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Abstract

Traumatic brain injury (TBI) is a leading worldwide cause of disability, and there are currently no medicines that prevent,
reduce, or reverse acute or chronic neurodegeneration in TBI patients. Here, we review the target-agnostic discovery of
nicotinamide adenine dinucleotide (NAD*)/NADH-stabilizing P7C3 compounds through a phenotypic screen in mice and
describe how P7C3 compounds have been applied to advance understanding of the pathophysiology and potential treatment
of TBI. We summarize how P7C3 compounds have been shown across multiple laboratories to mitigate disease progres-
sion safely and effectively in a broad range of preclinical models of disease related to impaired NAD*/NADH metabolism,
including acute and chronic TBI, and note the reported safety and neuroprotective efficacy of P7C3 compounds in nonhuman
primates. We also describe how P7C3 compounds facilitated the recent first demonstration that chronic neurodegeneration
1 year after TBI in mice, the equivalent of many decades in people, can be reversed to restore normal neuropsychiatric
function. We additionally review how P7C3 compounds have facilitated discovery of new pathophysiologic mechanisms of
neurodegeneration after TBI. This includes the role of rapid TBI-induced tau acetylation that drives axonal degeneration,
and the discovery of brain-derived acetylated tau as the first blood-based biomarker of neurodegeneration after TBI that
directly correlates with the abundance of a therapeutic target in the brain. We additionally review the identification of TBI-
induced tau acetylation as a potential mechanistic link between TBI and increased risk of Alzheimer’s disease. Lastly, we
summarize historical accounts of other successful phenotypic-based drug discoveries that advanced medical care without
prior recognition of the specific molecular target needed to achieve the desired therapeutic effect.
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that currently affects upwards of 75 million people world-
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greatly increases one’s risk of developing other neurode-
generative disorders, such as Alzheimer’s disease (AD) and
Parkinson’s disease (PD) [7-12]. Strikingly, severe TBI is
associated with a 4—fivefold increased risk for developing
AD, and even a moderate TBI is associated with a twofold
increased risk [6, 10, 12]. TBI also elevates the risk for
developing other chronic neuropsychiatric conditions, such
as panic disorder, psychotic disorders, mood disorders, and
substance-use disorders [6], as well as chronic seizures,
sleep disorders, neuroendocrine dysregulation, and systemic
metabolic changes [9, 11].

TBI is currently treated in the clinic primarily as an acute
emergency, and therapeutic management of chronic sequelae
is largely limited to rehabilitation efforts, such as physical
and cognitive therapy. Currently, there are no treatments that
prevent transition of acute TBI into chronic neurodegenera-
tive disease in patients, or that reverse chronic symptoms
and restore normal neuropsychiatric function [13—-15]. Thus,
there is a tremendous need to identify new therapeutics. The
lack of consensus on any single driving force behind neuro-
degeneration, however, underscores the need for innovative
approaches to drug discovery. Here, we review the discovery
and development of the nicotinamide adenine dinucleotide
(NAD')/NADH-stabilizing P7C3-class of neuroprotective
compounds. P7C3 compounds originated through an in vivo
screen based on postnatal hippocampal neurogenesis in mice
and have emerged to show protective efficacy across a wide
range of preclinical models of disease. We focus here on
recent work demonstrating efficacy of P7C3 compounds in
acute and chronic TBI, including the first reported reversal
of chronic neurodegeneration and restoration of normal cog-
nitive function an entire year after TBI in mice, which is the
equivalent of decades in people.

Postnatal Hippocampal Neurogenesis
and Its Role in Neurodegenerative Disease

Postnatal hippocampal neurogenesis in laboratory rodents
involves the division, differentiation, migration, and matu-
ration of neuronal precursor cells in the dentate gyrus of
the hippocampus over a regular pattern of approximately
4 weeks [16]. Newborn neurons, once matured and inte-
grated into hippocampal circuitry, contribute to learning and
memory [16—19]. Though it is not fully understood why,
under homeostatic conditions approximately half of newly
divided neuronal precursor cells die within the first couple
of weeks. Those that survive past the first month are typi-
cally integrated into long-term hippocampal circuitry, with
the vast majority becoming neurons and a smaller fraction
becoming glial cells [20, 21]. Thus, the net magnitude of
postnatal hippocampal neurogenesis results from the balance

between rate of proliferation of neuronal precursor cells and
rate of death of maturing newborn neurons.

