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Abstract

Diabetic neuropathy (DN) is a debilitating disorder characterized by mechanical allodyniaand
sensory loss. It has traditionally been considered a small-fiber neuropathy, defined by the loss of
free nerve endingsin the epidermis. Free nerve endings, however, are nociceptors which may not
be the only sensor for mechanical pain. To investigate the role of mechanoreceptors, specifically
Meissner corpuscles, in the development of diabetic mechanical alodynia, our study focused on
the keratinocyte-secreted brain-derived neurotrophic factor (BDNF) and its transcriptional
regulator sirtuin 1 (SIRT1). Wild-type DN mice demonstrated decreased SIRT1 deacetylase
activity, leading to a decrease in BDNF expression and Meissner corpuscle densitiesin foot skin.
Epidermal SRT1 knockout (KO) mice developed exacerbated DN phenotypes including severe
mechanical allodynia, markedly reduced Meissner corpuscles, and subcutaneous Al axon
degeneration. Among the major skin-derived neurotrophic factors, only BDNF was down-
regulated in epidermal SRT1 KO mice. With similar KO phenotypes, epidermal BDNF appeared
to belong to the same pathway as SIRT1 in modulating diabetic mechanical allodynia.
Furthermore, mice overexpressing epidermal SIRT1 showed BDNF up-regulation and improved
DN phenotypes, supporting an important role of epidermal SIRT1 and BDNF in skin sensory

apparatus regeneration and functional recovery in the setting of diabetes.
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Introduction

Diabetic neuropathy (DN) is a common complication of diabetes and prediabetes, affecting up to
50% of the adult patients (1). Patients develop symptoms such as mechanical allodynia,
spontaneous pain, numbness, paresthesia, and dysautonomia, with mechanical allodynia
(neuropathic pain) being one of the most common complaints (2). DN, particularly the distal
symmetric polyneuropathy subtype, is classified as a small fiber neuropathy based on the clinical
presentations and progressive loss of small nerve fibers seen on skin biopsies. Small fibers
comprise of unmyelinated C fibers and small myelinated Ad fibers (3) and are responsible for
sensory perceptions such as temperature and nociceptive pain (4). Large myelinated sensory
fiber aterations have also been reported in early DN (5-7), but are not well investigated. Among
the sensory abnormalities experienced by DN patients, burning and blunt pressure pain has been
attributed to sensitization of C fibers, whereas pricking sensation is linked to Ad fiber injuries
(8,9). Mechanical alodynia, in comparison, isthought to be triggered by activation of AR fibers
(10-12). In the inflammatory pain mouse model, AP fibers appear to cause mechanical allodynia
by switching their phenotype to one resembling nociceptive C fibers, thereby enhancing central
sensitization to innocuous stimuli (13). A study by Xu et al. showed that blockade of Af3 and not
C fibers successfully inhibited mechanical allodynia, highlighting the potential of targeting A3
fibers asanovel therapeutic strategy for neuropathic pain (11).

A mechanosensory neurons consist of slowly adapting (SA) and rapidly adapting (RA)
low-threshold mechanoreceptors (LTMRs), which form sensory apparatus such as Merkel cell
complexes, Ruffini endings, Messner corpuscles and Pacinian corpuscles in glabrous (hairless)
skin and longitudinal lanceolate endingsin hairy skin (14). Among these Al3 mechanosensory

receptor end organs, Meissner corpuscles are the only one that possesses immunochemical
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properties similar to nociceptors (15) in addition to their normal function of detecting gentle
touch perception (16). Reduced densities of Meissner corpuscles have been observed in human
patients of chemotherapy-induced peripheral neuropathy (17) and DN (18,19). Creigh et al. used
in-vivo reflectance confocal microscopy to visualize Me ssner corpusclesin DN patients, and
detected decreased M e ssner corpuscle densities early in the disease process (19). The finding
suggests that Meissner corpuscle alterations may be used as a marker to monitor disease
progression or treatment response in DN.

Meissner corpuscles are dually innervated by TrkB* and Ret” AR mechanosensory
afferents. A study by Neubarth et al. revealed loss of Meissner corpuscles and light touch
perception in mice lacking TrkB in primary sensory neurons (16). Dhandapani et al. showed that
photo-ablation of TrkB" sensory neurons caused retraction of TrkB™ afferents from skin and
alleviated mechanical allodyniain mouse models of neuropathic pain, suggesting that TrkB*
afferents are necessary and sufficient to convey mechanical allodynia after nerve injury (20).
Neubarth et a. further demonstrated a dramatic reduction in the number of Meissner corpuscles
upon elimination of brain-derived neurotrophic factor (BDNF), the TrkB ligand, from skin
keratinocytes. The finding highlights the importance of skin-derived BDNF in early Meissner
corpuscle development (16). To investigate whether skin-derived BDNF is also important for
maintenance of mature Meissner corpuscles and for protection against DN, we generated a
conditional transgenic mouse that lacked BDNF expression in skin keratinocytes. We also
created two skin-specific transgenic mouse lines that either lacked or overexpressed sirtuin 1
(SIRT1), atranscriptional activator of BDNF.

