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Adult-onset nicotinamide supplementation prevents the emergence of early-life stress
driven inflammatory signatures, blood-brain barrier compromise, hippocampal
mitochondrial dysfunction and cognitive aging
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Abstract

Growing evidence suggests that early-life stress history can shape biological aging, yet the
pathways through which this lifelong vulnerability manifests remain unclear. Using a maternal
separation (MS) rodent model of early-life stress, we show that MS history evokes persistent
cognitive, inflammatory, neurovasculature and bioenergetic changes that can accelerate aging
trajectories. MS animals exhibit premature decline in object recognition memory in middle-
aged life, accompanied by elevated peripheral inflammation, blood-brain barrier (BBB)
compromise, heightened neuroinflammasome and microglial reactivity, and deteriorated
mitochondrial health in the hippocampus. Notably, we demonstrate that adult-onset systemic
supplementation with Nicotinamide (NAM), a NAD™" precursor, prevents the emergence of
peripheral and central inflammatory signatures, protects BBB integrity, maintains hippocampal
mitochondrial health and mitigates cognitive decline in middle-aged MS animals. Collectively,
these findings provide mechanistic insights into how early-life stress shapes brain aging, while
highlighting NAM supplementation as a gerotherapeutic strategy to prevent premature aging
driven by early adversity.
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Main

Early adversity, in addition to heightening vulnerability for the development of adult
psychopathology, can also enhance risk for cognitive dysfunction and evoke signatures of
premature aging !=. Several of the immune, metabolic, cellular and cognitive sequelae of early-
life stress overlap with hallmark signatures of aging ¢8. Studies in rodent models of early-life
stress, focussed on disruption of dam-pup interactions, evoke a broad range of physiological
and neurological sequelae >3, These early-life stress models, including the most prevalent
model of maternal separation (MS) 2, perturb neuroendocrine stress responses, disrupt anxio-
depressive, social and reward-related behaviours in adulthood, enhance inflammation, impair
hippocampal plasticity and hasten cognitive decline in middle-aged life, underscoring the
relatively persistent nature of maladaptive responses *~!°. Given the time and logistical
constraints of life-course analyses, most early-life stress studies have predominantly focussed
on time windows spanning up to young adulthood with a few studies performed in aging
animals 211172024 "1imiting our understanding of the sequelae that emerge progressively later
in life.

We hypothesized that perturbed mitochondrial homeostasis and neurovascular compromise,
are relevant MS-induced alterations, accompanied by elevated peripheral and central
inflammatory markers and altered cognitive performance, emerging progressively across the
temporal epochs of mature adulthood (6-7 months) and middle-age (13-15 months). We
focused on the hippocampus given the high vulnerability of this major limbic brain region to
stress, and its top-down role in the modulation of stress responses 232, We posited that these
changes were likely to emerge slowly, providing for a temporal window in which to directly
test whether putative gerotherapeutics like the nicotinamide adenine dinucleotide (NAD")
precursor 27, nicotinamide (NAM), could mitigate the hastening of aging-related signatures in
MS animals. NAM, in addition to restoring aging-associated depletion of tissue NAD™ levels,
is thought to target mitochondrial function, protect neurovasculature, and dampen
inflammation in late life 2’3°; however, whether it can counteract early-life stress accelerated
aging trajectories has not been tested. We find that MS produces distinct temporal trajectories
for peripheral and central inflammatory signatures, with the gradual emergence of
inflammation initially noted in the periphery in mature adulthood, that progressively worsens
with strong neuroinflammatory changes in the hippocampus in middle-aged life. MS also
evokes compromised blood-brain barrier (BBB) integrity, deterioration of hippocampal
mitochondrial health and cognitive decline noted in middle-aged life. We find that systemic
long-term NAM supplementation, commencing in mature adulthood, can prevent the impact
of MS on peripheral and central inflammatory signatures, neurovascular compromise,
hippocampal mitochondrial status and cognitive performance in middle-aged life, providing
mechanistic insights into how early-life stress shapes brain aging and how a NAD" boosting
intervention can intercept these trajectories.

Results

Early-life stress impairs object recognition memory and enhances peripheral inflammation in
middle-aged rats
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We sought to address the long-term consequences of MS in Sprague-Dawley (SD) rats at
temporal epochs of mature adulthood (6-7 months) and in middle-aged life (13-15 months),
commencing with assessing object recognition memory using the Novel Object Recognition
(NOR) task (Fig. la-c, Extended data la-c). Middle-aged MS animals of both sexes exhibited
reduced short and long-term object recognition memory (Fig. 1c, Extended data 2), with no
such cognitive decline noted in mature adulthood (Extended data 1c). The discrimination index
of middle-aged MS animals was significantly reduced compared to age-matched control
cohorts, and was comparable to that of aged (22 month) controls (Extended data 3), suggesting
accelerated cognitive decline.

We next evaluated peripheral markers of aging and inflammation in the control and MS middle-
aged male and female cohort assessed for cognitive behaviour (Fig. 1d). Middle-aged MS rats,
independent of sex, exhibited significant increases in circulating growth derived factor 15
(GDF15), a stress-responsive biomarker for aging, and in pro-inflammatory markers like C-
reactive protein (CRP), interleukinlB3 (IL18), interferon-y (IFNy), and tumour necrosis factor-
o (TNFa) levels (Fig. le-i) and a decline in the anti-inflammatory cytokine, IL10 (Fig. 1j).
Cross-correlational analyses of these serum markers with NOR scores revealed a significant
inverse correlation between cognitive performance and GDF15, CRP, IL18, IFNy, TNFa levels
in middle-aged MS rats, with a positive correlation noted for IL10 (Extended data 4c). No
significant correlations between cognitive performance and these peripheral markers was
observed in the age-matched controls (Extended data 4d). These findings indicate that a history
of MS is associated with enhanced peripheral inflammation in middle-aged life that corresponds
to a deteriorated cognitive performance.

Given limited serum availability for profiling additional markers, we used an independent
cohort of middle-aged control and MS rats not subjected to behavioural analyses, to examine
IL4, IL6, IL18, methylglyoxal, and kynurenine (Fig. 1k-p). We noted a significant reduction in
the anti-inflammatory cytokine IL4 and increases in IL6 and IL18 levels in middle-aged MS
rats (Fig. 1l-n). Furthermore, middle-aged MS animals exhibited elevated levels of the
precursor for advanced glycation end-products (AGEs), methylglyoxal, and the inflammaging-
associated, tryptophan catabolism intermediate, kynurenine (Fig. 1o-p). We next assessed stress
and aging-associated markers, including circulating cell free mitochondrial DNA (ccf-mtDNA),
and corticosterone, and noted significant increases in middle-aged MS animals (Fig. 1qg-r).
Complete blood count analysis revealed inflammatory signatures of increased total white blood
cells (WBCs) and platelet counts in middle-aged MS male rats (Extended data 5c).

We then asked whether enhanced expression of inflammation and aging-associated peripheral
markers was already evident in MS animals in mature adulthood, a time-point at which
cognitive decline had not yet set in. MS rats of both sexes in mature adulthood displayed small,
but significant, increases in GDF15, CRP, IL18, IL18 and ccf-mtDNA content (Extended data
le-g, m-n), with no change in IFNy, TNFa, IL10, IL4, and IL6 levels (Extended data 1h-1). We
did not observe alterations in the complete blood count profile in MS male rats in mature
adulthood (Extended data 5b). Taken together, we find that MS history progressively enhances
peripheral pro-inflammatory markers, including several cytokines and CRP, disrupts metabolic
signatures associated with aging, namely GDF15, methylglyoxal, kynurenine, and elevates
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stress-associated peripheral signatures, such as corticosterone, ccf-mtDNA and haematological
changes in middle-aged life. Specific aspects of these systemic signatures are already apparent
in mature adulthood, albeit with reduced severity that appears to cumulatively worsen into
middle-aged life.

Early-life stress disrupts the blood-brain barrier integrity in middle-aged animals

Since systemic inflammation is closely associated with neurovascular dysfunction®! and stress
has been linked to alterations in BBB function 323, we next explored the influence of MS on
the BBB (Fig. 2a). We evaluated the hippocampal expression of genes associated with BBB
formation and maintenance, tight junctions, and neurovasculature in middle-aged life and
observed significant decreases in netrinl (Nml), major facilitator superfamily domain-
containing protein-2a (Mfsd2a), claudin5 (Cld5), claudinl (CidI), occludin (Ocln), tight
junction protein ZO-3 (7jp3), melanoma cell adhesion molecule (Cd/46), and aquaporin4
(Agp4) in the hippocampi of middle-aged MS animals (Fig. 2c), which was not observed in
mature adulthood (Fig. 2b). Next, we assessed BBB integrity using both biochemical (Fig. 2d-
f) and radioimaging assays (Fig. 2g-i). The Evans blue extravasation assay indicated a
compromised BBB in the hippocampal parenchyma of middle-aged MS animals (Fig. 2f), with
no such BBB leakiness noted in mature adulthood (Fig. 2e). Further, ex-vivo SPECT (Single
Photon Emission Computed Tomography) scans revealed presence of the radiotracer
Technitium-99 (99mTc) in the brain parenchyma of middle-aged MS male rats (Fig. 2i), while
no neurovascular leak was noted in mature adulthood (Fig. 2h). We then assessed soluble E-
selectin (sE-selectin), a serum marker of endothelial activation and systemic inflammation that
contributes to BBB disruption 3%, and noted robust upregulation in sE-selectin levels in middle-
aged MS animals (Fig. 21), an effect absent in mature adulthood (Fig. 2k). We next assessed
hippocampal IFN-y levels given prior evidence that IFN-y impacts BBB function increasing
permeability *°, and noted significantly higher IFNy levels in the hippocampi of middle-aged
MS rats (Fig. 2m), with IFNy undetectable in the hippocampus in mature adulthood. Our results
reveal a concurrent rise in systemic sE-selectin and hippocampal IFN-y levels suggestive of an
inflammatory state and endothelial activation that accompanies BBB disruption in middle-aged
MS animals.