Many neurodegenerative and neuropsychiatric disorders,
including TBI and AD, are characterized by diminished
postnatal hippocampal neurogenesis, primarily through an
increased rate of cell death during the maturation process
[16, 22]. With TBI, for example, while increased prolif-
eration of neural precursor cells occurs in the acute stages
immediately after injury [23, 24], this effect is outweighed
by an elevated rate of death during the later stages [25, 26].
Behaviorally, animals with ablation of hippocampal neuro-
genesis after TBI show poorer outcomes on spatial memory
tests [27], suggesting the importance of newborn neurons in
preserving memory after brain injury. As aberrantly elevated
hippocampal neurogenesis may also impair some neurobe-
havioral measures [28], however, it is important to recognize
that intact function may rely on preserving a normal homeo-
static balance of hippocampal neurogenesis.

Discovery of a Proneurogenic,
Neuroprotective Compound

Given the evidence that impaired hippocampal neurogenesis
underlies cognitive dysfunction across many conditions, it
was reasoned that identifying pharmacologic agents capable
of increasing the net magnitude of hippocampal neurogen-
esis could provide novel biological insights and a starting
point for new neurotherapeutics. As such, a target-agnostic,
unbiased in vivo screen in living mice to identify small
drug-like molecules that could either promote the prolif-
eration of neuronal precursor cells or the survival of new-
born hippocampal neurons was undertaken (Fig. 1) [21, 29,
30]. This non-traditional approach of phenotypic screening
is advantageous when there is no clear consensus on what
specific molecular target will drive a physiologic process in
a therapeutically beneficial direction. Additionally, the use
of an in vivo phenotypic screen takes into consideration the
complexity of a desirable phenotype, such as neurogenesis,
in the mature organism. Simply put, the goal was to identify
a new small molecule that could safely and potently increase
the net magnitude of postnatal hippocampal neurogenesis,
without preconceived bias about the mechanism of action.
Briefly, 1000 drug-like compounds were selected for
screening from a library of over 200,000 small molecules in
a manner designed to maximize diversity of chemistry and
complexity, while avoiding any clear predictors of poten-
tial toxicity. Compounds were then randomly pooled into
groups of 10 and delivered via intracerebroventricular infu-
sion to the left lateral ventricle of the brain via an osmotic
minipump on a continual basis for 7 days. During this time,
animals were intraperitoneally injected daily with bromod-
eoxyuridine (BrdU), a thymidine analog that incorporates
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Fig. 1 Schematic representation of the in vivo phenotypic screening process by which the neuroprotective NAD*/NADH-normalizing series of

P7C3 compounds was discovered, as described in the text

into the DNA of mitotic cells. In this way, hippocampal tis-
sues stained and analyzed at the end of the 1-week period of
infusion reflected the relative number of proliferating and
surviving new cells in the hippocampus.

Using this systematic approach, pools were narrowed
down to those that yielded a BrdU signal equal in magnitude
to direct infusion of fibroblast growth factor (FGF), which is
made endogenously in the brain and augments postnatal hip-
pocampal neurogenesis. Those pools were then disambigu-
ated, and each molecule of each active pool was tested indi-
vidually for efficacy in the same in vivo assay. Ultimately,
8 structurally distinct small molecules were identified that
generated equivalent BrdU signal as direct infusion of FGF.
Of these, the aminopropyl carbazole compound #3, derived
from pool #7 (and hence named “P7C3”), was predicted by
in silico modeling to have the most favorable likelihood of
crossing the blood-brain barrier (BBB). Upon further analy-
sis, P7C3 was found to be readily bioavailable to the brain
by either oral or intraperitoneal delivery [21, 30]. Notably,
elevation of the magnitude of basal hippocampal neurogen-
esis with P7C3 compounds in normal healthy wild-type mice
did not impair or enhance any neurobehavioral measures.

Since BrdU labels all actively dividing cells, additional
experiments were conducted to confirm neuronal specific-
ity. Indeed, P7C3-mediated upregulation of BrdU staining
did not colocalize with glial cells and was found exclusively
in young mature neurons. A careful multi-time point BrdU
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pulse-chase experiment with P7C3 treatment then revealed
that the resulting increase in magnitude of neurogenesis was
due to increased survival of young hippocampal neurons,
rather than increased proliferation of neuronal precursor
cells [21, 30].