SIRT1 isan NAD"-dependent protein deacetylase which acts as a metabolism sensor in a

variety of metabolic processes. Decreased activity or expression levels of SIRT1 have been


https://doi.org/10.1101/2023.01.24.523981
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.24.523981; this version posted January 25, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

observed in various tissues of diabetic patients possibly due to decreased systemic NAD*
biosynthesis (21-24) or increased NAD" degradation (25,26). SIRT1 deacetylates a number of
proteins e.g. FoxO, p53 and PGC1la, and regulates transcription of thelr downstream targets (27).
It has also been shown to upregulate brain BDNF expression to mediate neuroprotection against
neurodegenerative disease (28,29). Through adiverse approach, we hereby investigated how
aterationsin epidermal SIRT1 and BDNF underlie the mechanism of mechanical allodyniain

animal models of DN.

Results

Loss of Meissner corpusclesis more prominent than loss of free nerve endings and correlates
better with severity of mechanical allodynia in mouse models of diabetic neuropathy (DN). The
two mouse models of DN used in this study were high-fat diet (HFD) only and HFD combined
with low-dose streptozotocin (STZ) (30,31). For the HFD only model, mice were given aHFD
for 3-4 months; for the HFD combined with STZ model, mice were given a HFD for 2-3 months,
followed by 2 low doses of STZ and continued HFD for another month (Supplemental Figure 1,
A and B). After 3-4 months of diet modification/STZ induction, both mouse models developed
impaired glucose tolerance (Supplemental Figure 1, C-F). The HFD with low-dose STZ model
devel oped both static and dynamic allodynia (Supplemental Figure 1, | and J), whereas the
majority of the HFD model only demonstrated static allodynia (Supplemental Figure 1, G and H).
While some HFD only mice also developed dynamic allodynia, the result was not statistically

significant compared to their basdline (Supplemental Figure 1H).
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Upon examination of the sensory apparatus involved in pain sensation in foot skin, both mouse
models of DN demonstrated a profound loss of Meissner corpuscles compared to the control
mice (Figure 1, A and B). While the intragpidermal nerve fiber densities (IENFD), which
measure predominantly the free nerve endings, were also lower in the DN mice than the control
mice, the difference was not as obvious (Figure 1, C and D). Overall, DN caused 60-80% of loss
of Meissner corpuscles as opposed to 30% loss of free nerve endingsin foot skin of the mice.
Furthermore, both Pearson correlation (Figure 1E) and linear regression analysis (Figure 1F)
indicated that Meissner corpuscle densities are a better marker of mechanical allodynia than

IENFD in mouse models of DN.

Expression of BDNF is decreased in foot skin of DN mice. To identify molecular eventsthat led
to Meissner corpuscle lossin DN mice, we performed single-cell RNA-sequencing (sScRNA-seq)
analyses on foot skin of DN (HFD) and control (control diet [CD]) mice. 7 major cell types were
identified after unbiased clustering analysis (Figure 2A). Overall, there were no global changes
in cell type proportions or gene expression landscape in DN mice (Figure 2B). We then focused
on the expression of the skin-derived neurotrophic factors, which are known to regulate the
development or survival of specific cutaneous sensory afferents (32). In mouse foot skin, the
most abundant neurotrophic factor was neurturin (NRTN), followed by BDNF. The remaining
skin-derived neurotrophic factors were expressed in < 1% of the foot skin cells (Supplemental
Figure 2A), and therefore may be less important in supporting cutaneous afferents. NRTN isa
member of the glial cell line-derived neurotrophic factor (GDNF)-family ligands (GFLs). Mice
lacking NRTN demonstrate |oss P2X 3" epidermal afferents due to depletion of GFRo2" neurons

in dorsal root ganglia (DRG) (32,33), whereas mice lacking cutaneous BDNF expression
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demonstrate loss of Ad longitudinal lanceolate endings in hairy skin and Meissner corpusclesin
glabrous skin (16,34). In mouse foot skin, BDNF was predominantly expressed by suprabasal
keratinocytes (Figure 2C). Notably, BDNF is present only in the epidermis of the foot pads
where Meissner corpuscles are located, but not in the intra-pad epidermis which does not contain
Meissner corpuscles (Figure 2D). In foot skin of DN mice, there were fewer suprabasal
keratinocytes expressing BDNF compared to control mice based on the sScRNA-seq data (Figure
2D). Thefinding was further confirmed by the Western blot analysis, asthe protein level of
BDNF was also decreased in the foot skin of DN mice (Figure 2, E and F). We speculated that
the mechanism of BDNF down-regulation in DN isthe decreased enzymatic activity or
expression of SIRT1 (21-24), a protein deacetylase involved in BDNF transcription through the
TORC1 and CREB pathway (28). Further assessment of SIRT1 deacetylase activity by
measuring the acetylation level of its substrate FoxOL1 revealed atrend of acetyl-FoxO1
accumulation in the foot skin of DN mice (Figure 2, G and H). However, not all DN mice
demonstrated decreased SIRT1 activity since FoxO1 acetylation status may be affected by the
acetylase CBP/P300 or other deacetylases e.g. SIRT2 and SIRT3 (35,36). SIRT1 expression
levelsin foot skin, however, were about the same in DN and control mice (Figure 2, G and I).
Interestingly, the percentage and distribution of SIRT1-expressing cellsin foot skin (Figure 2J
and Supplemental Figure 2B) was very similar to that of BDNF-expressing cells (Figure 2C and
Supplemental Figure 2A): SIRT1 was also predominantly expressed by suprabasal keratinocytes.
The similarity in epidermal distribution suggests that the two skin-derived molecules may have a
functional relationship in supporting mature Me ssner corpuscles and protecting them against

