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PURPOSE. To investigate whether nicotinamide (NAM) modulates retinal vasculature in
glaucoma.

METHODS. This was a prospective controlled clinical trial investigating animal and human
histopathology. Participants included normotensive and ocular hypertensive rats, post-
mortem human ocular tissue, glaucoma patients (n = 90), and healthy controls (n = 30).
The study utilized histopathology, computer-assisted retinal vasculature analysis, optical
coherence tomography angiography (OCTA), and NAM treatment. The main outcome
measures included retinal vascular parameters in rats as assessed by AngioTool; retinal
vasculature integrity in rats and humans as assessed by histopathology, antibody-staining,
and ImageJ-based measurements; and retinal perfusion density (PD) and flux index in
humans as assessed by OCTA.

RESULTS. A number of vessel parameters were altered in ocular hypertension/glaucoma
compared to healthy controls. NAM treatment improved the retinal vasculature in ocular
hypertensive rats, with an increase in mean vessel area, percentage area covered by
vessels, total vessel length, total junctions, and junction density as assessed by AngioTool
(all P < 0.05); vessel wall integrity as assessed by VE-cadherin antibody staining was also
improved (P < 0.01). In humans, as assessed by OCTA, increases in PD in the optic nerve
head and macula complete image (0.7%, P = 0.04 and 1.0%, P = 0.002, respectively) in
healthy controls, and an increase in the temporal quadrant of the macula (0.7%, P = 0.02)
in glaucoma patients was seen after NAM treatment.

CONCLUSIONS. NAM can prevent retinal vascular damage in an animal model of glau-
coma. After NAM treatment, glaucoma patients and healthy controls demonstrated a small
increase in retinal vessel parameters as assessed by OCTA.

Keywords: nicotinamide, retinal vasculature, optical coherence tomography angiography,
glaucoma, histopathology

Glaucoma is an irreversible neurodegenerative disease
characterized by the progressive dysfunction and loss

of retinal ganglion cells (RGCs), whose axons make up the
optic nerve and project the electrophysiological signal of the
visual circuit to the brain. Glaucoma clinically presents as
a deterioration of visual sensitivity, progressive visual field
defects, and ultimately irreversible blindness. Affecting ∼80
million patients worldwide, with many more undiagnosed,
glaucoma is a significant health and economic burden.1

Age, genetics, and elevated intraocular pressure (IOP) are
the major risk factors for glaucomatous neurodegeneration.
Current established treatment strategies focus only on IOP

management, a major risk factor that is unlikely to be the
sole determinant of the disease. Unfortunately, glaucoma can
still progress at an unacceptable rate even when low target
pressures are met.2 More than 40% of patients will progress
to monocular blindness during their lifetime despite IOP
lowering3; thus, a better understanding of the disease and
novel, neuroprotective treatment strategies for glaucoma are
needed.

Increasing evidence points toward metabolic dysfunction
in glaucoma. Retinal ganglion cells are highly metabolically
active cells and are sensitive to metabolic perturbations.4

Metabolic or mitochondrial dysfunction has been identified

Copyright 2023 The Authors
iovs.arvojournals.org | ISSN: 1552-5783 1

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International License.

Downloaded from iovs.arvojournals.org on 04/23/2024

mailto:gauti.johannesson@umu.se
mailto:pete.williams@ki.se
https://doi.org/10.1167/iovs.64.14.34
http://creativecommons.org/licenses/by-nc-nd/4.0/


Effects of Nicotinamide on Retinal Vasculature IOVS | November 2023 | Vol. 64 | No. 14 | Article 34 | 2

at the level of individual cells (retinal ganglion cells in
human tissue samples5 and animal models6 and other retinal
glial cells in animal models7) and more generally systemi-
cally, as genome-wide association study candidates for genes
encoding proteins in metabolic pathways, mitochondrial
DNA (mtDNA) mutations, and altered complex I activity in
patient lymphoblasts.8