For initial evaluation of therapeutic efficacy, P7C3 was
tested in a mouse model with genetically impaired neuro-
genesis. These mice, missing the neuronal PAS domain
3 (NPAS3) gene, do not properly express the gene for
fibroblast growth factor receptor 1 (FGFRI) [31], which
is needed for FGF-mediated neurogenesis. Npas3™~ mice
show significantly impaired neuronal precursor cell pro-
liferation and survival in the dentate gyrus [31], reduced
proliferation of ganglionic eminence precursors, and fewer
interneurons in the cortex [32]. These mice also demon-
strate significant memory deficits in the novel object rec-
ognition task [33]. Both npas3™~ mice and humans with
mutations in NPAS3 additionally show reduced hippocam-
pal volume, neuronal activity, and granule layer thickness
[33]. Npas3 mutants possess important clinical relevance,
because aberrations in this gene in humans are associated
with schizophrenia, bipolar disorder, major depression,
attention-deficit/hyperactivity disorder, and intellectual
disability [34], all of which are associated with various
degrees of cognitive impairment. Indeed, NPAS3 and its
highly related transcription factor NPAS1 together recipro-
cally control postnatal hippocampal neurogenesis and more
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generally synergize as master regulators of expression of
neuropsychiatric risk genes [32, 34].

Prenatal treatment of npas3~~ mice with P7C3 highly
augmented the survival of newborn hippocampal neurons,
as measured by both BrdU pulse-chase and doublecortin
expressing cells in the dentate gyrus, and fully restored hip-
pocampal morphology and function [21]. Since the Mor-
ris water maze is a well-characterized tool for evaluating
hippocampal memory and learning, it was used to further
test whether the hippocampal neuroprotective properties of
P7C3 could restore memory decline in aging Fischer 344
rats. Here, 18-month-old rats were treated daily for 2 con-
secutive months with either P7C3 or vehicle. Those that
received P7C3 showed significantly improved spatial mem-
ory that correlated with augmented magnitude of postnatal
hippocampal neurogenesis [21].

After the neuroprotective potency of P7C3 was con-
firmed, significant work was done to optimize its molecu-
lar scaffold to improve its efficacy. Each individual moiety
was modified and evaluated in vivo [29]. In time, P7C3-
A20 was developed, which involved the fluorination of
an existing hydroxyl group, and (—)-P7C3-S243, which
also possessed improved physicochemical properties [35,
36]. In addition, to evaluate the safety profile and neuro-
protective efficacy of the P7C3 class of compounds more
thoroughly, P7C3-A20 was tested in nonhuman primates
by daily oral administration for 38 weeks. Compared to
vehicle-treated animals, P7C3-A20 dramatically aug-
mented the net magnitude of hippocampal neurogenesis,
through increasing survival of newborn hippocampal neu-
rons in nonhuman primates. Importantly, necropsy studies
conducted by an independent contract research organiza-
tion across 35 organs (eyes, lung, heart, aorta, tongue,
spleen, liver, kidney, adrenal gland, thyroid, parathyroid,
pancreas, stomach, testis, small intestine, large intestine,
skeletal muscle, vesicular gland, spinal cord, peripheral
nerve, prostate, salivary gland, gall bladder, bone marrow,
epididymis, optic nerve, lymph node, mammary gland, lar-
ynx, skin, trachea, ureter, bone, joint, and pituitary gland)
revealed no toxicology from this extended P7C3 treatment.
Thus, it was established that P7C3 compounds safely exert
their neuroprotective effect over many months in nonhu-
man primates without overt toxicity [37].