DN-induced damages.
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Diabetic mechanical allodynia is exacer bated by depletion of the BDNF transcriptional
regulator SRT1 in skin keratinocytes. To eucidate the role of skin-derived SIRT1 in the
pathogenesis of DN, we generated a conditional epidermal SRT1 KO strain Keratin 5 (K5)-
CreER"™% SIRT1"™M%* Tamoxifen was given to adult mice at least 3 months of age to bypass the
potential effect of SIRT1 depletion on development of sensory axons. Tamoxifen treatment
induced Cre-mediated recombination in basal keratinocytes, producing anon-functional
truncated SIRT1 protein due to in-frame deletion of exon 4 (Supplemental Figure 3A) (37). We
noticed leaky Cre-mediated expression in basal keratinocytes at approximately half efficiency of
the expression induced by full-dose tamoxifen (Supplemental Figure 3B). SRT1"/" was
therefore included as an additional control (Control 1) besides K5-CreER™; SIRT1"™"** without
tamoxifen (Control 2). K5-Cre-mediated gene recombination, however, was tissue-specific, as
expression of the reporter gene was not detected in DRG or spinal cord (Supplemental Figure

30).

Epidermal SRT1 KO mice appeared to be grossly phenotypically normal, except for patchy back
hair lossin < 10% of the mice. They did not develop significant mechanical allodynia until after
receiving 3 months of HFD; dynamic allodyniain KO mice was more severe than both control
groups, whereas static allodynia was only significantly worse than Control 1 (Figure 3, A and B).
Notably, while approximately 2/3 of the epidermal SRT1 KO mice demonstrated static allodynia,
the remaining 1/3 were hyposensitive to pain after diet modification (Figure 3C). Given that
hypoalgesia or sensory lossis a feature of later-stage DN (38), the finding suggests that

epidermal SRT1 KO may be used to model advanced-stage disease. Progression of allodynia

was monitored for 7 months after the initiation of HFD. In epidermal SSRT1 KO mice, both gtatic
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and dynamic allodynia worsened over time and peaked at 5 months of diet modification (Figure
3, D and E). Note that Control 2 mice also developed static and dynamic allodynia but to a lesser

degree, possibly due to leaky expression of Cre recombinase (Supplemental Figure 3B).

The mechanical pain appeared to be the only sensory domain in foot skin affected by depletion
of epidermal SIRT1. There was no noticeable tactile hyposensitivity, thermal hyperalgesia, cold
allodynia or abnormal nociception in epidermal SIRT1 KO mice (Supplemental Figure 4).
Depletion of epidermal SIRT1 also did not exacerbate HFD-induced glucose metabolism defects

(Supplemental Figure 5).

The SIRT1 activator nicotinamide riboside (NR) was then given to the mice orally to seeif it
relieved HFD-induced mechanical allodynia. After 4 months of NR treatment, mechanical
allodyniain Control 1 mice was ameliorated, whereas epidermal SIRT1 KO and Control 2 mice
continued to have worsened allodynia (Figure 3F) despite having the same level of impaired

glucose tolerance as Control 1 (Supplemental Figure 6, A and B).

Depletion of epidermal SRT1 results in worsened HFD-induced Meissner corpuscle loss,
abnormal Meissner corpuscle morphology and large sensory fiber abnormalities. After 3 months
of HFD, Meissner corpuscle densities were markedly reduced in epidermal SSRT1 KO aswell as
in the Control 2 mice (Figure 4, A and B). The significant mechanical allodynia (Figure 3A) and
Meissner corpuscle lossin Control 2 mice indicates that SIRT1 depletion in about half of the
skin keratinocytes (Supplemental Figure 3A) is sufficient to exacerbate DN. Of note, NR

treatment was able to rescue the Meissner corpuscle loss (Supplemental Figure 6C) but not the
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free nerve ending loss (Supplemental Figure 6D) or mechanical pain phenotype (Figure 3F) in
KO mice. The finding suggests that regeneration of Meissner corpuscles may rely on acell-
autonomous mechanism that isindependent of epidermal SIRT1. According to arecent study by
Gangadharan et al., neuropathic pain after nerve injury may result from aberrant reinnervation of
tactile end organs such as Meissner corpuscles with nociceptors alone (39). This mechanism may
explain why the mechanical pain was slightly worse in KO and Control 2 mice receiving NR

than the vehicle (Figure 3F).

Mice lacking epidermal SIRT1 not only demonstrated Meissner corpuscle loss, but also had
abnormal Meissner corpuscle morphology. Some Meissner corpuscles had the top oval structure
misshaped into a horizontal bar, and others were retreated from papillary dermis and clustered at
the base of the dermal epidermal junction (Figure 4C). In contrast to the remarkable M e ssner
corpuscle aterations, free nerve endings were not affected by depletion of epidermal SIRT1, as

the KO and control mice had similar IENFD (Figure 4, D and E).

