphate (NADPH)] are the central mediators of metabo-
lism, essentially catalyzing the conversion of everything we eat
into everything we are and everything we do.* Quantitative
targeted metabolomic technology® has allowed us to discover
that the NAD metabolome is dysregulated in multiple condi-
tions of metabolic stress including obesity and type 2 diabetes,®
heart failure,” diabetic and chemotherapeutic neuropathy,?’
and central brain injury.1

One of the things that should be appreciated about the
metabolic stresses that disturb the NAD system is that if a
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tissue’s NAD metabolites are tied up in a repair activity, then
the tissue may be limited in the amount of fuel oxidation and/
or anabolic processes that can be catalyzed. For example, if
DNA is damaged and poly(ADP-ribose) polymerase is acti-
vated, thereby degrading NAD*, there is less NAD* available
for fuel oxidation. Similarly, if the hepatic NAD* pool is
largely reduced to NADH by ethanol intoxication or the
hepatic NADPH pool is challenged with a storm of reactive
oxygen species, one would expect that tissue to be quite
stressed. This is clearly the case in heart failure,” brain,!° and
peripheral nerve’ injury in which particular metabolic stresses
dysregulate the NAD metabolome.

The liver can be considered the most selfless organ in the
body in the sense that it always does what is in the interest of
other tissues, for example, glucose disposal after a meal but glu-
coneogenesis or ketogenesis in fasting states. Similarly, a new
mother’s metabolism is self-sacrificing in that she mobilizes
protein, fat, and carbohydrate for transmission to her offspring.
In response to growth hormone and prolactin, the new mother
transmits macronutrients from her adipose and liver to her
mammary to support milk production.’ Thus, a new mother’s
liver is the most selfless organ in the most selfless of creatures.

We therefore considered whether a new mother’s liver, the
most self-sacrificing tissue in the most self-sacrificing crea-
ture, might be self-sacrificing not only in transmission of
macronutrients but also in transmission of NAD metabolites.
We discovered that at peak lactation (14 days after parturi-
tion), mouse mothers on healthy normal chow depress their
liver NAD metabolome by ~1/3 and circulate a higher NAD
metabolome in their blood by ~1/3 with respect to age-
matched virgin females. Remarkably, at the same time, post-
partum females have a mammary NAD metabolome that is
expanded by 20 to 30-fold.”> When we supplemented new
mother mice and rats with nicotinamide riboside (NR)!3 at a
level sufficient to boost their hepatic NAD metabolome
against the postpartum flow of NAD metabolites from liver to
mammary, they increased expression and circulation of prolac-
tin by approximately 6-fold; superinduced blood and mam-
mary NAD metabolomes; increased mammary size;
superinduced mammary biosynthetic programs for protein,
fat, and carbohydrate; and increased the amount of milk pro-
duced as well as the time of arched-back nursing.?

Not surprisingly, by boosting lactation, these mothers
increased postgestational weight loss and produced pups that
were larger at weaning.!? Unexpectedly, we found that the off-
spring of NR-supplemented mouse mothers are more adven-
turous in an open-field test, that weanling mice have better
glycemic control if their mothers were NR supplemented, and
that the weanling rats of supplemented mothers are learning-
advantaged on a rotarod. Consistent with the enhanced adven-
turousness of young mice and enhanced physical learning of
young rats, we found that the offspring of NR-supplemented
mothers have advanced pruning in their caudate-putamen.!?

Although the nutritional intervention only lasted for the 21
days in which new mothers nursed their pups, we discovered
that the benefits of having a mother on NR last into mouse
and rat adulthood. Specifically, we found that offspring of
NR-supplemented mothers are less anxious, stronger, perform
better on a beam walk, are more resilient to giving up in a
forced swim, have better spatial memory, are advantaged in
adult hippocampal neurogenesis, and have leaner body com-
position as adults.!?

Although we found that NR-supplemented mothers trans-
mit more milk to their pups and transmit a higher level of
NAD precursor vitamins in their milk, we note that sacrificing
pups to overfeed them does not produce healthier offspring.™
Instead, we hypothesized that there must be increased levels of
bioactive factors in the milk of NR-supplemented mothers.
Thus far, we discovered that the gene that encodes the brain-
derived neurotrophic factor (BDNF) precursor is specifically
upregulated in NR-supplemented mammary epithelium, that
there isahigher level of BDNF in the milk of NR-supplemented
mothers, and that there is a higher level of BDNF in the hind-
brain of their offspring.?

The emerging picture is one in which a new mother is
doing all she can for her new offspring in postpartum: nurs-
ing them, running her mammary biosynthetic programs for
protein, fat and carbohydrate production, and depositing
bioactives such as BDNF into the milk. These maternal
activities are accompanied by a very significant redistribution
of not only macronutrients but also NAD micronutrients
from the liver to the mammary. And much like a hangover or
a sunburn—both of which attack NAD homeostasis—can
feel like a drain, we suspect that the mother’s homeorhetic
transfer of resources may feel like a drain to her, such that
restoring her hepatic NAD with NR gets her whole system
to work better.