Early-life stress enhances neuroinflammatory signatures and disrupts mitochondrial function
in the hippocampus in middle-aged life

Given our findings of significant peripheral inflammation and BBB fragility in middle-aged
MS animals, we next assessed neuroinflammation in the hippocampi of MS male rats, in both
mature adulthood and middle-aged life. We examined expression of components of the NLRP3
inflammasome (NOD-, LRR- and pyrin domain-containing protein 3: NLRP3, Apoptosis-
associated speck-like protein containing a CARD: ASC), and of NF«B, a key regulator of
NLRP3 inflammasome priming, and noted robust increases in NLRP3, ASC, and NF«B
hippocampal protein levels in middle-aged MS animals (Fig. 3b-c). We then assessed cellular
markers of neuroinflammation within the hippocampus by examining microglial activation
using IBA1 immunostaining (Fig. 3d) and noted significantly increased numbers of activated
microglia in all hippocampal subfields of middle-aged MS animals (Fig. 3e-h). MS animals in
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mature adulthood did not show changes in either inflammasome protein levels or in activated
microglial numbers in the hippocampus (Extended data 6b-c, d-g).

Taking into account the reciprocal relationship between mitochondria and inflammation 3¢, and
that stress is a strong modulator of mitochondrial functions 378, we hypothesized that the
robust neuroinflammatory changes in the hippocampi of middle-aged MS animals would be
accompanied by evidence of perturbed mitochondrial status. We noted significant decreases in
hippocampal mtDNA content in middle-aged MS rats of both sexes (Fig. 31), accompanied by
a reduction in cellular ATP levels (Fig. 3j). Further, we observed reduced protein expression
of key regulators of mitochondrial biogenesis and function, peroxisome proliferator-activated
receptor gamma coactivator 1o (PGC-1a), sirtuin 1 (SIRT1), and mitochondrial transcription
factor A (TFAM) in the hippocampi of middle-aged MS male rats (Fig. 3k-1), in line with
alterations in these molecules reported in the context of stress and aging ***!. Accompanying
the changes in mitochondrial mass, we noted enhanced levels of mitochondrial reactive oxygen
species (ROS) levels, measured via elevated levels of mitochondrial HO, (mtH>0.) in the
hippocampi of middle-aged MS male rats (Fig. 3m). Analyses of mitochondrial respiration
revealed striking alterations in the oxygen consumption rate (OCR), with a decline in state-2,
state-3 and state-4 respiration in mitochondria derived from the hippocampi of middle-aged
MS male rats (Fig. 3n-0). The reduction in mtDNA content and cellular ATP levels, as well as
the increase in mitochondrial ROS production noted in the hippocampi of MS animals in
middle-aged life was not observed in MS animals in mature adulthood (Extended data 7).
Collectively, these results reveal that a MS history drives the gradual emergence of
neuroinflammation and mitochondrial impairment in the hippocampus in middle-aged life, a
time-point coincident with the breakdown of BBB integrity and cognitive decline.

Nicotinamide supplementation attenuates the impact of early-life stress on cognitive decline
that emerges in middle-aged life

Considering the deleterious effects of MS are gradual in onset with limited consequences in
mature adulthood, it provides a temporal window in which gerotherapeutics could be deployed
to mitigate the impact of early-life stress. We examined the influence of a systemic intervention
with nicotinamide (NAM), a precursor for NAD* biosynthesis. NAD" levels are known to
decline with age and contribute to aging-associated inflammation and mitochondrial
dysfunction 2. We hypothesized that enhancing NAD" levels, via NAM supplementation
commencing from mature adulthood, may protect against the impact of the early-life stress on
premature aging. We treated control and MS cohorts with vehicle or NAM (100 mg/kg/day)
supplementation in drinking water commencing at eight months of age for a duration of five
months [Fig. 4a; Treatment groups: control and MS animals on regular drinking water (CD;
MSD); control and MS animals on NAM supplemented drinking water (CN; MSN)]. Two-way
ANOVA analyses revealed a significant MSXNAM interaction effect for hippocampal NAD*
levels (Fig. 4b), with NAM supplementation preventing the hippocampal reduction in NAD"
levels in middle-aged MS animals. NAM supplementation in control cohorts did not further
boost hippocampal NAD* levels above that observed in vehicle-treated controls (Fig. 4b). We
assessed the impact of NAM supplementation on cognitive performance (Fig. 4c), and noted a
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significant MSXNAM interaction effect on two-way ANOVA analysis for both short and long-
term object recognition memory (Fig. 4d-e). The significant decline observed in short and long-
term discrimination indices in middle-aged MS male and female rats, was prevented by NAM
supplementation (Fig. 4d-e). These results uncover a powerful effect of NAM supplementation
in restoring hippocampal tissue levels of NAD" in middle-aged MS animals and in preventing
cognitive decline.

Nicotinamide supplementation attenuates the impact of early-life stress on peripheral
inflammation in middle-aged life

We then assessed the impact of NAM supplementation on serum markers of aging,
inflammation, and stress in middle-aged MS and control male and female rats. Two-way
ANOVA analyses revealed a significant MSXNAM interaction effect for GDF15, CRP,
methylglyoxal, IFNy, and IL18 levels (Fig. 5b-f), with the significant increases noted in
GDF15, CRP, and IFNy in middle-aged MS rats prevented by NAM supplementation (Fig. Sb-
c, e). Further, two-way ANOVA analyses indicated a significant MSXNAM interaction effect
for ccf-mtDNA content and corticosterone, with the increases noted in MS animals in middle-
aged life mitigated by NAM treatment (Fig. 5g-h). With regards to haematological profiling,
we observed a significant MSXNAM interaction effect on two-way ANOVA, with the
increased WBC and platelet counts in middle-aged MS male rats ameliorated in NAM
supplemented MS cohort (Fig. 51). While we noted a trend towards a significant MSXNAM
ANOVA interaction for circulating levels of extracellular nicotinamide phosphoribosyl
transferase (eNAMPT), a key adipokine involved in NAD™ biosynthesis pathway, and the
cytokines IL6 and IL10 (Extended data 8b-d), we did not observe any impact of NAM
supplementation on circulating TNFa levels (Extended data 8e). Control cohorts supplemented
with NAM did not exhibit any changes in these serum profiling and haematological analyses,
suggesting that long-term NAM supplementation may not impact these inflammation-related
measures in middle-aged controls. Our results reveal that NAM supplementation commencing
in mature adulthood, when the first peripheral inflammatory signatures appear, can successfully
avert the emergence of the long-term deleterious consequences of MS on peripheral
inflammatory, stress and aging-associated markers.

Nicotinamide supplementation protects blood-brain barrier integrity in middle-aged MS rats

In light of our findings that NAM supplementation protects against systemic inflammation in
middle-aged MS animals, we investigated the impact on safeguarding the BBB (Fig. 6a). Two-
way ANOVA analyses revealed a significant MSXNAM interaction effect for radiotracer
99mTc counts in brain parenchyma evaluated using ex-vivo SPECT scans (Fig. 6b-c), with
post-hoc analyses indicating that the increased BBB permeability noted in middle-aged MS
animals was completely prevented by long-term NAM supplementation (Fig. 6¢). We then
examined whether NAM supplementation can prevent the MS-evoked dysregulation of
hippocampal BBB-associated gene expression in middle-aged life (Fig. 6d). Two-way
ANOVA analyses indicated a significant MSXNAM interaction effect for a subset of BBB-
associated genes, Ntnl, Mfsd2a, Ocln, and Agp4, with their decline in middle-aged MS animals
prevented by NAM supplementation (Fig. 6d). We noted a significant MSXNAM two-way
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ANOVA interaction for circulating sE-selectin and hippocampal IFNy levels, with the increase
in these measures observed in middle-aged MS animals averted by NAM supplementation (Fig.
6e-f). These results indicate that adult-onset NAM supplementation can preserve
neurovasculature integrity in middle-aged MS animals, and suggest that this would protect
brain parenchyma from infiltration by immune cells and ensuing neuroinflammation.

Nicotinamide supplementation prevents microglial activation and mitochondrial impairment
middle-aged MS rats

The effects of NAM supplementation on BBB protection led us to postulate that NAM
treatment may also forestall the neuroinflammation and mitochondrial dysfunction that
emerges in the hippocampi of MS animals in middle-aged life. We noted a significant
MSxNAM two-way ANOVA interaction for activated microglial numbers in all hippocampal
subfields (Fig. 7b-e), with the increase in activated microglia completely absent in the NAM-
administered middle-aged MS cohort. Long-term NAM administration had no effect on
activated microglia numbers in control cohorts (Fig. 7b-e). We then addressed the impact of
systemic NAM supplementation on hippocampal mitochondrial status, with two-way ANOVA
analyses indicating significant MSxNAM interaction effects for SIRT1, PGC-1a , and TFAM
expression (Fig. 7f-g), mtDNA content (Fig. 7h), cellular ATP levels (Fig. 7i) and mtROS
generation (Fig. 7j). Post-hoc group comparison analysis revealed that the MS-evoked decline
in SIRT1, PGC-1a and TFAM protein levels, mtDNA content and cellular ATP in the middle-
aged MS male rats was completely prevented by NAM supplementation. Similarly, the
enhanced hippocampal mtROS production in middle-aged MS male rats was also prevented by
NAM treatment. Collectively, we find that long-term NAM supplementation commencing in
mature adulthood prevents the impact of MS on peripheral and central inflammatory signatures,
BBB integrity, hippocampal mitochondrial health and cognitive performance in middle-aged
life (Fig. 8).

Discussion

In this study, we uncover the impact of MS across two major adult life stages, mature adulthood
and middle-age. A history of MS led to elevated peripheral biomarkers of inflammation, stress
reactivity and aging, compromised neurovascular and blood brain barrier integrity, increased
microglial reactivity and disrupted hippocampal mitochondrial health, a brain region central to
age-related cognitive outcomes, and impaired object recognition memory in middle-aged life,
collectively indicative of premature aging. We find that long-term supplementation with the
NAD* precursor, NAM, commencing in mature adulthood, prevents many of these late-
emerging MS-driven alterations by mitigating peripheral and central inflammation, preserving
BBB and neurovascular integrity, maintaining hippocampal mitochondrial health and averting
cognitive decline in middle-aged life. Our work provides preclinical evidence linking early-life
stress accelerated brain aging to changes in inflammation, neurovascular integrity and
mitochondrial health, and shows that adult-onset NAM supplementation can prevent these late
emerging alterations.