In addition to Meissner corpuscle pathology, severe axon degeneration of large myelinated (Al3)
sensory fibers was noted in subcutaneous nerve bundles of foot skin from epidermal SRT1 KO
mice (Figure 5A). Since Meissner corpuscles are innervated by A3 axons, the finding suggests
that depletion of epidermal SIRT1 may cause retrograde degeneration in A3 mechanosensory
axons. The notion was further supported by decreased sensory nerve conduction velocities (NCV)
(Figure 5B), which mostly reflects abnormalities in large sensory fibers. Changesin large
myelinated sensory axons were also observed in human DN patients: sural nerve biopsies

showed an average of 57% reduction in large myelinated axons in DN patients compared to
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control individuals. Taken together, results from animal models and human patients both

revealed large sensory fiber abnormalities as a common and significant finding of DN.

Knockout of epidermal BDNF, the only neurotrophic factor down-regulated by skin SRT1
depletion, causes phenotypes similar to knockout of epidermal SRT1. sScRNA-seq was
performed on foot skin of epidermal SRT1 KO and control mice to identify gene perturbations
that might account for the exacerbated DN phenotypes associated with depletion of epidermal
SIRT1 (Supplemental Figure 7A). The clustering analysis did not reveal any major changesin
cell subpopulations or gene expression landscape (Supplemental Figure 7B). However, targeted
analysis of skin-derived neurotrophic factors showed down-regulation of BDNF in epidermal
SRT1 KO, whereas al the other major neurotrophic factors were in fact up-regulated (Figure
6A). To further characterize the functional relationship between epidermal BDNF and SIRT1, we
generated a conditional epidermal BDNF KO: Keratin 5 (K5)-CreER™% BDNF"*/"™ Similar to
epidermal SRT1 KO, epidermal BDNF KO mice developed both static and dynamic allodynia
after diet modification (Figure 6, B and C). In addition, their abnormal Meissner corpuscle
morphology (Figure 6D), remarkable Meissner corpuscle loss (Figure 6, E and F), relatively
unaffected free nerve endings (Figure 6, G and H) and unimpaired glucose tolerance
(Supplemental Figure 8, A and B) all resembled the phenotypes of epidermal SSRT1 KO mice.
The results indicate that BDNF and SIRT1 may operate in the same pathway to maintain the

function and survival of Meissner corpuscles.

Overexpression of epidermal SRT1 rever ses the phenotypes associated with DN. Since KO of

epidermal SIRT1 worsened the DN phenotypes, we generated an inducible transgenic mouse

11
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overexpressing epidermal SIRT1 to evaluate whether DN phenotypes could be improved. A Tet-
On mouse strain epidermal SIRT1O0E was created by crossing K5-rtTA, a mouse harboring a
Keratin 5 promoter-driven reverse tetracycline transactivator (40), with TREbi-mSRT10E/mito-
eYFP, a mouse expressing both mouse SIRT1 protein (MSIRT1) and mito-eY FP under the
regulation of atetracycline response element (TRE) (41). Transgene expression can be induced
and visualized when mice are fed with adoxycycline (DOX) diet (Figure 7A). The mice were
started on HFD first, and then divided into one group receiving HFD containing DOX and the
other group receiving HFD only as the control. Two months after DOX was added to the diet,
there was significant improvement of diabetic mechanical allodynia, asthe pain thresholds of
mice recelving DOX returned to normal (Figure 7B). A complete recovery of Meissner corpuscle
loss was also noted (Figure 7, C and D). The mechanism of Meissner corpuscle recovery was
most likely due to induction of BDNF expression in foot skin by SIRT1 overexpression (Figure 7,
E-G). Notably, free nerve endingsin foot skin were also increased by overexpression of
epidermal SIRT1 (Figure 7, H and 1), while the impaired glucose tolerance was unchanged
(Supplemental Figure 8, C and D). The mechanism of increased innervation by free nerve

endings, however, was unclear.

Discussion

DN isasensory disorder with pathology starting as loss of the skin sensory apparatus and
gradually progressing to involve the peripheral nerves. In addition to pain and sensory
abnormalities, DN patients often have skin manifestations, such as diabetic foot ulcer and
diabetic dermopathy (42,43). Cutaneous manifestations may be secondary to neuropathy or a

predisposing factor to neuropathy. In the latter case, skin changes caused by diabetes may induce
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or accelerate the damage to the sensory apparatus, leading to the development of peripheral
neuropathy. Our study supports this notion by demonstrating that neuropathy is exacerbated by

depletion of the skin-derived molecule SIRT1 or BDNF.

Skin-derived BDNF has been shown to play a critical rolein the early development of skin
sensory apparatus, such as As longitudinal lanceolate endings and Meissner corpuscles (16,34).
Whether or not skin-derived BDNF remains essential for the maintenance of these sensory
apparatus in adulthood is unknown. Data from our study suggest that skin-derived BDNF and its
transcriptional regulator SIRT1 may not be required for the survival of the mature Meissner
corpuscles under normal conditions, but their deficiency may precipitate the Me ssner corpuscle

loss associated with aging (44) or diseases.