We are currently testing whether NR is uniquely capable
of boosting maternal functions and performance of offspring
or whether other NAD precursors have equivalent activities.
We also aim to use omic methods to identify the range of
bioactive factors that are upregulated by NR supplementa-
tion. We are keen to identify the mechanisms by which NR
induces prolactin expression and how enhanced prolactin and
mammary NAD metabolites are responsible for boosting the
lactation program as well as the expression of specific bioac-
tive factors such as BDNF. Although the oral availability of
molecules such as BDNF is known,!5:16 this is not well stud-
ied in this context, and there is nothing known about how
dietary modulation of their expression could affect the devel-
opment of offspring.

It has not escaped our notice that postpartum lactating
women, particularly in conditions of suboptimum nutrition
or other types of metabolic stress, might benefit from spe-
cific nutritional interventions that address the homeorhetic
transfers we have characterized. Thus, the identification of
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mechanisms and biomarkers from animal research has the
potential to help us design clinical evaluation of safe mole-
cules that will address postpartum metabolic stress, increase
lactation, and potentially aid postgestational weight loss and
neonatal development in human populations.

Author Contributions
Charles Brenner wrote this Commentary.

ORCID iD

Charles Brenner (2} https://orcid.org/0000-0002-4955-3226

REFERENCES

1. Bauman DE, Currie WB. Partitioning of nutrients during pregnancy and lacta-
tion: a review of mechanisms involving homeostasis and homeorhesis. J Dairy Sci.
1980;63:1514-1529.

2. Bauman DE, Eisemann JH, Currie WB. Hormonal effects on partitioning of
nutrients for tissue growth: role of growth hormone and prolactin. Fed Proc.
1982;41:2538-2544.

3. Dieterich CM, Felice JP, O’Sullivan E, Rasmussen KM. Breastfeeding and
health outcomes for the mother-infant dyad. Pediatr Clin North Am.
2013;60:31-48.

4. Belenky P, Bogan KL, Brenner C. NAD+ metabolism in health and disease.
Trends Biochem Sci. 2007;32:12-19.

5. Trammell SA, Brenner C. Targeted, LCMS-based metabolomics for quantita-
tive measurement of NAD(+) metabolites. Comput Struct Biotechnol .
2013;4:¢201301012.

10.

11.

12.

13.

14.

15.

16.

Trammell SA, Weidemann BJ, Chadda A, et al. Nicotinamide riboside opposes
type 2 diabetes and neuropathy in mice. Sci Rep. 2016;6:26933.

Diguet N, et al. Nicotinamide riboside preserves cardiac function in a mouse
model of dilated cardiomyopathy. Circulation. 2018;137:2256-2273.

Hamity MV, White SR, Walder RY, Schmidt MS, Brenner C, Hammond DL.
Nicotinamide riboside, a form of vitamin B3 and NAD+ precursor, relieves the
nociceptive and aversive dimensions of paclitaxel-induced peripheral neuropathy
in female rats. Pain. 2017;158:962-972.

Liu HW, Smith CB, Schmidt MS, et al. Pharmacological bypass of NAD(+)
salvage pathway protects neurons from chemotherapy-induced degeneration.
Proc Natl Acad Sci U S A. 2018;115:10654-10659.

Vaur P, Brugg B, Mericskay M, et al. Nicotinamide riboside, a form of vitamin
B3, protects against excitotoxicity-induced axonal degeneration. FASEB J.
2017;31:5440-5452.

Barber MC, Clegg RA, Finley E, Vernon RG, Flint DJ. The role of growth hor-
mone, prolactin and insulin-like growth factors in the regulation of rat mam-
mary gland and adipose tissue metabolism during lactation. J Endocrinol.
1992;135:195-202.

Ear PH, Chadda A, Gumusoglu SB, etal. Maternal nicotinamide riboside
enhances postpartum weight loss, juvenile offspring development, and neuro-
genesis of adult offspring. Cel/ Rep. 2019;26:969-983.¢4.

Bieganowski P, Brenner C. Discoveries of nicotinamide riboside as a nutrient
and conserved NRK genes establish a Preiss-Handler independent route to
NAD+ in fungi and humans. Ce//.. 2004;117:495-502.

Habbout A, Li N, Rochette L, Vergely C. Postnatal overfeeding in rodents by
litter size reduction induces major short- and long-term pathophysiological con-
sequences. J Nutr. 2013;143:553-562.

Kucera J, Ruda-Kucerova J, Zlamal F, et al. Oral administration of BDNF and/
or GDNF normalizes serum BDNF level in the olfactory bulbectomized rats: a
proof of concept study. Pharmacol Rep. 2019;71:669-675.

Aloe L, Calissano P, Levi-Montalcini R. Effects of oral administration of nerve
growth factor and of its antiserum on sympathetic ganglia of neonatal mice.
Brain Res. 1982;256:31-34.


https://orcid.org/0000-0002-4955-3226