NAD*/NADH Dysregulation in Traumatic
Brain Injury

Maintaining balance between NAD* and its reduced coun-
terpart NADH is critical for energy homeostasis within
cells, especially neurons [38]. After TBI, NAD*/NADH

levels in the brain are depleted [39—-42], and this energy
failure causes axonal degeneration [38, 41]. To this end,
many groups have investigated Wi/dS mice, which pos-
sess a spontaneous mutation conferring elevated activity
of the nicotinamide mononucleotide adenylyltransferase
(NMNAT) enzyme. NMNAT is involved in generation of
NAD" in cells [38], and WIdS mice are inherently resistant
to axonal degeneration by virtue of maintaining normal
NAD*/NADH levels within the axon in the face of injury.
These animals have shown protection in several models of
axonal injury, including TBI [38, 43]. WidS mice are also
protected from TBI-mediated elevation and cellular mis-
localization of acetylated tau, a newly established mecha-
nism of axonal degeneration in TBI that was discovered
though application of P7C3 compounds in the laboratory
[44]. Alternatively, some researchers have investigated the
sterile alpha and TIR motif containing 1 (Sarm1) knock-
out mouse as another way to test the protective effect of
increasing endogenous NAD"/NADH levels by tempering
cellular consumption of NAD™ [38]. For example, these
mice show significant protection in the weight drop model
of TBI [45].

Importantly, the P7C3 class of compounds stabilizes
NAD*/NADH levels within cells and the brain under con-
ditions of injury and disease, without elevating NAD*/
NADH above normal [44, 46, 47]. Given the importance
of NAD™ metabolism in postnatal neurogenesis [48-53],
this is consistent with the discovery of P7C3 in the target-
agnostic postnatal neurogenesis phenotypic screen [21].
Maintaining normal levels of NAD*/NADH, without
elevating above normal homeostatic levels, is a favorable
property of P7C3 compounds, as aberrantly high NAD™*
levels may support cancer cell growth [54, 55]. In fact,
abnormally elevated NAD" through administration of the
commonly used NAD™ precursor nicotinamide riboside has
recently been shown to significantly increase the rate of
cancer and tumor metastases to the brain in cancer-prone
mice [56]. Protective treatments to prevent NAD™ deple-
tion in the human brain therefore need to specifically nor-
malize NAD* without elevating it above normal homeo-
static levels. Currently, the NAD*/NADH-stabilizing
property of P7C3 compounds is considered to be largely
responsible for the broad protective efficacy. Importantly,
P7C3 compounds do not directly inhibit either the poly
ADP ribose polymerase (PARP) enzymes or the SARM1
enzyme, which are major NAD"-consuming enzymes in
the brain that are activated in TBI and suggested as neuro-
protective targets [57-68]. Furthermore, specific protection
from axonal degeneration by P7C3 occurs independently
of Wallerian degeneration [69], illustrating the novelty of
P7C3-mediated neuroprotection.
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P7C3 Compounds Are Broadly
Protective Across Preclinical Models

of Neurodegeneration and Disease
Associated with Diminished NAD*/NADH

To determine whether P7C3 compounds might also exert
neuroprotective efficacy for mature neurons outside of the
hippocampus, these agents were next tested in preclinical
models of PD characterized by neurodegeneration in the stri-
atum and substantia nigra. In an MPTP (1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine) toxin model of PD, P7C3-A20
substantially increased the number of dopaminergic neurons
that survived after toxic exposure [70]. Potent neuroprotec-
tive efficacy, including preservation of normal motor behav-
ior, of the later P7C3-S243 derivative was also established
in the 6-OHDA (6-hydroxydopamine) toxin rat model of PD
[71]. Furthermore, in a cell culture model, the conditioned
media of reactive microglia, which is known to be toxic to
dopaminergic neurons, could be made benign by treating the
microglial culture with P7C3 [72], suggesting an additional
immune-mediated mechanism of neuroprotection by P7C3.
Notably, when the same dopaminergic cell line was exposed
to MPP™, a toxic derivative of MPTP, dopaminergic degen-
eration was prevented with P7C3 [73].

P7C3 compounds are also neuroprotective in the spinal
cord. For example, in a rat model of spinal cord injury
comprised of laminectomy at the T10 level, daily treatment
with P7C3 compounds for 2 weeks following injury sig-
nificantly improved locomotor function. This also reduced
lesion size and neuronal death, increased proliferation of
oligodendrocytes, stabilized NAD*/NADH levels, and
suppressed microglial reactivity [74]. The same group
additionally demonstrated that using P7C3 compounds
alongside a collagen hydrogel further bolstered therapeu-
tic efficacy after spinal cord injury [75]. P7C3 compounds
were additionally tested in the G93A-SOD1 mutant mouse
model of amyotrophic lateral sclerosis (ALS). When treat-
ment was initiated at disease onset, degeneration of cholin-
ergic neurons in the spinal cord was significantly prevented
and motor function was preserved [76].