338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360

361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379

Previous studies predominantly provide snap-shot measures in young adulthood, and hence
there is limited evidence on the temporal emergence of the maladaptive outcomes of early-life
stress 89-21.222442-48 " Qtyydies with MS and related rodent models of fragmented care indicate
varying effects on cognition in adulthood, spanning from no change to transiently adaptive
outcomes, to cognitive impairment, varying based on the nature and severity of the stressor
16.17.2047.49.50 ° A few prior studies, with MS in rats and limited bedding and nesting material in
mouse models suggest that early-life stress drives cognitive decline in middle-aged life, along
with impaired hippocampal synaptic and structural plasticity '*»17° Our results in the MS
model indicate a buffering against the damaging effects on object recognition memory until
mature adulthood, with marked cognitive decline noted in middle-aged life, supporting the
clinical evidence which posits that early adversity accelerates cognitive aging >°!. The
possibility that the maladaptive trajectory set in motion by MS history remains modifiable 2,
is strongly supported by our finding that NAM supplementation prevents the emergence of
cognitive decline in middle-aged MS animals of both sexes. While NAD" levels are reported
to diminish with aging across diverse tissues, including the brain 7, the premature decline in
hippocampal NAD" levels in middle-aged MS rats is mitigated by NAM supplementation,
coinciding with the prevention of cognitive deficits. A prior report using NMR-based
metabolomics indicates that MS can disrupt tryptophan-NAD pathway metabolites as early as
adolescence and young adulthood . Further, a study with a developmental model of
schizophrenia indicates that a month-long NAM treatment in juvenile life offsets cognitive
impairments in young adulthood **. Amongst the underlying mechanisms postulated for the
beneficial effects of NAD" precursors on cognitive deficits are reductions in inflammatory
load, improvements in metabolic health and support of mitochondrial function 343,

Both pre-clinical and clinical studies indicate that early-life stress drives systemic pro-
inflammatory alterations noted in postnatal epochs of life, with a paucity of studies addressing
changes beyond early adulthood 2%2*4%37. Middle-aged MS animals of both sexes exhibit
elevated levels of diverse pro-inflammatory markers including several cytokines, CRP and
kynurenine, alongside aging biomarkers such as GDF15 and methylglyoxal, as well as stress-
associated signatures, namely corticosterone, ccf-mtDNA and leukocytosis. Cross-
correlational analyses revealed a significant inverse correlation between cognitive performance
and circulating levels of GDF15, CRP, IL18B, IFNy, TNFa in middle-aged MS, but not control
rats, with these changes already detectable in MS animals in mature adulthood, and further
worsening with the superimposition of biological aging processes on MS history. These
findings point to the persistent reprogramming of stress-responsive systems, immune
pathways, and metabolic regulators that remain sensitized long after the cessation of early-life
stress, imposing an allostatic load that can shift aging trajectories 2®°%. Amongst these
peripheral markers, GDF15 is a putative aging biomarker, that reflects inflammatory status and
mitochondrial health, and is thought to hasten cognitive aging %%, Given the frequently modest
physiological effects of NAD" precursor supplementation in clinical studies of healthy
participants 27-61-64 it is likely that the efficacy of NAM supplementation is strongly context-
dependent; accordingly, we initiated NAM administration in mature adulthood, coinciding with
the first indicators of peripheral inflammatory changes. NAM supplementation significantly
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reduced systemic inflammatory load in middle-aged MS animals, with NAM-supplemented
MS cohorts indistinguishable from both vehicle and NAM-supplemented controls. In line with
clinical reports of reduced peripheral inflammatory burden after NAD" precursor
supplementation 3%61:626 our findings show that NAM reverses the protracted early-life stress
effects on systemic inflammation.

31233 "and we

Sustained systemic inflammation is tightly linked to neurovascular vulnerability
observed compromised BBB integrity in middle-aged MS animals, but not in mature
adulthood. Our findings revealed a clear temporal pattern, with no detectable BBB-associated
alterations in mature adulthood, while middle-aged MS animals displayed pronounced BBB
disruption. This aligns with prior evidence that MS history can influence endothelial cell
function and increase BBB fragility, particularly under inflammatory challenge in adulthood
24, We observed a distinct pattern of neurovascular dysfunction in the hippocampal parenchyma
concurrent with impaired object recognition memory in middle-aged MS animals, which aligns
with clinical evidence suggesting that BBB compromise particularly impacts the hippocampus
during biological aging and may thus contribute to cognitive deterioration . Further, adult-
onset social stressors have also been linked to neurovascular impairments 32, with reports
revealing higher systemic sE-selectin concentrations in both animal models of depression and
patients with major depressive disorder 3. Given that our study on enhanced BBB permeability
in MS animals was conducted in male rats, the extent to which this particular phenotype
generalizes to both sexes remains to be determined. Most strikingly, long-term NAM
supplementation initiated in mature adulthood preserved BBB integrity in middle-aged MS
animals and normalized accompanying endothelial and inflammatory signatures. Although our
findings do not resolve the precise mediators, recent evidence indicating that NAD"
augmentation supports BBB resilience is consistent with a model in which NAD" precursor
supplementation protects the BBB, at least in part, by buffering inflammation-driven
endothelial dysfunction, via the activation of a Sirt]/FOXO1a pathway ¢’.

Our findings also reveal that MS history elicits a pronounced neuroinflammatory phenotype in
middle-aged life, with alterations in markers of hippocampal inflammatory that were
completely absent in mature adulthood. Although it is difficult from our results to parcellate
the temporal sequence of these maladaptive consequences in middle-aged life, it is tempting to
speculate from our data that they emerge following neurovascular compromise. In this regard
it is relevant to note that NAM administration besides mitigating peripheral inflammation and
protecting BBB integrity, also prevents the onset of enhanced microglial reactivity within the
hippocampi of middle-aged MS animals. The notion that early adversity drives central
neuroinflammatory changes is in keeping with reports from other models such as the limited
bedding and nesting model, which indicate increased microglial activation in the hippocampus
during adulthood under basal and immune-challenged conditions **%%-7!, These findings point
to the fact that the severity of the early-life stress, as well as exposure to secondary hits, may
impact both the time-point of onset and magnitude of the deleterious sequelae that ensue.

Early adversity may impose a dual burden by heightening neuroinflammation and
simultaneously compromising energy metabolism, creating conditions that promote cognitive
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aging ">, In the hippocampus, mitochondrial compromise was not evident in mature

adulthood but emerged by middle-age in MS animals, extending prior work that had largely
focused on earlier time windows and aligning with limited evidence from related models
suggesting later life mitochondrial vulnerability 214>7677, We find that NAM supplementation
protects hippocampal mitochondrial health and restored hippocampal NAD" levels, consistent
with effects in mitochondrial biogenesis and resilience. Future studies are required to address
the impact of NAM supplementation on mitophagy and mitochondrial unfolded protein
response, both major processes implicated in aging. The pleiotropic protective effects NAM
supplementation reported here suggest that NAM interrupts a mutually reinforcing cycle of
inflammation and mitochondrial dysfunction that may otherwise hasten hippocampal
dysfunction and cognitive aging triggered by early-stress history.

Prior studies indicate that nutritional supplements, pharmacological modulators, enriched
environment and exercise can protect against specific molecular, cellular and behavioural
sequelae of early-life stress, with the preponderance of literature focussed on prevention in
adulthood 174450717882 T addition to the nature of the early-life stressor, the timing of
assessment has a major impact on the outcomes, and there are very few studies that have
addressed the influence of long-term interventions in preventing the impact of early-life stress
on premature aging !”*°. Studies employing pharmacological strategies, either long-duration
antidepressant treatment commencing in mature adulthood or short-term CRH receptor type-1
antagonist treatment in young adults, prevented the cognitive deficits evoked by early adversity
in middle-aged life '7°°, Our results, along with these prior reports, provide support to the
notion that biological aging trajectories, in particular those shaped by early-life stress history,
remain modifiable. Nutritional gerotherapeutics remain heavily debated as effective tools to
extend healthspan, improve physiological function, and reduce vulnerability to age-associated
disorders, and results from multiple clinical trials with different NAD" precursors reported
minimal effects in healthy volunteers ¢1-%°. Our results uncover differential outcomes, with no
effect in middle-aged control cohorts and robust protective actions in MS animals, indicating
that the efficacy of NAD" precursor treatment may manifest only when health status is
compromised and in conditions of NAD™" deficiency.

In conclusion, we document that early-life stress history progressively tips into maladaptive
cognitive impairments concurrent with neurovascular, inflammatory and mitochondrial
alterations in the hippocampus later in life. The early signs of premature aging are first noted
in mature adulthood with specific systemic inflammaging markers beginning to diverge from
controls, with a worsening pattern noted when the ‘second-hit’ of biological aging processes
interacts with the vulnerability associated with early stress history. More importantly, our work
indicates that these maladaptive consequences are not deterministic, but rather remain
amenable to restoration via long-term nutritional supplementation with NAM, raising the
possibility of healthspan extension.
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Materials and Methods

Animals

Male and female Sprague-Dawley (SD) rats (Rattus norvegicus) were bred in the Tata Institute
of Fundamental Research (TIFR) animal facility. All animals were group housed and
maintained on a 12:12-hour light:dark cycle (lights on at 7:00) with access to food and water
ad libitum. Animal procedures were in accordance with the Committee for Control and
Supervision of Experiments on Animals (CCSEA) guidelines and were approved by the
Institutional Animal Ethics Committee (TIFR/IAEC/2019-4). Care was taken across all
experiments to minimize animal suffering and restrict the number of animals used.