Deficient neurotrophic support from skin as a pathogenic mechanism of DN has been proposed
by earlier studies (45-47). Among the different types of neurotrophic factors, nerve growth
factor (NGF), BDNF and GDNF were found to be down-regulated in skin of DN patients, but not
neurotrophin 4/5 (NT4/5) or neurotrophin 3 (NT-3) (48). NT-3 was in fact elevated in DN
patients in one study (47). Our study results, while in agreement with the other studies about the
decreased level of BDNF, showed increased levels of other major neurotrophic factorsin skin.
Of note, the MRNA in our study was sampled from mouse foot skin, compared to other studies
which measured mRNA from biopsies of human thigh or shin skin. The differences between
glabrous and hairy skin can perhaps explain the discrepancies about the levels of neurotrophic

factors.
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Despite mounting evidence implicating neurotrophic factors in the pathogenesis of DN (48),
neurotrophin supplementation has not been successful as treatment for sensory neuropathy. Two
phase |l clinical trials showed that recombinant human NGF administration was effective at
ameliorating the symptoms associated with both diabetic polyneuropathy and HIV-related
sensory neuropathy. These early studies, however, revealed that painful side effects were dose
limiting for NGF (50-52). Injection site hyperalgesia was reported in > 90% of the subjects. In
addition, alarger phase I11 clinical tria failed to confirm the earlier indication of efficacy (52).
Recombinant human BDNF has also been evaluated in asmall clinical trial for treatment of DN
but did not show significant efficacy (53). Why neurotrophic factors do not work for treatment of
DN isacomplicated issue. Their clinical application is not only limited by the side effect but
also the routes of administration and variable bioactivity (52). Alternative approaches, such as
small molecule mimetics, topical application and biomaterial-assisted delivery (54), are being
devel oped and may bring a new outlook to the decade-old treatment strategy with neurotrophic
factors. Another potential treatment strategy is to stimulate the endogenous overexpression of the
neurotrophic factors in a more natural, physiological manner (52). Given therole of SIRT1in
promoting BDNF transcription, stimulation of SIRT1 activity with the NAD™ precursor
nicotinamide riboside (NR) may be a promising option. NR is orally bioavailable, has an
excellent toxicity profile (55), and is safe for use in human clinical trials (56,57). It has shown
efficacy in animal models (25,26) and would be an excellent choice for treatment of human DN.
However, based on our data, its efficacy may be limited when given to subjects with advanced
disease. Even if there is a complete recovery of the skin sensory apparatus, the neuropathic pain
could remain or become worse (Figure 3F and Supplemental Figure 6C), possibly due to

miswiring of regenerated nerves or abnormal end organ targeting (39).
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In summary, our findings demonstrate the importance of the skin microenvironment, particularly
the levels of epidermal BDNF and its transcriptional regulator SIRT1, in the maintenance of
Meissner corpuscles and regulation of mechanical allodyniain animal models of DN. Our results
also highlight these skin-derived molecules as promising therapeutic targets for DN given their

potential for development of topical therapeutics.

Methods

Animals and treatment

Animals were maintained and handled following the protocols approved by the University of
Maryland Baltimore and Johns Hopkins University Animal Care and Use Committee. The
C57BL/6J, K5-CreER™ (JAX 029155), SIRT1"1* (JAX 008041) (37), BDNF"1* (JAX
033689) (58), K5-rtTA (JAX 017579) and Ai14 ROSA26 -S4m0 (JAX 007914) (59) mouse
strains were acquired from the Jackson Laboratory. Generation of TREbi-mS RT1OE/mito-eYFP
was described previously (41). Any strain that did not develop impaired glucose tolerance was
backcrossed with C57BL/6J for at |east 6 generations. Cre-mediated recombination was induced
in mice 3-7 months of age by intraperitoneal injection of 2 mg/day tamoxifen (Sigma-Aldrich)
diluted with 300 ul corn oil (Sigma-Aldrich) for 3-5 consecutive days. Tamoxifen was given

every 2-3 months to maintain Cre expression.

To create HFD only models, mice 3-7 months of age were fed with aHFD containing 36% fat

(60% calories from fat), 20.5% protein (15% calories from protein), and 37.5% carbohydrate
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(26% calories from carbohydrate) (Bio-Serv, F3282). For KO mice, diet modification was
initiated one week after tamoxifen injection. For OE mice, doxycycline (DOX) (Sigma-Aldrich)
was added to the HFD at a dose of 200 mg/kg. With regard to the study with nicotinamide
riboside (NR) treatment, the experimental group received 300 mg/kg/day NR (ChromaDex) in
saline through oral gavage on Monday-Thursday and 600 mg/kg NR on Friday, and the control
group received normal saline on Monday-Friday. To create HFD combined with low-dose STZ
models, after 2-3 months of receiving HFD the mice were given 75 mg/kg STZ (Sigma-Aldrich)
in 0.1M sodium citrate buffer, pH 5.0, through intraperitoneal injection, followed by a second
dose of STZ at 50 mg/kg 3 days later (30,31). HFD continued for another month. Mice with
random blood glucose > 250 mg/dl (30,31) or fasting blood glucose > 200 mg/dl were considered

diabetic (60,61).

| mmunohi stochemistry and quantification of intraepidermal nerve fiber density (IENFD)

Mouse hind paws were fixed in Zamboni’ s fixative for 24-48 hours at 4°C and processed as
previously described (62). 50 um floating tissue sections were stained with the primary antibody
rabbit anti-protein-gene-product 9.5 (PGP 9.5) (Dako, 25116, 1:500) overnight and the
secondary biotinylated goat anti-rabbit IgG antibody (Vector Laboratories, BA-1000-1.5) for 1
hour, followed by colorimetric detection using the VECTASTAIN ABC-HRP Kit (Vector
Laboratories, PK-4000). Quantification of IENFD was performed following the protocol

described by Lauria et al (62).