Retinal neurons rely on blood-derived glucose for their
metabolic needs, as well as metabolite shuttling from neigh-
boring glial cells.4 Impaired ocular blood flow has been
suggested as an additional contributing factor in glau-
coma.9 An increasing body of evidence has demonstrated
that vascular compromise is associated with the disease.
Studies using optical coherence tomography angiography
(OCTA), a relatively new technology that allows quick and
non-invasive assessment of the vasculature in the optic
nerve head (ONH), peripapillary region, and retina, have
shown that there is a good correlation between perfusion
parameters and functional and structural parameters such as
visual field (VF) indices and optical coherence tomography
(OCT) measurements of the ganglion cells and retinal nerve
fiber layers.10 Lower baseline vascular density parameters
obtained using OCTA have been shown to be a risk factor
for a faster rate of retinal nerve fiber layer (RNFL) decline in
glaucoma patients.11 Furthermore, vascular density param-
eters, as assessed by OCTA, have been shown to precede
functional decline12,13 and structural decline.14 In glaucoma
suspect eyes, ganglion cell complex (GCC) thickness and
macular vessel density were measured over time and showed
a decline in vessel density in the absence of a decline in GCC
in some cases and, in other cases, a faster vessel density
loss than GCC thinning.15 Thus, agents that aim to protect
from vascular dysregulation may be of additional clinical
benefit.

Nicotinamide (NAM) is the amide form of vitamin B3 and
a major nicotinamide adenine dinucleotide (NAD) precur-
sor in neurons via the NAD salvage pathway.16 Mounting
evidence has demonstrated that the capacity to maintain
NAD pools decreases in many tissues with age, increas-
ing neuronal susceptibility to neurodegenerative diseases
such as Alzheimer’s disease, Parkinson disease, and glau-
coma.17,18 Bolstering cellular NAD levels to counteract this
age- and disease- related change is an attractive therapeu-
tic target. Supporting this, NAM has shown great potential
as a novel neuroprotective agent in glaucoma in preclin-
ical studies6,19–21 and pilot clinical trials.22,23 In addition
to its role in preventing neurodegeneration, directly acting
on RGCs, NAM may also have vasoprotective properties
through modulation of vasoactive cascades.24 One poten-
tial target, endothelin-1 (ET-1), is a potent vasoconstric-
tor, and its signaling has been suggested to play a crucial
role in vascular dysregulation associated with glaucoma.25–27

NAM has been shown to counteract ET-1–mediated vasocon-
striction on various levels.28,29 Thus, NAM may protect the
ocular vasculature in glaucoma; however, this has yet to be
tested.

The aim of the current study was to investigate whether
NAM modulates the retinal vasculature in glaucoma. To this
purpose, we assessed human ocular tissue from glaucoma
patients and animal ocular tissue from a rat model of glau-
comatous ocular hypertension (OHT) with or without NAM
treatment. To support our findings, we conducted the first
in-human study, to the best of our knowledge, using OCTA to
directly assess the effect of NAM on the retinal vasculature
in patients with different subgroups of glaucoma, includ-

ing primary open-angle glaucoma (POAG), normal-tension
glaucoma (NTG), and pseudoexfoliative glaucoma (PEXG),
as well as age- and sex-matched healthy controls. POAG,
NTG, and PEXG all likely have different pathophysiological
mechanisms30–32 and, therefore, possibly different therapeu-
tic responses to NAM treatment.

METHODS

Animal Strain and Husbandry

Animals were housed and fed in a 12-hour light/12-hour
dark cycle with food and water available ad libitum. Adult,
male Brown Norway rats (12–20 weeks old, weighing
300–400 g; SCANBUR AB, Solna, Sweden) were used in
this study. Six rats were used for this study alongside exist-
ing tissue from previously published studies, which are
described in the following sections. Rats treated with NAM
received treated drinking water and a custom diet (to achieve
800 mg/kg/d of NAM as previously described33). All breed-
ing and experimental procedures were undertaken in accor-
dance with the ARVO Statement for the Use of Animals
in Ophthalmic and Research. Individual study protocols
were approved by Stockholm’s Committee for Ethical Animal
Research (10389-2018).

Rat OHT Model

Rat OHT was induced using a paramagnetic bead model
as previously described.34 Following 1 week of NAM
pretreatment, rats received bilateral injections of microbeads
(Dynabeads M-450 Epoxy beads, 4.5-μm diameter; Thermo
Fisher Scientific, Waltham, MA, USA) prepared in Hank’s
balanced salt solution (no calcium, no magnesium, no
phenol red; Thermo Fisher Scientific). IOP was measured by
rebound tonometry (TonoLab; Icare, Vantaa, Finland) prior
to OHT induction (day 0) and at 3, 7, 9, 11, and 14 days
after OHT induction (rats were awake and unrestrained).
IOP recordings were always taken between 9 AM and 10 AM
local time to minimize the effects of circadian rhythm on IOP.
Rats were euthanized at day 14 by intraperitoneal injection
of pentobarbital (75 mg/kg) followed by cervical dislocation.
Eyes were immediately enucleated and submerged in 3.7%
paraformaldehyde (PFA) in 1× phosphate-buffered saline
(n = 9; OHT–NAM, 800 mg/kg/d).