Animal treatment paradigms

Animals were subjected to the early stress of maternal separation (MS) from postnatal day (P)2
to P14. Litters born to pregnant primiparous dams were assigned randomly to control or MS
groups on P1. All experimental litters were chosen to ensure consistency of size of litter ranging
from 9 to 11 pups. Pups in the MS group were separated as a litter from their mothers for a
period of 3 hours daily (10:00 to 13:00) from P2 to P14. The dams from the MS group were
first removed from their home cage to a novel cage prior to the removal of the litter. During
this period of daily separation, pups were placed in beakers with bedding and nesting material
similar to their home cage and the beakers were placed on temperature controlled heating pads
(Flamingo, India) to maintain euthermic conditions. Pups were returned to their home cage at
the end of the separation period prior to reinstatement of the dam. Control litters and dams were
left undisturbed in their home cage, except for routine animal facility rearing, which involved
brief handling during cage cleaning. All the pups, from both control and MS groups, were
weaned at P28 and then housed in sex-matched groups of 3 to 4 animals per cage. Subsequent
experiments were carried out in both male and female adult progeny from control and MS
litters, unless otherwise specified. Control and MS animals were sacrificed either in mature
adulthood (6-7 months) or middle-aged life (13-15 months) for further investigations.

Systemic nicotinamide supplementation

We hypothesized that a supplementation of NAD" precursor, Nicotinamide (NAM), can
mitigate early stress evoked inflammaging. To examine the effect of NAM (#72340, Sigma-
Aldrich, USA), 8-month old control and MS rats (males and females) were subjected to NAM
administration (100mg/kg/day) in drinking water for a 5-month period, which were designated
as CN and MSN respectively. Dose selection was based on prior studies supporting the use of
NAD" precursors in rodent model 8%, Concomitantly, a cohort of control and MS animals of
both sexes continued receiving regular drinking water and were assigned as CD and MSD
respectively. The bottles were changed every day and animal weights were monitored every 3-
4 weeks. Middle-aged control and MS animals (males and females) with or without NAM
administration were subjected to object recognition memory task and thereafter sacrificed for
further investigations.

Novel object recognition (NOR) task
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Control and MS animals of both sexes were assessed on the novel object recognition (NOR)
task, to assess object recognition memory in mature adulthood (6-7 months) and middle-aged
life (13-15 months). Control male animals (22 months) were also assessed on the NOR task to
serve as an aged control cohort comparison. Animals were habituated to a novel arena (40 cm
x 60 cm x 29 cm) for 3 consecutive days for 20 minutes daily. On day 4, animals were allowed
to explore two identical objects in the arena for 15 minutes. Short-term object recognition
memory was tested on day 5 by replacing one of the identical objects with a novel object of
similar dimensions. On day 10, long-term object recognition memory was assessed by
replacing the first novel object with a second novel object, keeping the familiar object constant.
Behaviour in the NOR task was scored using an automated tracking system (Noldus Ethovision
3.1, Noldus Information Technology, Netherlands). Discrimination index {[(time spent
exploring the novel object - time spent exploring the familiar object) / total object exploration
time] X 100} was determined to assess object recognition memory over a 5 minute exploration
period. Objects were selected based on a previously published study !” and pilot experiments
performed with a separate cohort of rats to rule out an inherent bias to the objects used in the
NOR.

Immunoassays

Control and MS animals (males and females) in mature adulthood (6-7 months) or middle-aged
(13-15 months) were sacrificed by rapid decapitation and trunk blood was collected for
biochemical measurements. After coagulation of blood at room temperature for 30 minutes,
blood samples were centrifuged at 1200 g for 18 minutes in a refrigerated centrifuge
(Eppendorf, Germany). Serum collected was aliquoted and stored at -80°C and subsequently
used for immunoassays. Baseline circulating levels of inflammatory, aging and stress-
associated markers were determined wusing commercially available enzyme-linked
immunosorbent assay (ELISA) kits in accordance with the manufacturer’s instructions. The
following immunoassays were performed on serum derived from control and MS animals
(males and females) in mature adulthood and middle-aged life; growth differentiation factor-
15 (GDF15; R & D systems, USA, Cat# MGD150), C-reactive protein (CRP; Invitrogen, USA,
Cat# ERCRP), interleukin-18 (IL1B; R & D systems, USA, Cat# RLB00), Interferon-y (IFNy;
R & D systems, USA, Cat# RIF00), Tumor necrosis factor-a (TNFa; R & D systems, USA,
Cat# RTAO00), IL10 (R & D systems, USA, Cat# R1000), IL4 (R & D systems, USA, Cat#
R4000), IL6 (Invitrogen, USA, Cat# ERA31RB), IL18 (Invitrogen, USA, Cat# KRC2341),
methylglyoxal (MG; Cell biolabs, USA, Cat# STA-811), kynurenine (My biosource, USA,
Cat## MBS7607149), E-selectin (Invitrogen, USA, Cat# ERAI14RB), nicotinamide
phosphoribosyltransferase (NAMPT; Adipogen life sciences, Switzerland, Cat#AG-45A-
0007YTP-KIOI). The optical density was determined at 450 nm on a microplate reader (Tecan
life sciences, Switzerland, Cat# Infinite M200 Pro). Further, levels of corticosterone (R & D
systems, USA, KGE009) were evaluated using serum samples as per manufacturer’s
guidelines. All serum samples used for immunoassays were tested in duplicate. Concomitantly,
blood samples were collected in dipotassium ethylenediaminetetraacetic acid (K2-EDTA)
tubes (Dr. Bloodo, India) and assessed for complete blood count (CBC) at Shahbazker's
Diagnostic Centre, Mumbai, India. IFNy levels in the hippocampal homogenates of control and



546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588

MS male rats were evaluated using commercially available ELISA kit (R & D systems, Cat#
RIF00) in accordance with the manufacturer’s instructions. For those samples used for cross-
correlational analyses with NOR behaviour, animals were first subjected to the NOR task
following which they were euthanized to collect blood for biochemical investigations.

Quantitative Real-Time Polymerase Chain Reaction (qPCR)

Hippocampal tissue was homogenized in a TRIzol reagent (Sigma-Aldrich, USA, Cat#
15596018) and subjected to RNA extraction. RNA (1000 ng) was reverse transcribed using the
PrimeScript RT reagent kit (Takara Bio, Japan, Cat# RR037A). cDNA was subjected to qPCR
using the CFX96 qRT-PCR system (Bio-Rad, USA) in 96-well PCR plate (Bio-rad, USA, Cat#
HSP-9601). Primers for the genes of interest were designed using National Center for
Biotechnology Information (NCBI) primer designing tool. Data analysis was performed using
AACt method % and normalized against the 18S rRNA (18S) gene. The list of primer sequences
is provided in supplementary information (Source data 1).

Circulating cell free mitochondrial DNA (ccf-mtDNA) quantification

Circulating cell free mitochondrial DNA (ccf-mtDNA) quantitation was carried out using the
MitoQuicLy method 86. Serum was incubated with lysis buffer consisting of Tween-20 (6%,
Sigma-Aldrich, USA, Cat#11332465001), Tris-HCI (pH 8.5, 114 mM, Himedia, India, Cat#
MBO030) and Proteinase K (200 pg/mL, Invitrogen, USA, Cat #25530049) in a 96-well PCR
plate overnight at 55°C for 16 hours in a thermocycler (Eppendorf, Germany, Cat#
Mastercycler nexus), followed by Proteinase K inactivation at 95°C for 10 minutes. qPCR was
performed using this lysate on the CFX96 gRT-PCR system (Bio-Rad, USA) for a
mitochondrial genome-encoded gene (cytochrome b, Cytb) and a nuclear genome-encoded
gene (cytochrome c, Cycs) in 96-well PCR plate (Bio-rad, USA, Cat# HSP-9601). Cycs data
were normalized to Cytb, and quantified by 22Ct method to determine relative ccf-mtDNA
levels between the groups. The primer sequences used are provided in the supplementary file
(Source data 1).

Blood brain barrier integrity assay

Integrity of the blood brain barrier (BBB) was assessed using an Evans blue extravasation assay
87.88 Evans blue (EB) dye (2%, Sigma-Aldrich, USA, Cat# E2129) was slowly injected through
the tail vein of control and MS male rats, and animals were perfused with saline 20 hours post
injection to remove intravascular blood containing EB. Hippocampal tissue was homogenized
in phosphate-buffered saline (PBS) followed by a centrifuge at 10000 g for 20 minutes. The
supernatant was incubated overnight with 50% trichloroacetic acid (TCA, Sigma-Aldrich,
USA, Cat# T0699) solution (1:2 ratio) with gentle rocking to extract extravasated EB.
Following a centrifugation at 10000 g, fluorescence was measured on a microplate reader
(Tecan life sciences, Switzerland). The intensities were normalized to hippocampal tissue
weight. Liver was assessed as a positive control. BBB integrity was also determined using
micro-SPECT (Single Photon Emission Computed Tomography) imaging (Gamma Eye,
Bioemtech, Greece) ¥. The radiotracer 99mTc (200 pnCi/100 ul) was injected through the tail
vein of control and MS male animals and one hour post-injection the brain was harvested for



589
590
5901
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631

ex vivo SPECT scanning. Reconstructed images were analyzed using visual eye software
(Bioemtech, Greece) and plotted as 99mTc radioactivity counts. Thyroid gland was analyzed
as a positive control.