Immunofluorescence staining
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Tissue sections were obtained from mouse hind paw skin fixed and embedded following the
IENFD protocol. For processing of spinal cord and DRG, mice were first perfused with 4%
paraformaldehyde (PFA) in PBS. The nervous tissue was post-fixed in 4% PFA in PBS
overnight and cryoprotected in 30% sucrose in PBS before being embedded in Tissue-Tek O.C.T.
compound (Sakura Finetek). 30 um tissue sections were incubated with blocking solution (5%
normal goat serum in PBST [0.1% Triton X-100 in PBS]) a room temperature for 30 minutes
and then with the primary antibody at 4 °C overnight. After being washed with PBST, tissue
sections were incubated with the fluorophore-conjugated secondary antibody at room
temperature for 1 hour, washed, stained with DAPI Solution (ThermoFisher, #62248, 1:5000),
and mounted with Fluoromount-G (Southern Biotech). Images were acquired by a Carl Zeiss
LSM700 or Leica 3i Spinning Disk confocal microscope. Primary antibodies used include rabbit
anti-S100 beta (Proteintech, 15146-1-AP, 1:200), rabbit anti-DsRed (Takara, #632496, 1:500)

and chicken anti-beta-tubulin 3 (Aves Labs, TUJ0020, 1:500).

Quantification of Me ssner corpuscle density

Confocal images were acquired from 8 hind paw skin sections containing glabrous pads for each
mouse and analyzed by the Fiji imaging software. Meissner corpuscle density was defined by the
total number of Meissner corpuscles divided by the total length of the 8 paw skin sections

measured at the base of the epidermis.

10x single cell RNA seqguencing

Mouse paws were collected as biopsies and digested in with 1000 U/ml collagenase and 300

U/ml hyaluronidase (Sigma-Aldrich) and digested for 1.5 hour at 37 °C and 0.25% trypsin-
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EDTA (GIBCO) was added for additional digestion for 10 min. Digested tissues were suspended
and washed with PBS containing 4% of fetal bovine serum, then filtered through 40 um cell
strainers to make single-cell suspensions. Samples were washed three times and centrifuged at
300 g at 4 °C for 10 min. Cell Hashing was used to label samples from distinct samples

(63). Single cell suspensions were labeled with the Total Seq Hashtag Antibodies (BiolLegend)
for 30 min onice. Single cell suspensions were submitted to the Genome Technology Core
facility at New York University Langone Medical Center and subjected to 10x genomics

sequencing. Analysis of the data was performed using the Seurat V3 package (64).

Western blot analysis

Front paw skin was pulverized in liquid nitrogen and sonicated in RIPA lysis buffer (Sigma-
Aldrich) containing protease inhibitor cocktail (Sigma-Aldrich, P8340). The lysates were
centrifuged at 12,000 g at 4 °C for 10 min. 10 or 20 ug supernatants were analyzed by Western
blot. The band intensity was normalized to B-actin or B-tubulin. Primary antibodies used include
rabbit anti-BDNF H-117 (Santa Cruz Biotechnology, sc-20981, 1:200), rabbit anti-BDNF 19-
HCLC (ThermoFisher, #710306, 1:500), rabbit anti-SIRT1 (Millipore, 07-131, 1:1000), rabbit
anti-acetyl FOXO1 Lys294 (ThermoFisher, PA5-154560, 1:500), mouse anti-FOXO1 3B6
(ThermoFisher, MA5-17078, 1:500), mouse anti-p-actin (Cell Signaling Technology, #3700,
1:1000), rabbit anti-p-tubulin 9F3 (Cell Signaling Technology, #2128, 1:1000), and rabbit anti-

vinculin (Cell Signaling Technology, #4650, 1:1000).

Electron microscopy
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Tissue was fixed in 4% formaldehyde and 1% glutaraldehyde in phosphate buffer, and processed

as previously described (65).

Quantification of AR axonsin human sural nerve biopsies

Toluidine blue stained semithin sections of sural nerve were imaged using alight microscope.
The number of the large myelinated (AB) axons (diameter > 5 um) were manually counted, and

their density was determined as the number of AP axons divided by the area of the nerve fascicle.

Behavioral testing

Static mechanical allodyniawas assessed using von Frey monofilaments (0.02-4 g). Animals
were placed on an elevated mesh grid. The test was initiated with a 2 g filament applied gently
on the left mid hind paw _until the filament started to bend and maintained for ~2 s. A withdrawal
response was considered valid only if the hind paw was completely removed from the platform.
It was repeated 9 more times at 5-second intervals. The 50% withdrawal threshold was

determined using the up-down method of Dixon (41,66).