P7C3 compounds have also shown efficacy in preclinical
models of Alzheimer’s disease (AD). In TgF344-AD rats, for
example, animals were treated with P7C3-243 daily for 9
and 18 months, beginning at 6 months of age. This treatment
prevented cognitive decline and depressive-like symptoms,
as well as neurodegeneration and neuroinflammation, with-
out affecting amyloid pathology [77]. This reinforces the
concept that pursuing novel therapeutic mechanisms, such as
maintaining normal NAD*/NADH homeostasis in the brain,
may be a uniquely effective approach to treating AD.

P7C3 compounds have additionally shown protective
efficacy in a number of other neurological disease models,
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including multiple sclerosis [78], peripheral nerve injury
[79], chemotherapy-induced peripheral neuropathy [80],
optic nerve crush injury [81, 82], stroke [46, 83-87], gli-
oma [88], and antibiotic-induced cochlear hair cell loss
[89]. P7C3 compounds have also shown efficacy in pre-
clinical models of neuropsychiatric disorders character-
ized by hippocampal neurodegeneration, including Down
syndrome [90], major depression [91], anxiety [92, 93],
treatment-resistant post-traumatic stress disorder [94],
and maternal stress [95, 96]. These compounds have
even proven beneficial in disorders of energy imbalance
related to NAD™ biology outside of the nervous system,
including congenital hypothyroidism [97, 98], diabetes
[99, 100], nonalcoholic fatty liver disease [101], acetami-
nophen-induced liver toxicity [102], inflammatory pain
[103], physical and radiation bone damage [104, 105], and
mitochondrial function in aging oocytes [106]. The most
recent list of preclinical models in which P7C3 compounds
have been reported to exert protective efficacy is shown
in Fig. 2. Notably, no publications to date have reported a
lack of efficacy, or worsened outcomes, with P7C3 treat-
ment in any preclinical model. While this offers an opti-
mistic outlook for the therapeutic potential of this novel
class of NAD*/NADH-stabilizing agents, it is important
to note the existence in the field of publication bias against
negative results [107].

P7C3 Compounds Are Neuroprotective
After TBI

In 2014, the efficacy of P7C3 compounds in TBI was ini-
tially investigated using a fluid percussion injury model in
mice. In this paradigm, P7C3-A20-treated mice experienced
significant reduction in contusion volume and improved neu-
ronal survival in the cortex. As expected, P7C3-A20 also
significantly boosted the number of surviving and matur-
ing hippocampal neural precursor cells after injury, which
correlated with preserved cognitive function in the Morris
water maze test of hippocampal-dependent spatial learning
and memory [24].

Following this study, the efficacy of P7C3-A20 was fur-
ther assessed in an alternative model of TBI, multimodal
TBI (mmTBI), which has proven useful in laboratory
investigation of putative TBI therapies and complex neuro-
physiological process after TBI. This model uses jet-flow
overpressure mechanics to deliver a sudden jet of air to the
animal’s exposed, freely moving head. It should be noted
that this is not a model of TBI from an isolated pure blast
wave [108]. Rather, this apparatus generates a collimated
high-speed jet flow with extreme dynamic pressure that
delivers well-defined and readily calibratable intensities of
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Fig.2 Overview of the animal disease models to date in which P7C3 compounds have been shown to be protective, as described in the text

global concussive injury, acceleration/deceleration injury, as shown in Fig. 3. The overpressure chamber on the right
and early blast wave exposure [108]. The apparatus itself  side houses the anesthetized mouse, which is placed on a
is comprised of a large tank divided into two chambers,  platform with its body contained in a protective shell. This
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Fig.3 Schematic diagram of mmTBI apparatus, as described in the text
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allows the exposed head to move freely without subjecting
the body to the injurious force. This chamber is separated
from the left-hand chamber by a Mylar membrane designed
to rupture reproducibly at a specific pressure of pounds per
square inch, which depends on the thickness of the mem-
brane. Pressurized air is pumped into the left side until the
membrane ruptures, delivering the multimodal injury to
the mouse’s head. Since most TBIs in people involve more
than one mode of injury, the combinatorial nature of this
model may be uniquely relevant to the human condition.
For example, several parameters that are often aberrant in
human TBI patients are similarly and consistently altered
in this TBI model, including but not limited to early axonal
degeneration that impairs normal synaptic transmission and
ultimately leads to neuronal cell death, acute and chronic
cognitive, motor, and visual impairments, BBB deterioration
and dysfunction, chronic neuroinflammation, and systemic
metabolic changes in the peripheral blood [43, 44, 108—113].