Western blotting

Hippocampal tissue was homogenized in Radioimmunoprecipitation assay (RIPA) buffer:
Tris-Cl (pH 8.0, 10 mM), Ethylenediamine tetraacetic acid (EDTA; 1 mM), Ethylene glycol
tetraacetic acid (EGTA; 0.5 mM), Triton X-100 (1%), sodium deoxycholate (0.1%), sodium
dodecyl sulphate (SDS; 0.1%), sodium chloride (NaCl; 140 mM) containing protease and
phosphatase inhibitors (Sigma-Aldrich, USA) using a dounce homogenizer (Sigma-Aldrich,
USA). Protein estimation was performed using a Quantipro BCA assay kit (Sigma-Aldrich,
USA, Cat# QPBCA). Protein lysates (20-90 ng) were resolved using 8-13.5% SDS
polyacrylamide gel electrophoresis system (Bio-rad, USA) and transferred onto polyvinylidene
fluoride (PVDF) membranes (Merck Millipore, Germany, Cat# IPVH00010). Blots were
stained with Ponceue-S (Sigma-Aldrich, USA, Cat# 3504) to confirm efficient transfer and
destained with tris-buffered saline containing Tween-20 (TBST). Further, blots were subjected
to blocking with either non-fat dry milk (5%) or bovine serum albumin (BSA; 5%) prepared in
TBST for 1 hour and incubated overnight on a refrigerated rocker with primary antibodies
prepared in a blocking solution. Following antibodies were used in this study: rabbit anti-
SIRT1 (1:1000, Cat# 07-131, Millipore, USA), mouse anti-PGC-1a (1:500, Calbiochem,
Germany, Cat# KP9803), rabbit anti-TFAM (1:2000, Abcam, UK, Cat# ab131607), rabbit anti
NF-kB p65 (1:2000, Cell signaling technology, USA, Cat# 8242), rabbit anti-NLRP3 (1:500,
Novus biologicals, USA, Cat# NBP2-12446), rabbit anti-ASC (1:500, Santa Cruz
Biotechnology, USA, Cat# sc-22514-R). Rabbit anti-f-Actin (1:12000, Abclonal technology,
USA, Cat# AC026) was used as a protein loading control for normalization. Following washes
with TBST, blots were incubated with HRP-conjugated goat anti-rabbit secondary antibody
(1:8000, Abclonal Technology, USA, Cat# AS014) or HRP-conjugated goat anti-mouse
secondary antibody (1:8000, AS003, Abclonal Technology) for 1 hour. The blots were washed
with TBST and signal was visualized on a GE Amersham Imager 800 (GE life sciences, USA)
with a western blotting chemiluminescent detection kit (Advansta, USA, Cat# K-12045-D20).
Densitometric quantitative analysis was performed using ImagelJ (National Institutes of Health,
USA) software. Unprocessed blots are provided in the supplementary file (Source data 2).

Immunohistochemical and cell counting analysis

Animals were transcardially perfused with ice-cold 0.9% saline (Sodium chloride, MP
Biomedicals, India, Cat# 194848,) followed by ice-cold paraformaldehyde (4%, PFA, MP
Biomedicals, India, Cat# 150146). Brains were harvested and fixed in PFA (4%) for 48 hours
prior to generating serial coronal sections (50 pm) on a vibratome (Leica Microsystems,
Germany, Cat# VT1000 S) and stored in 0.1M phosphate buffer, pH 7.4 (PB; di-Sodium
hydrogen phosphate dihydrate, Merck Millipore, USA, Cat# 106580, Sodium dihydrogen
phosphate dihydrate, Merck Millipore, USA, Cat# 106342) containing 0.1% sodium azide (MP
Biomedicals, India, Cat# 102891). Activation of microglia in the hippocampus was assessed
by performing immunofluorescence experiment for Ionized calcium binding adaptor molecule
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1 (Ibal), a microglial marker. Hippocampal sections (6 sections per animal, n = 5-6 males per
group) were permeabilized with 0.1M PB containing 0.3% Triton X-100 (0.3% PBTx) for 30
minutes followed by blocking with horse serum (10%; Thermo Fisher Scientific, USA, Cat#
26-050-088) prepared in 0.3% PBTx, for 2 hours at room temperature. The sections were then
incubated with goat anti-Ibal (1:1000, Abcam, UK, Cat# ab5076) overnight at room
temperature. Following subsequent serial washes with 0.1M PB, sections were incubated with
a secondary antibody, Alexa Fluor 568-conjugated donkey anti-goat IgG (1:400, Thermo
Fisher Scientific, USA, Cat# A11057) for 3 hours at room temperature. After serial washes
with 0.1M PB, sections were mounted on cleaned glass slides using Vectashield antifade
mounting medium with 4',6-diamidino-2-phenylindole (Vector Laboratories, USA, Cat# H-
1200) and visualized under the Zeiss LSM 5 Exciter confocal microscope (Zeiss, Germany).
Cell counting analysis was performed by an experimenter blind to the treatment conditions.
Ibal-positive cells were manually counted as activated or resting state microglia based on
morphological characteristics of these microglial states in all the hippocampal subfields.
Counting was performed in a region of interest (ROI) representing dimensions of 1388 x 1040
pixels per subfield in six sections, at a periodicity of every sixth section spanning the rostro-
caudal extent of the hippocampus (Bregma —3.30 to —5.80) using the Zeiss LSM 5 Exciter
confocal microscope camera (Zeiss, Germany) at a magnification of 200X. Data are
represented as the number of activated microglia per mm? area in each hippocampal subfield.
Representative images were acquired on a FV3000 confocal microscope (Olympus, Japan).

Mitochondrial DNA measurement

Total genomic DNA was extracted from the hippocampi of control and MS animals using a
Purelink genomic DNA mini kit (Thermo Fisher Scientific, USA, Cat# K182002). gPCR was
performed on the CFX96 qRT-PCR system (Bio-Rad, USA) for a mitochondrial genome-
encoded gene (cytochrome b, Cytb) and a nuclear genome-encoded gene (cytochrome c, Cycs)
in 96-well PCR plate (Bio-rad, USA, Cat# HSP-9601). Data were normalized to Cycs, and
quantified by 2*Ct method. The primer sequences used are provided in the supporting
information (Source data 1).

Isolation of mitochondria and bioenergetic measurements

The mitochondrial state respiration assay was conducted by measuring the oxygen
consumption rate (OCR) in isolated mitochondria derived from middle-aged control and MS
hippocampi using the Seahorse XFe24 Analyzer (Agilent, USA), as per the manufacturer's
instructions. Hippocampi were homogenized in ice-cold mitochondrial isolation buffer
(MSHE+BSA, pH 7.2), containing mannitol (210 mM), sucrose (70 mM), (N-(2-
Hydroxyethyl) Piperazine-N(2-Ethane Sulphonic Acid) HEPES (5 mM), EGTA (1 mM), and
fatty acid-free BSA (0.5%) using a Dounce homogenizer (6 strokes). Following refrigerated
centrifugation at 800 g for 10 minutes, the supernatant was collected in a separate tube and
centrifuged at 8000 g for 10 minutes at 4°C. The pellet was suspended in MSHE+BSA, and
the centrifugation procedure was repeated. Finally, the pellet was resuspended in a small
volume of ice-cold mitochondrial assay buffer (MAS+BSA, pH 7.2), containing mannitol (220
mM), sucrose (70 mM), potassium dihydrogen phosphate (KH2POs, 10 mM), magnesium
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chloride (MgCl,, 5 mM), HEPES (2 mM), EGTA (1 mM) and fatty acid-free BSA (0.5%).
Protein estimation was performed using a Quantipro BCA assay kit (Sigma-Aldrich, USA,
Cat# QPBCA). The mitochondrial suspension (20 pg) was used for bioenergetic analysis
immediately after isolation and protein estimation. Mitochondria were plated (20 pg / 50 pl) in
Seahorse XFe24 micro-plates (Agilent, USA, Cat# 100850-001) in MAS+BSA buffer
supplemented with substrates, pyruvate (10 mM) and malate (2 mM), and centrifuged at 2000
g for 20 minutes at 4°C. Concomitantly, substrate containing MAS+BSA (450 ul) was added
to each well. Basal state-2 respiration, primarily Complex-I dependent, under limiting
endogenous ADP and succinate concentrations, was measured initially. Following this,
Complex-II dependent state-3 respiration was measured post injection of rotenone (2 uM)+
Succinate (10 mM) + Adenosine diphosphate (ADP; 4 mM). Oligomycin (2 uM) induced state-
4 respiration was measured next, which was followed by Carbonyl cyanide 4-
(trifluoromethoxy)phenylhydrazone (FCCP, 8 pM) induced maximal respiration and non-
mitochondrial respiration following antimycin A (8 pM) injections.

Mitochondrial reactive oxygen species (ROS) assay

Mitochondria were isolated from hippocampus of mature adult and middle-aged control and
MS male rats. The isolated mitochondrial suspension was diluted to 5 pg/12.5 ul of MAS
buffer. 4X Substrate mixture (succinate and rotenone; 25 pL) was added to each well. Amplex
red (Sigma-Aldrich, USA, Cat# A36006) was diluted to 400 pM and mixed 1:1 with the
mitochondrial suspension, and 25 pl of this mixture was added to each well. Fresh 20 mM
hydrogen peroxide (H202) was prepared by adding 11.5 pl of H202 (3%) to 988.5 ul of MAS
buffer for standard ROS measurements. A working standard was prepared by adding 0.5 pl of
H-0: (20 mM) stock and 10 pl amplex red (10 mM) to 989.5 ul of MAS buffer. Serial dilutions
of this cocktail were added to standard wells and adjusted to 50 ul volume using MAS buffer.
50 ul Horse Radish Peroxidase (HRP; 20 U/ml) to each well for a total reaction volume of 100
pl. Fluorescence was measured using a black 96-well plate (Thermo Scientific, USA) on a
microplate reader (Infinite 200 Pro, Tecan life sciences, Switzerland) at 530 nm excitation and
590 nm emission every 5 minutes for 1 hour or until the standards saturated.

Cellular ATP measurement

Hippocampal tissue from control and MS rats (males and females) was lysed in boiling water
and lysate was centrifuged at 12000 rpm for 20 minutes at 4°C. The ATP levels in the
supernatant were quantified using the ATP bioluminescent assay kit (Sigma-Aldrich, USA,
Cat# FLAA), by mixing the luciferin substrate and luciferase enzyme mix with equal amounts
of supernatant in a 96-well black plate. The light emitted is proportional to the ATP consumed
in the reaction, and was measured using a luminometer (Berthold technologies, Germany).
Cellular ATP levels were normalized to the total protein content of tissue which was estimated
using a Quantipro BCA protein assay kit (Sigma-Aldrich, USA, Cat# QPBCA).

Measurement of nicotinamide adenine dinucleotide (NAD™") levels
NAD" levels from hippocampus of control and MS animals (males and females) were evaluated
immediately post tissue harvesting using the NAD/NADH quantitation kit (Sigma-Aldrich,
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USA, Cat# MAKO037) according to the manufacturer’s instructions. NAD" levels were
normalized to protein content of hippocampal tissue, estimated using a BCA protein assay kit
(Sigma-Aldrich, USA, Cat# QPBCA).