Imaging and Analysis of En Face Vascular
Morphology in Rat Retina

Blood vessel morphology of the superficial plexus was
analyzed from existing images of flatmount rat retinas; eyes
were normotensive (NT; n = 9), 14-day OHT (n = 6), or
14-day OHT–NAM 200 mg/kg/d (n = 7), 400 mg/kg/d (n
= 7), or 800 mg/kg/d (n = 10).33 Retinas were previously
stained with isolectin B4 (for marking vascular endothe-
lial cells; Invitrogen Griffonia simplicifolia lectin, biotin
conjugated, 0.1 mg/mL, #I21414; Thermo Fisher Scientific,
Waltham, MA, USA) and visualized with Invitrogen Strepta-
vidin Alexa Fluor 488 Conjugate (4 μg/mL, #S11223; Thermo
Fisher Scientific). Images had been acquired at the time
of staining but not previously analyzed.33 Vascular imag-
ing and analysis were performed as previously described.34

The isolectin B4/blood vessel channel was isolated from the
image in Fiji, and the background of the image was removed
by thresholding. Retinas were cropped to 400,000 μm2
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to maintain consistency (representing >80% of the retinal
explant area). AngioTool was used to measure blood vessel
morphologies, including area covered by vessels, average
vessel thickness, total blood vessel length, total vessel area,
average vessel length, total vessel endpoints, total junctions,
junction density, and mean lacunarity (a measure of space
filling within the image, where a high lacunarity equals less
space filling by blood vessels), with the following param-
eters: blood vessel diameter (8–30 μm) and pixel intensity
(0–255).

Preparation and Immunofluorescent Labeling of
Paraffin-Embedded Rat Eyes

The new OHT–NAM eyes (n = 9) were fixed in PFA for
24 hours before paraffin embedding. Eyes were sectioned
(sagittal plane) to give ONH sections (3-μm thickness) on
a microtome (Microm HM355S Rotary Microtome; Thermo
Fisher Scientific). New sections were also cut from exist-
ing paraffin embedded control (NT, n = 8) and 14-day
OHT (n = 12) rat eyes, described elsewhere.34 Sections
were first deparaffinized and rehydrated through xylene
and an alcohol gradient before performing antigen retrieval
using EDTA buffer (pH 9, 20 minutes, 100°C). Anti-
gen retrieval and subsequent labeling were performed
using a Bond-III robotic system (Leica Biosystems, Wetzlar,
Germany). The sections were then washed and incubated
in primary antibody for 60 minutes. Sections were stained
with antibody against proteins that are commonly asso-
ciated with maintaining endothelial junctions and retinal
blood barrier integrity; each section was labeled with anti–
VE-cadherin (rabbit, IgG, 1:50, #LS-B5971-50; LSBio, Shirley,
MA, USA), anti-CD31 (rabbit, IgG, 1:100, #ab182981; Abcam,
Cambridge, UK), or anti–claudin-5 (CLDN-5; rabbit, IgG,
1:200, #36-1900; Thermo Fisher Scientific). For visualizing
the whole vessel wall and for allowing for differentiation
between antibody-stained and non–antibody-stained vessel
wall, staining was combined with isolectin B4 (details as
above), a marker for vascular endothelial cells. Slides were
washed again and incubated in secondary antibody (Invitro-
gen Goat-anti-Rabbit IgG [H+L] Cross-Adsorbed Secondary
Antibody, Alexa Fluor 568, 1:500, #A-11011, and the Strep-
tavidin Alexa Fluor 488 Conjugate, as above) for 15
minutes. Slides were counterstained with 4′,6-diamidino-
2-phenylindole (DAPI). Sections were dehydrated through
an ethanol gradient, cleared in xylene, mounted in Pertex
mounting agent (Histolab, Askim, Sweden), and covered
with a coverslip.