In this model of multimodal TBI, transient treatment with
P7C3-S243 prevented neurocognitive decline, as measured
by Barnes maze 2 weeks post injury. Interestingly, treatment
was effective even when initiated 24 h after injury, which
likely relates to the slower neurodegenerative process initi-
ated by this model as compared to more aggressive models,
such as fluid percussion injury [110]. These findings on
memory retention also correlated with TBI-mediated decline
in long-term potentiation (LTP) and paired-pulse facilitation,
as measured using electrophysiological slice recordings, and
both measures were rescued by P7C3-5243 treatment [110].
This showed that treatment with P7C3 compounds preserves
normal synaptic function after TBI. Motor impairment on
the foot-slip assay 1 month after injury was also prevented
by P7C3-S243 treatment after TBI [110].

This same model was more recently studied at a very
late chronic stage after TBI, 17 months post injury when
mice continue to show neurocognitive impairment in the
Morris water maze. At this very chronic time point, TBI
animals continued to display significant axonal degenera-
tion, as measured using silver staining [109, 110]. Notably,
axonal degeneration at 2 weeks post injury was not accom-
panied by loss of neuronal cell bodies [110]. At the chronic
17-month time point, however, axonal degeneration across
the brain was associated with clear evidence of neuronal
cell loss visualized by loss of NeuN staining. Remarkably,
when treatment with P7C3-A20 was initiated 12 months post
injury (the equivalent of many decades for a human) for
1 month, axonal degeneration was completely halted and
memory function was fully restored, effectively reversing
the chronic sequelae of TBI [109]. This protective effect
persisted even 4 months after treatment with P7C3-A20 was
halted. This was the first report of permanent reversal of
chronic neurodegeneration and restoration of cognitive func-
tion over an entire year after TBI in mice and challenged
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the popular dogma that acute treatment of TBI is required
to normalize brain function. Indeed, this work showed that
even in the face of significant neuronal cell loss, normal
cognitive function can be restored in the very chronic neu-
rodegenerative state after TBI when the brain is restored to
normal health by normalizing NAD*/NADH [109]. We note
that in the same year, Henry et al. reported that microglial
depletion by 1 week of treatment with the colony stimulating
factor 1 receptor inhibitor Plexxikon 5622, initiated 1 month
after controlled cortical impact TBI, reduced neuroinflam-
mation, oxidative stress, and neurodegeneration in the brain
and improved motor and cognitive function 11 weeks later
[114]. Thus, there appear to be multiple opportunities for
treating TBI at various time points across the life span that
are beyond the very acute time point after injury.

P7C3 compounds have also been shown to protect regions
outside of the brain after TBI as well. For example, at
4 months after injury, mmTBI is associated with significant
retinal ganglion cell dysfunction and deterioration. Treat-
ment with P7C3-S243 after injury, however, significantly
improved retinal ganglion cell survival and function with-
out affecting other parameters, such as intraocular pressure,
highlighting the preferential activity of P7C3 compounds
on damaged neurons [112]. Interestingly, transmission
electron microscopy experiments revealed that significant
myelin structural integrity was disrupted after TBI, and this
was accompanied by membrane disorganization of axonal
mitochondria. These were also preventable with P7C3-5243
treatment [110]. These findings implicate a role for P7C3-
mediated protection of mitochondria and oligodendrocytes.
Given that P7C3 was able to restore mitochondrial mem-
brane potential [21], it is likely that mitochondrial integrity
is an important component of P7C3-mediated neuroprotec-
tion through NAD*/NADH stabilization.