Data representation and statistical analyses

All data were assessed for normal distribution using the Kolmogorov-Smirnov test on
GraphPad Prism 10 (Graphpad Software Inc, USA) prior to performing appropriate statistical
testing. For statistical analysis on experiments with two groups that followed a normal
distribution, a two-tailed, unpaired Student’s z-test was performed. Welch’s corrections were
applied in those instances where there was a significant difference in the variances between
groups. For experiments where the data did not follow a normal distribution, the Mann-
Whitney-U-test was used for group comparisons. For statistical analyses of experiments with
three groups, one-way analysis of variance (ANOVA) analysis was performed, followed by
Tukey's post-hoc comparison test when the one-way ANOVA results were significant. For
statistical analyses of experiments with four groups and two variables, two-way ANOVA
analysis was performed, followed by Tukey’s post-hoc comparison test when a significant
interaction (p < 0.05) was noted between the variables of the early-life stress of MS and adult-
onset NAM supplementation. Data are represented as mean + standard error of mean (SEM).
As we did not observe any significant sex differences in the behavioural, molecular and cellular
measures in MS animals, results represented combined data from both male and female rats.
Specific measures were performed only in male rats which is indicated in the results. The dots
in graphical representations depict individual animals in each experiment, with the lighter
shade used for males and darker shade for females. Graphs, heatmaps and correlation matrices
were generated using GraphPad Prism 10 software. For gene expression data, false discovery
rate (FDR) analysis was carried out using the Benjamini-Hochberg method, and these are
denoted as FDR-corrected p values. For correlational analyses, Pearson’s correlation
coefficient (r) was calculated using GraphPad Prism 10 software. Statistical significance was
determined at p < 0.05. The details of statistical analyses are provided in the supporting
information (Source data 3, Source data 4).
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Fig. 1: A history of early-life stress impairs object recognition memory and drives
peripheral inflammatory changes in middle-aged life.

a, Sprague-Dawley (SD) rats were subjected to early adversity using the maternal separation
(MS) paradigm, which involved a daily separation (3 hours) of the litters from their dams from
postnatal day 2 (P2) to P14, whilst control (C) litters were left undisturbed. b, Animals were
tested for object recognition memory using the novel object recognition (NOR) task, wherein
C and MS animals in middle-aged life (13-15 months) were first habituated to the NOR arena
for 3 consecutive days prior to exposure on day 4 to two identical objects. Short and long-term
object recognition memory were assessed on day 5 and day 10 respectively, by replacing one
of the identical objects with a novel object of similar dimensions. ¢, Short and long-term object
recognition memory were assessed by determining the discrimination index in middle-aged C
and MS rats. Results are combined for both males (lighter shade) and females (darker shade),
as no sex differences were noted in object recognition memory across both groups (C: n =23
[14 males; 9 females], MS: 26 [14 males; 12 females]. d, Shown is a schematic representation
of long-term NOR task in middle-aged C and MS animals, with serum harvested post-NOR
task for analysis of inflammation, and aging-associated markers using immunoassays. The data
was used to perform a correlational analyses between NOR task and inflammation associated
markers. Shown are graphs for the following serum markers in middle-aged C and MS rats,
namely (e) GDF15, (f) CRP, (g) IL18, (h) IFNy, (i) TNFa, and (j) IL10, from the same cohort
of C and MS animals [C: n = 23 (14 males; 9 females), MS: n = 26 (14 males; 12 females)].
k, Shown is a schematic representation of serum harvested from an independent cohort of
middle-aged C and MS rats, which were not subjected to NOR task, for analysis of
inflammation, aging, and stress-associated markers using immunoassay, assessment of
circulating cell free mtDNA (ccf-mtDNA) content using the MitoQuicLy method. I-p, Shown
are graphs for additional serum markers, namely (I) IL4, (m) IL6, (n) IL18, (0) methylglyoxal
and (p) kynurenine, [C: n =20 (10 males; 10 females), MS: n = 19 (10 males; 9 females]. q-r,
Shown are graphs for (q) circulating cell-free mitochondrial DNA (ccf-mtDNA), (r)
corticosterone levels using serum samples harvested from middle-aged C and MS rats (C: n =
16 (10 males; 6 females), MS: n = 16 (10 males; 6 females). Data are represented as mean +
SEM and with individual data points depicted as dots in the graphs (males — lighter shade;
females — darker shade). *p < 0.05 as compared to C; unpaired Student’s #-test.
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Extended data 1: Impact of a history of early-life stress on object recognition memory
and peripheral inflammatory signatures in mature adulthood.

a, Shown is a schematic representation of the MS paradigm performed in SD rats. b, Animals
were tested for object recognition memory using the novel object recognition (NOR) task,
wherein C and MS animals in mature adulthood (6-7 months) were first habituated to the NOR
arena for 3 consecutive days prior to exposure on day 4 to two identical objects. Short-term
object recognition memory was assessed on day 5 by replacing one of the identical objects with
a novel object of similar dimensions. ¢, Short-term object recognition memory was assessed
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by determining the discrimination index in mature adult C and MS rats. Results are combined
for both males (lighter shade) and females (darker shade) (C: n = 10 [6 males; 4 females], MS:
10 [6 males; 4 females]. d, Shown is a schematic representation of serum harvested from an
independent cohort of mature adult C and MS rats for analysis of inflammation, aging-
associated markers using immunoassay, as well as assessment of circulating cell free mtDNA
(ccf-mtDNA) content using the MitoQuicLy method. Shown are graphs for the following
serum markers in mature adult C and MS rats, namely (e) GDF15, (f) CRP, (g) IL18, (h) I[FNy,
(i) TNFa, and (j) IL10, (k) IL4, (I) IL6, and (m) IL18 [C: n = 16 (8 males; 8 females), MS: n
=16 (8 males; 8 females)]. n, Shown is a graph for ccf-mtDNA using serum samples harvested
from mature adult C and MS rats (C: n = 10 (6 males; 4 females), MS: n = 10 (6 males; 4
females). Data are represented as mean + SEM and with individual data points depicted as dots
in the graphs (males — lighter shade; females — darker shade). *p < 0.05 as compared to C;
unpaired Student’s #-test.
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Extended data 2: A history of early-life stress impairs short and long-term object
recognition memory in middle-aged male and female animals.

a, SD rats were subjected to early adversity using the maternal separation (MS) paradigm,
which involved a daily separation (3 hours) of the litters from their dams from postnatal day 2
(P2) to P14, whilst control (C) litters were left undisturbed. b, Male and female animals from
C and MS groups were tested for object recognition memory using NOR task, wherein middle-
aged animals (13-15 months) were first habituated to the NOR arena for 3 consecutive days
prior to exposure on day 4 to two identical objects. Short and long-term object recognition
memory were assessed on day 5 and day 10 respectively, by replacing one of the identical
objects with a novel object of similar dimensions. e-f, Graphs show short (c-d) and long-term
(e-f) object recognition memory represented by determining the discrimination index in
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middle-aged male (c, ) and female (d, f) rats from C and MS groups. (C: n = 14 males; 9
females, MS: 14 males; 12 females). Data are represented as mean + SEM and with individual
data points depicted as dots in the graphs. *p < 0.05 as compared to C; unpaired Student’s ¢-
test.
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Extended data 3: Object recognition memory impairment observed in middle-aged MS
rats is comparable to aged control animals.

a, Shown is a schematic representation of the MS paradigm performed in SD rats. b, Animals
from C and MS groups were tested for object recognition memory using NOR task, wherein
middle-aged C and MS (13-15 months) as well as aged C (22 months) animals were first
habituated to the NOR arena for 3 consecutive days prior to exposure on day 4 to two identical
objects. Short-term object recognition memory was assessed on day 5 replacing one of the
identical objects with a novel object of similar dimensions. ¢, Short-term object recognition
memory was assessed by determining the discrimination index in middle-aged C ( n = 14
males), middle-aged MS (n = 14 males), and aged C animals (n = 18 males). Data are
represented as mean + SEM and with individual data points depicted as dots in the graphs. *p
< 0.05 as compared to middle-aged C, one-way ANOVA followed by Tukey's post-hoc
comparison.
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Extended data 4: Correlation matrix depicting an association between novel object
recognition and inflammatory markers in middle-aged control and MS animals.

a-b, Shown is a schematic representation of the NOR task performed in (a) middle-aged MS
and (b) C animals, with serum harvested post NOR task for analysis of inflammatory markers
using immunoassays. ¢-d, Shown is a correlation matrix denoting Pearson’s correlation
coefficient (r) evaluated between discrimination index scored by novel object recognition
(NOR) task and several circulating inflammatory markers namely IL18, TNFa, IL10, IFNy,
CRP, GDF15 in middle-aged (¢) MS and (d) C animals (C: n = 23 [14 males; 9 females], MS:
26 [14 males; 12 females]). The underlying matrix indicates nature and extent of association,
with positive correlation represented in yellow and negative correlation represented in blue.
Data represented as a Pearson’s correlation coefficient ranging from -1 to +1 and derived from
a comparison to NOR score of +1. *p < 0.05; unpaired Student’s #-test.
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Extended data 5: Impact of early-life stress on complete blood count measures in mature
adult and middle-aged male animals.

a, Shown is a schematic representation of the MS paradigm performed in SD rats, with blood
harvested from C and MS animals in mature adulthood or middle-aged life for assessment of
complete blood count. b-¢, Shown is a table for complete blood count measures namely white
blood cells (WBCs), red blood cells (RBCs), platelets, haemoglobin, hematocrit in blood
harvested from (b) adult and (¢) middle-aged C and MS male animals (C: n = 6, MS: n = 6).
Data are represented as mean = SEM. *p < 0.05 as compared to C; unpaired Student’s #-test.
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Fig. 2: Early-life stress alters the blood-brain barrier integrity in middle-aged animals.