Dynamic mechanical allodyniawas assessed using the dynamic brush assay (67). The adhesive
removal (sticky tape) assay, light touch sensitivity assay, Hargreaves test, hot plate assay,
acetone evaporation assay and pinprick test were performed following methods previously

described by Duan et al (67).

Sensory nerve conduction studies
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Sensory NCV were measured from the tail using platinum electrodes, placed adjacent to the
nerve, using a 60-80 mA sguare wave stimulus for 0.1-0.3 msec to obtain near nerve recordings.
Orthodromic sensory tail NCV was obtained by placing the G1 (active) electrode at the base of
thetail and stimulating 4 cm distally. Sensory responses were averaged from 10 trials until the
nerve action potential response was stable. Tail temperature was maintained at 32-37 °C. The

onset latency and peak amplitude were measured (41).

Statistical analysis

Statistical analyses were performed by unpaired two-tailed t test (one-tailed for Western blot),
one-way or two-way analysis of variance (ANOV A) with Tukey multiple comparison’s test.
Pearson’s correlation and simple linear regression analysis was performed by Prism software,

version 9 (GraphPad). A p value of less than 0.05 was considered significant.
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Figure 1. Messner corpuscle density isa better indicator of mechanical allodynia in mouse
models of diabetic neuropathy (DN). (A) immunofluorescence images and (B) densities of
Meissner corpusclesin foot skin from control diet (CD) mice (n = 6), high-fat diet (HFD) mice
(n=7) and HFD mice treated with low-dose streptozotocin (HFD + STZ) (n = 5). Me ssner
corpuscles are the S100" rod-shaped terminations present in the dermal papillae near the dermal-
epidermal junction (epidermis indicated by the double arrows). (C) PGP9.5
immunohistochemistry images and (D) intraepidermal nerve fiber densities (IENFD) in foot skin
from CD mice (n=9), HFD mice (n = 9) and HFD mice HFD + STZ mice (n = 5). One-way
analysis of variance (ANOVA): **** p < 0.0001, ** p<0.01, * p < 0.05, ns = non-significant.
(E) Correlation matrix of Pearson’s correlation coefficients (IENFD: n = 14; Meissner corpuscle
density: n =9). (F) Smplelinear regression analysis. MC: Messner corpuscle density (IENFD:
n = 14; Meissner corpuscle density: n = 9). All scale bars represent 100 um. Error barsindicate

standard error of means (SEM).

Figure 2. Decreased expression of BDNF isnoted in foot skin of DN mice. (A) UMAP
projection of single-cell RNA-seq (scRNA-seq) data from wild-type C57BL6 mouse foot skin
colored by cell type annotation (n = 1408). (B) UMAP plot of foot skin cells from control-diet
(CD) and DN mice receiving high-fat diet (HFD) (n = 2 for each group). (C) Scatter plot
demonstrating BDNF expression levelsin different cell types of mouse foot skin identified by
the analysis. Note that in mouse foot skin, BDNF is predominantly expressed by suprabasal
epidermal cells (cluster 0). (D) Dot plot indicating the differential BDNF expression in
suprabasal keratinocytes (cluster 0) between the CD and HFD mice. The size of the circles

represents the percentage of BDNF-expressing cells, and the color of the circles represents the
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level of BDNF expression. (E) A representative Western blot of mouse foot skin lysates with
antibodies against BDNF and a loading control. (F) Comparison of normalized mature BDNF
protein level in foot skin of CD and HFD mice (n = 6 for each group). (G) Measurement of
SIRT1 deacetylase activity in mouse foot skin by Western blot probing for the acetylated form of
its substrate FoxO1. Also shown are blots for total FoxO1, SIRT1 and a loading control,
respectively. (H) Comparison of acetyl-FoxO1/FoxO1 ratio in foot skin of CD (n=4) and HFD
mice (n = 5). Note the trend highlighted in circles when the outliers (Lane 3 in CD and HFD,
respectively) are excluded. Error barsindicate SEM. (1) Scatter plot demonstrating SIRT1
expression levelsin different cell types of mouse foot skin identified by the sScRNA-seq analysis.

Student’st-test: * p < 0.05, ns = non-significant.

Figure 3. Conditional knockout (KO) of epidermal SIRT1 in adult mice exacer bates
diabetic mechanical allodynia. (A) Assessment of static allodyniain epidermal SIRT1 KO mice
(n = 14) and two control groups: Control 1;: SIRT1"*"% (n = 21) and Control 2: K5-