The multimodal model of TBI also displays a variable
effect on BBB structure and function. For example, within
3-6 h after TBI, the BBB is impaired, but normal perme-
ability is restored by 24 h [109, 110]. Although the brain
appears to possess an intrinsic mechanism for restoring BBB
function after acute injury, chronic studies in the mmTBI
model have revealed that at 17 months, post-TBI brain cap-
illaries show severe endothelial breakage, as well as leak-
age of immunoglobulin G (IgG) from the blood into the
brain parenchyma [109]. Concordantly, brief P7C3-A20
treatment 1 year after TBI also permanently restored cap-
illary length and pericyte coverage of capillaries, as well
as endothelial cell integrity, 17 months post-TBI. These
findings were accompanied by significant upregulation of
microvascular brain endothelial cell tight-junction proteins
by P7C3-A20 [109], suggesting an ability of P7C3 com-
pounds to restore endothelial cell health. Given the high
degree of dependence of microvascular endothelial cells of
the brain on NAD*/NADH, this protection is consistent with



Application of P7C3 Compounds to Investigating and Treating Acute and Chronic Traumatic Brain...

1623

Fig.4 As described in the text,
tau acetylation in traumatic
brain injury (TBI) and
Alzheimer’s disease (AD) is

driven by pathological
S-nitrosylation of GAPDH,
which triggers axonal
degeneration, neuronal cell
death, and neuropsychiatric
impairment. The NAD*-
dependent sirtuin 1 (Sirtl)
enzyme mitigates this
dangerous accumulation of
toxic acetylated tau and thereby
helps protect the brain. As brain
NAD*/NADH declines in TBI
and AD, the ability of Sirtl to
mediate this protective effect

is diminished. Treatment with
P7C3 compounds preserves

the protective efficacy of Sirtl
by normalizing brain NAD*/
NADH

P7C3
compounds

our current understanding of how P7C3 compounds work.
Further direct efficacy of P7C3 compounds on the BBB was
also demonstrated by dose—response protection of cultured
human brain microvascular endothelial cells by treatment
with P7C3-A20 [107].

The P7C3 class of NAD*/NADH-stabilizing compounds
has facilitated discovery of other aspects of new biology
related to neurodegeneration after TBI as well. For exam-
ple, work with P7C3 enabled the discovery that acetylated
tau in the brain drives TBI-mediated axonal degeneration
and provided a mechanism-based blood biomarker of TBI
in animals and people (Fig. 4) [44]. After TBI, S-nitrosyla-
tion of GAPDH initiates a non-canonical signaling cascade
that simultaneously activates p300/CBP acetyltransferase
(to pathologically acetylate the tau protein) and inhibits
NAD™"-dependent sirtuin 1 (Sirtl), which normally removes
acetyl groups from tau. This inhibition of Sirtl is achieved
by two routes: (1) direct posttranslational modification of
Sirtl to inhibit its activity and (2) general lowering of the
brain NAD*/NADH such that Sirtl activity is lowered.
WIdS mice, which are significantly protected in the mmTBI
model, show reduced acetylated tau levels after TBI, due to
preservation of normal brain NAD*/NADH levels, and treat-
ment with P7C3-A20 was shown to have the same effect that
was blocked when NAD™ synthesis was experimentally pre-
vented [44]. Increased acetylated tau levels have also been
found in people with AD and are even further increased in
AD subjects with a history of TBI [44]. Moreover, reducing
tau acetylation by other means, such as with a monoclonal
antibody, reduces pathological and neurocognitive decline
in tauopathy models [115]. Given the protective efficacy
of P7C3 compounds in both TBI and AD models, and the
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Alzheimer's Disease

o

/-\
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\——
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striking clinical connection between the two whereby TBI
accelerates the onset and severity of AD, P7C3 compounds
are proving to be an effective tool for dissecting the mecha-
nisms that link these degenerative disorders together.

Concluding Remarks

With the existing evidence, P7C3 is recognized to stabi-
lize, but not abnormally elevate, NAD*/NADH after TBI
and in disease. Work with P7C3 compounds has shown
that normalizing NAD*/NADH under conditions of injury
or disease in which it is otherwise depleted not only pre-
vents new damage after TBI but also allows the brain to
recover from chronic damage. When able to maintain normal
NAD"/NADH homeostasis to address the extensive damage
inflicted by injury, the brain can effectively combat chronic
neurodegeneration and related symptoms. More investiga-
tion will be necessary to understand the related downstream
mechanisms by which this recovery is achieved. Addition-
ally, it has been well established that TBI can not only
increase the risk of developing AD but can also accelerate
pathology in patients predisposed to developing AD [12].
Since P7C3 treatment reduces acetylated tau levels, which is
a point of pathologic convergence between TBI and AD, an
important course of future investigation will be to determine
whether P7C3 compounds (or other strategies to reduce
accumulation of acetylated tau) can prevent TBI-mediated
acceleration of AD.