a, Shown is a schematic representation of the maternal separation (MS) paradigm with blood-
brain barrier (BBB) integrity assessed in mature adulthood (6-7 months) or middle-aged life
(13-15 months), with integrity of the blood-brain barrier (BBB) was assessed using a
hippocampal gene expression profiling, Evans blue (EB) extravasation assay, Technitium-99
(99mTc) radiotracer assay, serum soluble E-selectin (sE-selectin) concentrations and
hippocampal IFNy levels. b-¢, Shown is the relative hippocampal gene expression in (b) mature
adult and (¢) middle-aged C and MS animals for genes associated with BBB formation, tight
junctions and neurovasculature. The underlying heatmap indicates the nature and extent of
regulation, with upregulated genes represented in red and downregulated genes represented in
blue. Data are represented as a fold change of age-matched C rats (mean = SEM) with gene
expression normalized to 18S rRNA (Adult- C: n = 10 males, MS: n = 11 males; Middle-aged-
C: n = 9 males, MS: n = 11 males). d, Shown is a schematic representation of Evans blue
extravasation assay to investigate BBB leakiness in adult or middle-aged C and MS animals.
e-f, Graphical representation of Evans blue extravasation into hippocampal parenchyma in (e)
mature adult and (f) middle-aged rats (C: n = 6 males, MS: n = 6 males). g, Shown is a
schematic representation of Technitium-99 (99mTc) radiotracer paradigm followed by ex vivo
SPECT (Single Photon Emission Computed Tomography) to determine BBB integrity in adult
or middle-aged C and MS rats. h-i, Graph indicates 99mTc radioactivity counts in brain
parenchyma derived post ex vivo SPECT scan of (h) mature adult and (i) middle-aged C and
MS rat brains (C: n = 3 males, MS: n = 3 males). j, Shown is a schematic representation of the
maternal separation (MS) paradigm with integrity of the BBB was assessed using serum soluble
E-selectin (sE-selectin) concentrations and hippocampal IFNy levels in mature adulthood or
middle-aged life. k-1, Shown is a graph for soluble E-selectin (sE-selectin) levels in serum
harvested from (k) adult and (I) middle-aged C and MS rats (C: n = 10 males, MS: n = 10
males). m, Graph indicates hippocampal IFNy levels assessed using ELISA in middle-aged C
and MS rats (C: n = 6 males, MS: n = 6 males). Data are represented as mean + SEM, with
individual data points depicted as dots in the graphs. *p < 0.05 as compared to C; unpaired
Student’s #-test. For gene expression data, false discovery rate (FDR) corrected p-values were
also determined using the Benjamini-Hochberg method.
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Fig. 3: Early-life stress drives neuroinflammatory signatures and disrupts mitochondrial

status in the hippocampi of middle-aged animals.

a, Shown is a schematic representation of the maternal separation (MS) paradigm followed by
assessing neuroinflammation-associated signatures in the hippocampus in middle-aged life,
namely NLRP3 inflammasome marker expression, and immunofluorescence studies to assess
activation of microglia using Ibal. b, Shown are representative western blots for hippocampal
protein expression of NLRP3, ASC, and NF-kB in middle-aged C and MS rats, along with -
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actin used as a protein loading control. ¢, Graph depicts relative protein expression for NLRP3
inflammasome markers namely NLRP3, ASC, and NF-kB in the hippocampi of middle-aged
C and MS rats. Data is represented as a fold change of middle-aged C rats (mean = SEM) with
protein expression normalized to B-actin (C: n = 4 males, MS: n = 4 males). d, Shown is a
representative Ibal-immunostained hippocampal section through the CA3 hippocampal
subfield from middle-aged C and MS rat, where microglial morphology associated with
activation denoted by yellow arrowhead and a resting state microglia indicated by blue
arrowhead, scale: 20 um. e-h, Graphs represent the number of activated microglia/mm? in the
hippocampal subfields namely (e) CAl, (f) CA3, (g) DG, and (h) hilus from middle-aged C
and MS rats (C: n = 5 males, MS: n = 5 males). i-j, Graphs represent relative (i) mtDNA
content and (j) cellular ATP levels assessed in hippocampi derived from middle-aged C and
MS male and female animals (C: n = 21 [14 males; 7 females], MS: n = 22 [14 males; 8
females]). k, Shown are representative western blots for hippocampal protein expression of
modulators of mitochondrial biogenesis, namely PGC-la, SIRT1, and TFAM in the
hippocampi of middle-aged C and MS rats, along with B-actin used as a protein loading control.
1, Graphs depicts relative protein expression for PGC-1a, SIRT1, and TFAM in the hippocampi
of middle-aged C and MS rats. Data is represented as a fold change of middle-aged C rats
(mean + SEM) with protein expression normalized to B-actin (C: n =4 males, MS: n =4 males).
m, Graph represents mitochondrial reactive oxygen species (mtROS) production in the form
of hydrogen peroxide in mitochondria (mtH>O;) harvested from hippocampi of middle-aged
C and MS rats (C: n = 5 males, MS: n = 5 males). n, Shown is a seahorse plot for isolated
mitochondria (20 pg) derived from the hippocampi of middle-aged C and MS rats, with
measurements for complex-I dependent state-2 respiration in limiting endogenous ADP and
succinate, complex-II dependent state-3 respiration post-injection of rotenone + Succinate +
ADP, and oligomycin (2uM) induced state-4 respiration (C: n = 5 males, MS: n = 5 males). o,
Graph depicts relative state-2, state-3, state-4 respiration evaluated by seahorse analysis (C: n
= 5 males, MS: n = 5 males). Data are represented as mean + SEM, with individual data points
depicted as dots in the graphs (males — lighter shade; females — darker shade). *p < 0.05 as
compared to C; unpaired Student’s z-test.
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Extended data 6: Early-life stress does not alter neuroinflammatory signatures in the
hippocampi of mature adult animals.

a, Shown is a schematic representation of the maternal separation (MS) paradigm followed by
assessing neuroinflammation-associated signatures in the hippocampus in mature adulthood,
namely NLRP3 inflammasome marker expression, and immunofluorescence studies to assess
activation of microglia using Ibal. b, Shown are representative western blots for hippocampal
protein expression of NLRP3, ASC, and NF-kB in mature adult C and MS rats, along with -
actin used as a protein loading control. ¢, Graph depicts relative protein expression for NLRP3
inflammasome markers namely NLRP3, ASC, and NF-kB in the hippocampi of adult C and
MS rats. Data is represented as a fold change of middle-aged C rats (mean = SEM) with protein
expression normalized to B-actin (C: n = 4 males, MS: n = 4 males). d-g, Graphs represent the
number of activated microglia/mm? in the hippocampal subfields namely (d) CA1l, (e) CA3,
(f) DG, and (g) hilus from adult C and MS rats (C: n = 6 males, MS: n = 6 males). Data are
represented as mean £ SEM, with individual data points depicted as dots in the graphs. *p <
0.05 as compared to C; unpaired Student’s ¢-test.
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Extended data 7: Early-life stress does not disrupt mitochondrial health and function in
the hippocampi of mature adult animals.

a, Shown is a schematic representation of the maternal separation (MS) paradigm followed by
assessing mtDNA content, cellular ATP levels and mtROS production in hippocampi of adult
C and MS animals. b, Graphs represent relative mtDNA content in hippocampi derived from
adult C and MS male and female animals (C: n = 19 [10 males; 9 females], MS: n= 19 [10
males; 9 females]). ¢, graphical representation of relative cellular ATP levels assessed in
hippocampi derived from mature adult C and MS male and female animals (C: n = 14 [7 males;
7 females], MS: n = 14 [7 males; 7 females]). d, Graph represents mitochondrial reactive
oxygen species (mtROS) production in the form of hydrogen peroxide in mitochondria
(mtH20:) harvested from hippocampi of mature adult C and MS rats (C: n = 5 males, MS: n =
5 males). Data are represented as mean + SEM, with individual data points depicted as dots in
the graphs (males — lighter shade; females — darker shade). *p < 0.05 as compared to C;
unpaired Student’s #-test.
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Fig. 4: Nicotinamide supplementation attenuates the impact of early-life stress on object
recognition memory in middle-aged life.

a, Shown is a schematic representation of the paradigm for nicotinamide (NAM; 100
mg/kg/day) supplementation through drinking water commencing from 8 months of age for 5
months (CD and MSD: age-matched C and MS animals with regular drinking water; CN and
MSN: age-matched C and MS animals with NAM supplemented drinking water). b, Graph
depicts relative nicotinamide adenine dinucleotide (NAD™) levels evaluated in the hippocampi
of middle-aged CD, MSD, CN and MSN rats (n= 16 [8 males; 8 females] per group). ¢,
Animals were tested for object recognition memory using the NOR task, wherein 13-month
old CD, MSD, CN and MSN animals were first habituated to the NOR arena prior to testing
short and long-term object recognition memory on day 5 and day 10 respectively, by replacing
one of the identical objects with a novel object of similar dimensions. d-e, Graphs indicate
discrimination index for (d) short and (e) long-term object recognition memory in middle-aged
CD, MSD, CN and MSN rats. Results are combined for both males and females (CD: n = 31
[21 males; 10 females], MSD: n =26 [18 males; 8 females], CN: n =34 [19 males; 15 females],
MSN: n =39 [23 males; 16 females]. Data are represented as mean = SEM with individual data
points depicted as dots in the graphs (males — lighter shade; females — darker shade). *p < 0.05
(Interaction effect on Two-way ANOVA between the variables of MS and NAM); @p < 0.05
(compared with CD: Control group on regular drinking water, Tukey’s post-hoc test); 3p < 0.05
(compared with MSD: MS group on regular drinking water, Tukey’s post-hoc test).