CreER™; SRT1"" recaiving no tamoxifen but showing leaky Cre expression (n = 14). Static
allodyniais assessed by the von Frey assay. Note that only mice with normal (1 or 1.4 g) or
decreased pain thresholds (< 1 g) are charted. (B) Assessment of dynamic allodyniain epidermal
SIRT1 KO (n=12), Control 1 (n=11) and Control 2 mice (n = 8). Dynamic allodyniais
assessed by the dynamic brush assay. (C) Mice with increased pain thresholds (> 2g) are charted
with the rest of the mice. Epidermal SRT1 KO: n = 21; Control 1: n = 22; Control 2: n=14. (D)
Time course of static allodynia. (E) Time course of dynamic allodynia. (F) Time course of static
allodyniain mice receiving vehicle or nicotinamide riboside (NR). Epidermal SRT1 KO

receiving vehicle: n = 9; epidermal SSRT1 KO receiving NR: n = 6; Control 1 receiving vehicle:
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n = 10; Control 1 receiving NR: n = 9; Control 2 recelving vehicle: n = 6; Control 2 receiving
NR: n=6. Error barsindicate SEM. Two-way ANOVA: **** p < (0.0001, *** p<0.001, ** p<

0.01, ns = non-significant, ## Control 1 receiving 4 months of vehiclevs. NR, p < 0.01.

Figure 4. Epidermal SIRT1 KO shows reduced number s and abnor mal mor phology of
Meissner corpusclesin foot skin. (A) Immunofluorescence images and (B) densities of
Meissner corpusclesin foot skin from epidermal SRT1 KO (n=7), Control 1 (h=8) and
Control 2 mice (n = 4). Epidermisisindicated by double arrows. Scale bars represent 50 um. (C)
Immunofluorescence images showing Meissner corpuscles appearing as along horizontal bar in
epidermis (downward filled arrowheads) or clustered below epidermis (upward arrowhead).
Scale bars represent 50 um. (D) PGP9.5 immunohistochemistry images and (E) densities of free
nerve endings (IENFD) in foot skin from epidermal SSRT1 KO (n = 6), Control 1 and (n = 8)
Control 2 mice (n = 4). Scale bars represent 100 um. Error bars indicate SEM. One-way

ANOVA: ** p <0.01, ns = non-significant.

Figureb. Large sensory (AB) fiber abnormalitiesand injuries are observed in epider mal
SIRT1 KO miceaswell ashuman DN patients. (A) Electron micrographs of subcutaneous
nerve bundles in foot skin from epidermal SRT1 KO and control mice. n = 3 for Control 1; n=5
for epidermal SRT1 KO. (B) Tail sensory nerve conduction studies of epidermal SRT1 KO (n =
17), Control 1 (n=21) and Control 2 (n = 10) mice. Two-way ANOVA: ** p < 0.01, ns= non-
significant. (C) Sural nerve biopsies from human DN (n = 5) and control patients (n = 5). (D)
Quantification of large myelinated (Al3) axonsin sural nerve. Student’ st-test: * p < 0.05. Error

barsindicate SEM.
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Figure 6. BDNF isthe only neurotrophic factor down-regulated in foot skin of epider mal
SIRT1 KO. KO of BDNF in skin produces the same phenotypes as epidermal SIRT1 KO.
(A) Dot plot based on scRNA-seq data (Supplemental Figure 7) indicating the differential
expression of neurotrophic factors in keratinocytes of foot skin between Control 1 (SIRT1"¥1%%)
and epidermal SRT1 KO mice. The size of the circles represents the percentage of cells
expressing a given neurotrophic factor, and the color of the circles represents the expression
level of that neurotrophic factor. Similar to epidermal SRT1 KO, epidermal BDNF KO develop
more severe (B) static and (C) dynamic allodynia than the control after 3 months of HFD. Two-
way ANOVA: ** p<0.01, * p<0.05, ns=non-significant. (D) Occasional Meissner corpuscles
with abnormal morphology (arrowheads) are also seen in epidermal BDNF KO mice. (E)
Immunofluorescence images and (F) densities of Meissner corpusclesin foot skin from
epidermal BDNF KO and control mice. Epidermisisindicated by double arrows. (G) PGP9.5
immunohistochemistry images and (H) densities of free nerve endings (IENFD) in foot skin

from epidermal BDNF KO and control mice. All scale bars represent 100 um. Error bars indicate

SEM. Student’ st-test: **** p < 0.0001, ns = non-significant.

Figure 7. Inducible over expression of epidermal SIRT1 (OE) rescues the DN phenotypes.
(A) After one month of doxycycline (DOX) diet, the skin of SIRT1OE mouse can be seen
glowing in blue light due to simultaneous expression of a mito-eY FP transgene. (B) HFD-
associated static allodyniais relieved after 2 months of DOX-induced epidermal SIRT1
overexpression. Two-way ANOVA: ## Control (n=7) vs. SIRT1O0E after 2 months of DOX (n

=7), p<0.01. (C) Immunofluorescence images and (D) dengities of Meissner corpusclesin foot
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skin from epidermal SIRT1O0E (n = 6) and control mice (n = 6). Epidermisisindicated by double
arrows. (E) Western blot analysis of foot skin lysates from SIRT1OE (n = 4) and control mice (n
= 4). Comparison of (F) normalized SIRT1 and (G) normalized mature BDNF protein levelsin
foot skin of SIRT1OE and control mice. (H) PGP9.5 immunohistochemistry images and (1)
densities of free nerve endings (IENFD) in foot skin from epidermal SIRT10E (n = 6) and
control mice (n = 6). All scale bars represent 100 um. Student’ st-test: ** p < 0.01, * p <0.05.

Error bars indicate SEM.
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