Donor Human Eyes Details and
Immunofluorescent Labeling

We have previously characterized a cohort of donor human
eyes with glaucoma and controls (ocular melanoma without
interference on the central retina).35,36 Access to histopathol-
ogy archive samples was fully covered through Biobank
#366 (St. Erik Eye Hospital, Solna, Sweden). New ONH
sections (3-μm thickness; n = 6 glaucoma eyes and n = 7
control eyes) were cut and stained as described above for rat
tissue. Anti-CD31 was visualized with a polymer conjugated
secondary antibody (BOND Polymer Refine Red Detection;
Leica Biosystems). Slides were counterstained with hema-
toxylin.

Imaging and Analysis of Internal Vessel Integrity
in Rat and Human Retinal Sections

Rat sections were imaged on a Leica DMi8 microscope (Leica
Microsystems, Wetzlar, Germany) with a Leica CoolLED
pE-300white LED-based light source and a Leica DFC7000
T fluorescence color camera. Central vessels at the ONH
were imaged and one or multiple peripheral vessels in
the nerve fiber layer were imaged on both sides of the
retina at ∼1000 μm from the ONH. All vessels within the
region of interest (ROI) were analyzed, unless the inner
lumen was too obscured by residual blood. Human sections
were imaged on a ZEISS Axio Scan.Z1 Slide Scanner (ZEISS
Microscopy, Oberkochen, Germany). Tiled 40× images of
the whole ONH and central retina were acquired. The ONH
and retina at 2000 μm from the ONH were cropped as
ROIs. Vessels were cropped for analysis as above. ImageJ
(National Institutes of Health, Bethesda, MD, USA) was used
to measure the whole vessel lumen circumference in the
selected vessels. The total lengths of all parts of the vessel
lumen wall that were positive for VE-cadherin, CD31, or
CLDN5 were measured. The ratio of positively stained vessel
wall versus total vessel lumen circumference was calculated
as a percentage. Mean percentage values were calculated for
all central and all peripheral vessels in each eye. Mean values
were calculated for each group.

PROSPECTIVE CLINICAL TRIAL

A prospective clinical trial was conducted at the Eye Clinic
at Umeå University Hospital (Umeå, Sweden) between Octo-
ber 2021 and April 2022. The study schedule is presented
in Figure 1. Participants in the glaucoma groups (n =
90) were recruited from the Eye Clinic at Umeå University

FIGURE 1. Study schedule for the clinical trial. PEX, pseudoexfoliation.
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Hospital. Participants in the control group (n = 30) were
recruited from lists acquired from Statistics Sweden with
age- and sex- matched individuals living in the municipality
of Umeå. All participants signed a written informed consent
prior to entering the study. All testing was performed at the
Eye Clinic at Umeå University Hospital.

Inclusion criteria for glaucoma participants included a
diagnosis of POAG, NTG, or PEXG in one or both eyes and
an age >18 years. Diagnostic criteria for POAG, NTG, and
PEXG were based on their respective definitions accord-
ing to the guidelines of the European Glaucoma Society.32

Inclusion criteria for age- and sex-matched control partici-
pants included being >18 years of age, as well as having a
normal VF, a normal optic nerve, and a normal IOP (≤21
mmHg) tested at baseline. Study participants performed
VF testing within 100 days from the first study visit. In
the glaucoma participants, values of the VF mean devia-
tion (MD) were used to grade the severity of glaucoma as
“mild” with values higher than –6 decibels (dB), “moder-
ate” with values between −6 and −12 dB, and “severe”
with values lower than −12 dB (simplified Hoddaps clas-
sification32). The VF exam performed in all participants was
the standard automated perimetry 24-2 Swedish Interactive
Thresholding Algorithm (SITA) of the ZEISS Humphrey Field
Analyzer 3 (Carl Zeiss Meditec, Dublin, CA, USA). One eye
of each participant was included in the study. Where both
eyes in a glaucoma participant were eligible, the eye with
the better visual field index (VFI) was chosen. The eye with
the better VFI was chosen because it has been shown that
vessel density decreases with more severe VF damage,10 and
we expected eyes with a higher vessel density to be more
responsive to the possible vascular effects of NAM. A web-
based randomization tool was used in the control group to
determine which eye of each participant to enroll. Exclusion
criteria for both glaucoma and control participants included
diseases affecting retinal function (more than mild macu-
lar degeneration or diabetic retinopathy), neurological or
other non-glaucomatous conditions that may affect the VF,
inability to perform a perimetric exam, intake of B vitamins
within 1 week before the first study visit and during the
study period (aside from NAM within the framework of the
study), allergy to NAM/niacin, previous eye surgery involv-
ing central parts of the retina, pregnancy/breastfeeding and
fertile women not using reliable contraception, diagnosis of
cancer in the last 5 years (not including treated squamous
cell carcinoma), anamnesis of liver disease or peptic ulcer,
and/or not able to speak and understand either Swedish or
English.