1245
1246

1247
1248
1249
1250
1251
1252
1253
1254
1255

a b MS X NAM *

v 320+ @ L9
b) CD Drinking water b4
C 7 T \ =240 ‘
CN| Nicotinamide,100 mg/kg/day g
¢ [ .
' vi@g = .| -° : .
) MSD Drinking water g 0 oo o i
MS —— 7/ / v @ 5 S s Iy ealid
P2 P14 MSN| Nicotinamide,100 mg/kg/day O® 804 ”OZL e 'f P
gm 13 m TR Y L
0—¢cb MsD CN WMsN
c MS X NAM * d MS X NAM * e MS X NAM *
40+ @ z 16, @ 80, @ —— %
=
) . = . .
£30 5124 . . 360+
c . = & = :
9] = & s . £ .
- © () °
2 20 g ; S84 ... 5. So e 82401 .
2 s s S - S [ < oo [k :
; 0 [P > e H : . lﬁ ° ._:4 °® *s® 33s
g 10 e . . . ® < 44 . . 1204 s | . ="
(] 3e ° o !l' Q LI ® ce ° $°e g L
T H =t L =
O ° L] L ] * ° .
0 0%e0,
CD MSD CN MSN 0"—Cb wMsD C©N MsN 0—Cb WMsD cN WMsN
MS X NAM * g MS X NAM * h MS X NAM *
160 = 2.8 g 240~
e |5 8 — _ @ L3
ke S . E
120 O 2.1 S 180
E o 2 - . s Y
5 A B 1 5., - + " 2 " o
E s e 'T. % ; e = E # '
2 N I N . o
2074 .2 ol e £ 604 .T. ‘ 5 -
= o ° == 0
% (&) s n.
0 0.0 0
CD MSD CN MSN CD MSD CN MSN CD MSD GCN MSN
I Interaction
| cD MSD CN MSN kS X NAR
“  WBCcount(mm?®) 3657 +409 6600  714% 3830 + 436 so78x 447t (2T
RBC count (/mm?) 7.68£0.30 8.06 £ 0.08 7.56 £ 0.30 8.12£0.12 P e
Platelet count (/mm?) 616857 + 68800 1018142 + 39502% 678857 + 86041 774571 +59195 (1;5 2 iz
Haemoglobin (g/dL)  13.88 £ 0.60 14.47 £0.16 14.00 £ 0.46 14631013 0202000
Hematocrit (%) 42.26 +1.63 44.09 + 0.50 42.18 +1.43 4451+046 © (:)' ot

Fig. 5: Nicotinamide supplementation attenuates the impact of early-life stress on
peripheral inflammation in middle-aged life.

a, Shown is a schematic representation of the paradigm for nicotinamide (NAM; 100
mg/kg/day) supplementation through drinking water commencing from 8 months of age for 5
months (CD and MSD: age-matched C and MS animals with regular drinking water; CN and
MSN: age-matched C and MS animals with NAM supplemented drinking water). f, Schematic
representation showing serum harvested from middle-aged CD, MSD, CN and MSN animals,
which was used for analysis of inflammation, aging and stress-associated markers using ELISA
and to evaluate circulating cell free mtDNA (ccf-mtDNA) content using the MitoQuicLy
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method. b-f, Shown are graphs for serum markers namely (b) GDF15, (¢) CRP, (d)
methylglyoxal, (e) IFNy, and (f) IL1B (CD: n = 19 [11 males; 8 females], MSD: n = 16 [8
males; 8 females], CN: n = 18 [10 males; 8 females], MSN: n = 23 [15 males; 8 females)). g,
Graph depicts relative ccf-mtDNA levels in serum harvested from middle-aged CD, MSD, CN
and MSN animals (n = 12 [6 males and 6 females] per group). h, Shown is a graph
for circulating corticosterone levels in middle-aged CD, MSD, CN and MSN animals (n = 10
[6 males and 4 females] per group). i, Shown is a table for complete blood count measures
namely white blood cells (WBCs) red blood cells (RBCs), platelets, haemoglobin, hematocrit
in blood harvested from middle-aged CD, MSD, CN and MSN animals (n = 7 males per group).
Data are the mean + SEM with individual data points depicted as dots in the graphs (males —
lighter shade; females — darker shade). “p < 0.05 (Interaction effect on Two-way ANOVA
between the variables of MS and NAM); @p < 0.05 (compared with CD: Control group on
regular drinking water, Tukey’s post-hoc test); 3p < 0.05 (compared with MSD: MS group on
regular drinking water, Tukey’s post-hoc test).
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Extended data 8: Impact of nicotinamide supplementation on peripheral inflammatory
markers in middle-aged rats with a history of early-life stress.

a, Shown is a schematic representation of the paradigm for nicotinamide (NAM; 100
mg/kg/day) supplementation through drinking water commencing from 8 months of age for 5
months (CD and MSD: age-matched C and MS animals with regular drinking water; CN and
MSN: age-matched C and MS animals with NAM supplemented drinking water). Serum was
harvested for analysis of inflammation-associated markers using immunoassays. b-e, Shown
are graphs for serum markers namely (b) eNAMPT, (¢) IL6, (d) IL10, and (e¢) TNFa levels in
middle-aged CD, MSD, CN and MSN male and female animals (CD: n = 19 [11 males; 8
females], MSD: n = 16 [8 males; 8 females], CN: n = 18 [10 males; 8 females], MSN: n = 23
[15 males; 8 females]). Data are the mean = SEM with individual data points depicted as dots
in the graphs (males — lighter shade; females — darker shade). “p < 0.05 (Interaction effect on



1284  Two-way ANOVA between the variables of MS and NAM); @p < 0.05 (compared with CD:
1285  Control group on regular drinking water, Tukey’s post-hoc test); 3p < 0.05 (compared with
1286  MSD: MS group on regular drinking water, Tukey’s post-hoc test).
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1290  Fig. 6: Nicotinamide supplementation preserves blood brain barrier integrity in middle-
1291  aged rats with a history of early-life stress.

1292  a, Shown is a schematic representation of the paradigm for nicotinamide (NAM; 100
1293  mg/kg/day) supplementation through drinking water commencing from 8 months of age for 5
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months (CD and MSD: age-matched C and MS animals with regular drinking water; CN and
MSN: age-matched C and MS animals with NAM supplemented drinking water). b-¢, Integrity
of the blood brain barrier (BBB) was assessed using a Technitium-99 (99mTc) radiotracer
assay in CD, MSD, CN and MSN animals in middle-aged life. b, Shown are representative ex-
vivo SPECT images depicting 99mTc radioactivity in the brains of middle-aged CD, MSD, CN
and MSN rats ¢, Graph depicts 99mTc radioactivity counts in the brain of middle-aged CD,
MSD, CN and MSN rats (n = 3-4 males per group). d, Shown is the relative hippocampal gene
expression in middle-aged CD, MSD, CN and MSN animals for genes associated with BBB
formation, tight junctions and neurovasculature. The underlying heatmap indicates the nature
and extent of regulation, with upregulated genes represented in red and downregulated genes
represented in blue. Data are represented as a fold change of middle-aged CD rats (mean +
SEM) with gene expression normalized to 18S rRNA (n= 10 males per group). e, Shown is a
graph for soluble E-selectin (sE-selectin) levels in serum harvested from middle-aged CD,
MSD, CN and MSN animals (CD: n = 19 [11 males; 8 females], MSD: n = 16 [8 males; 8
females], CN: n = 18 [10 males; 8 females], MSN: n = 23 [15 males; 8 females]). f, Graph
indicates hippocampal IFNy levels assessed using ELISA in middle-aged CD, MSD, CN and
MSN rats (n = 6 males per group). Data are represented as mean = SEM with individual data
points depicted as dots in the graphs (males — lighter shade; females — darker shade). *p < 0.05
(Interaction effect on Two-way ANOVA between the variables of MS and NAM); @p < 0.05
(compared with CD: Control group on regular drinking water, Tukey’s post-hoc test); 3p < 0.05
(compared with MSD: MS group on regular drinking water, Tukey’s post-hoc test).
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Fig. 7: Nicotinamide supplementation attenuates the neuroinflammation and improves
mitochondrial health in hippocampus of middle-aged rats with a history of early-life
stress.

a, Shown is a schematic representation of the paradigm for nicotinamide (NAM; 100
mg/kg/day) supplementation through drinking water commencing from 8 months of age for 5
months (CD and MSD: age-matched C and MS animals with regular drinking water; CN and
MSN: age-matched C and MS animals with NAM supplemented drinking water) followed by
and immunofluorescence studies to assess microglial activation using Ibal. b-e, Graphs
represent the number of activated microglia/mm? in the hippocampal subfields namely (b)
CAl, (c) CA3, (d) DG, and (e) Hilus from middle-aged CD, MSD, CN and MSN rats (n = 6
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males per group). f, Shown are representative western blots for hippocampal protein expression
of modulators of mitochondrial biogenesis, namely SIRT1, PGC-1a, and TFAM in the
hippocampi of middle-aged CD, CN, MSD and MSN animals, along with B-actin used as a
protein loading control. g, Graph depicts relative protein expression for PGC-1a, Sirtl, and
TFAM in the hippocampi of middle-aged C and MS rats. Data is represented as a fold change
of middle-aged C rats (mean + SEM) with protein expression normalized to B-actin (n=4 males
per group). h-i, Graphs represent relative (h) mtDNA content and (i) cellular ATP levels
assessed in hippocampi derived from CD, MSD, CN and MSN animals (n = 12 [6 males and 6
females] per group). j, Shown is a graph for mitochondrial reactive oxygen species (mtROS)
production in the form of hydrogen peroxide in mitochondria (mtH>O) harvested from
hippocampi of middle-aged CD, MSD, CN and MSN rats (n= 5 males per group). Data are
represented as mean + SEM with individual data points depicted as dots in the graphs (males
— lighter shade; females — darker shade). “p < 0.05 (Interaction effect on Two-way ANOVA
between the variables of MS and NAM); @p < 0.05 (compared with CD: Control group on
regular drinking water, Tukey’s post-hoc test); 3p < 0.05 (compared with MSD: MS group on
regular drinking water, Tukey’s post-hoc test).

Nicotinamide

Mature adult Middle-aged Ameliorate NOR
memory decline

Attenuate Protect blood-brain Reduce hippocampal Prevent hippocampal
peripheral inflammation barrier integrity microglial activation mitochondrial dysfunction

Fig. 8: Nicotinamide supplementation prevents the emergence of early-life stress evoked
cognitive decline, peripheral and central inflammation, blood-brain barrier compromise,
and hippocampal mitochondrial dysfunction in middle-aged life.

Sprague-Dawley (SD) rats were subjected to early adversity using the MS paradigm, which
involved a daily separation (3 hours) of the litters from their dams from postnatal day 2 (P2) to
P14. Graphical representation depicts that systemic nicotinamide (NAM; 100 mg/kg/day)
supplementation through drinking water commencing from mature adulthood (8 months of
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age) for a period of 5 months ameliorates the object recognition memory decline, mitigates
peripheral inflammation, preserves BBB integrity, prevent emergence of microglial reactivity
in the hippocampi, protect deterioration of mitochondrial health in the hippocampi of middle-
aged animals with a history of MS. (Key: F- familiar object, N- novel object).
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