Although P7C3 was originally discovered in a tar-
get-agnostic manner to promote the net magnitude of
hippocampal neurogenesis, subsequent investigations
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revealed that P7C3-mediated neuroprotection acts on sev-
eral pathogenic pathways after TBI, as well as other mod-
els of neurodegeneration and peripheral disease. Modern
medicine and science have allowed us to study molecular
and cellular pathways at such a granular level that much
of the field has collectively shifted focus to pursue only
specific mechanisms and well-defined targets in pursuit of
drug discovery. However, this is not historically how many
impactful medicines have been identified.

For example, metformin was originally found as a tradi-
tional herbal treatment from medieval Europe, used to treat
symptoms of frequent thirst and urination [116]. Today,
we know that those were likely symptoms of diabetes,
and metformin was later re-discovered and implemented
in modern medicine for its glucose-lowering properties. To
this day, we are still discovering new targets, mechanisms,
and properties for metformin, and it is being investigated
for uses in polycystic ovarian syndrome, neurodegen-
eration, and cancers [116]. As another example, aspirin
was used for thousands of years to alleviate pain without
knowing its specific target or mechanism of action. In the
1940s, though the mechanism was still unknown at the
time, it was discovered that aspirin also possessed anti-
coagulant properties, and it became a staple for prophy-
lactic treatment of cardiovascular disease [117]. Equally
impressive is Gerhard Domagk, who tested hundreds of
chemical compounds in animals for phenotypic resistance
to bacterial infection, even when some of those chemicals
were ineffective against bacteria in a dish, because he rea-
soned that there were likely to be currently unidentified
immune mechanisms in the animal that could be favora-
bly manipulated. Through this effort, Domagk discovered
prontosil, the precursor to the sulfonamide class of anti-
biotics [118]. Furthermore, the discovery of tamoxifen
(a breast cancer treatment), artemisinin (an anti-malarial
drug), and lumacaftor (a cystic fibrosis treatment) provides
additional examples of groundbreaking medical discover-
ies made using phenotypic drug screens [118], without
prior knowledge or bias about mechanism of action or
molecular target.

Target-agnostic drug discovery has also been instrumen-
tal in the identification of antidepressants, for which the
mechanism of action is still not fully understood [119]. For
example, imipramine, the first antidepressant medication,
was discovered in 1957 by the Swiss psychiatrist Roland
Kuhn through a phenotypic screen for antipsychotic agents
in patients with schizophrenia when he noticed that this test
compound made them hypomanic, despite not resolving
their psychotic symptoms [120, 121]. Similarly, the mood-
stabilizing efficacy of lithium was first tested and estab-
lished in patients with bipolar disorder in 1949 after the
Australian psychiatrist John Cade observed that it reduced
toxicity in guinea pigs that had been abdominally injected
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with the urine from patients with mania [122]. Today, lith-
ium remains remarkably effective and the standard treatment
for patients with bipolar disorder, even though we still do not
understand how it works.

When the disorder in question is as mechanistically
complex as the multiple forms of neuropsychiatric disease
facing us today, it can be valuable to complement tradi-
tional target-directed approaches to drug discovery with
alternative top-down strategies focused solely on safely
achieving biological efficacy in living models of disease,
regardless of how that beneficial effect may be achieved.
Considering the promising results garnered by the P7C3
series of compounds thus far in addressing neurodegen-
erative sequelae of a complex and nebulous disorder such
as TBI, the target-agnostic approach to drug discovery
will likely prove fruitful going forward in identifying
new therapeutic compounds for other medical conditions
as well. Despite modern advances, the field of medical
science continues to rely in large part on empirical dis-
covery to fill gaps in our understanding. As illustrated
above, in addition to possible new therapeutic agents, tool
compounds generated through phenotypic screens can also
lead to discovery of new biological disease mechanisms
that advance the field.
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