All of the participants received treatment of NAM (0.5
g NAM tablet; Thorne Research, New York, NY, USA) for
2 weeks. An accelerated dosing strategy was applied to
increase tolerability with a dosage of 1.5 g/d (three tablets)
the first week and 3.0 g/d (six tablets) the second week.
The NAM dosage of 3.0 g/d was based on preclinical6,33

and clinical22 trials. For this trial, the same dose was used
as in our previous phase II study22 and is being used in
a multicenter phase III clinical trial (NCT05275738). For the
animal model work, a known neuroprotective dose was used
(800 mg/kg/d,33 equivalent to 8 g/d for a 60-kg human).37

The tablets were distributed at the end of the first visit.
The treatment started the day after the first visit. Partici-
pants were instructed to take 1.5 g in the morning during
the first week and 1.5 g twice a day, morning and evening,
during the second week. Participants were instructed to take
the tablets in conjunction with food to minimize the risk of

FIGURE 2. Example of OCTA scans of the ONH and macula. (A)
OCTA scan of the superficial retinal vasculature of the ONH area,
with the inner boundary being the inner limiting membrane and the
outer boundary being the retinal nerve fiber layer. The perfusion
density (P) and flux index (F) are shown for each quadrant. (B)
OCTA scan of the macular superficial retinal vasculature, with the
inner boundary being the inner limiting membrane and the outer
boundary being the inner plexiform layer. The perfusion density is
shown for each quadrant and the central region.

gastrointestinal discomfort, which has been reported as the
most common side effect in previous clinical trials involving
NAM.22,23 Questions regarding adherence to the treatment
and side effects were asked at the second visit. NAM was
taken in conjunction with any glaucoma therapies partici-
pants were using, and these were factored into the analyses.

Each participant was seen at the first study visit and at
posttreatment day 14 (±2 days). At both visits, all partici-
pants underwent measurements of IOP and an OCT/OCTA
examination. In addition, the healthy controls underwent
a slit-lamp examination to determine if pseudoexfoliation
material existed on the anterior surface of the lens. Before
the examination, pupils were dilated using 0.5% tropicamide
(Bausch & Lomb Nordic AB, Stockholm, Sweden). IOP was
measured using rebound tonometry (Icare). The exam was
repeated if the quality of the measurement was not accept-
able. OCT and OCTA scans were performed using the ZEISS
CIRRUS 6000, where perfusion density (PD) and flux index
analyses were performed using the ZEISS AngioPlex Metrix
(Figs. 2A, 2B). PD is defined as the total area of perfused
vasculature in the area measured and shown as a percent-
age. PD is determined by the length and width (inner diam-
eter) of the vessel. Flux index is defined as the total area
of perfused vasculature per unit area in the area measured,
weighted by the brightness (intensity) of the flow signal.
The flux index was only available for ONH analyses. OCT
scans were performed of the macular area and ONH area. A
macular cube 512 × 128 scan was acquired for the macular
area, and the average combined thickness of the ganglion
cell layer (GCL) and inner plexiform layer (IPL) was given
automatically by the device. For the ONH area, the device
acquired an optic disc cube 200 × 200 scan, and the aver-
age thickness of RNFL was given automatically.

For the macular area, a 3 × 3-mm cube-shaped scan, auto-
matically centered on the fovea, was created. The device
automatically determined the PD for the superficial vascu-
lar plexus, and PD values were given for the following areas:
central, inner, and complete. For the inner section, a total PD
value was given as well as PD values for each separate quad-
rant. The inner limiting membrane (inner boundary) and the
IPL (outer boundary) defined the superficial vascular plexus.
A 4.5 × 4.5-mm scan was taken for the ONH area, with
the ONH area automatically centered in a predefined circle.
The PD and flux index was automatically calculated by the
device, and values were given for the total area measured,
as well as for each separate quadrant. The scan captured the
superficial vascular layer, using the inner limiting membrane
as the inner boundary and the RNFL as the outer boundary.
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Posttreatment scans (macular and ONH) were performed
using the manufacturer’s “track to prior scan” option, allow-
ing the repeat scan to be tracked and obtained exactly on the
baseline scan. Using this option has been shown to increase
repeatability.38 Only OCTA scans with a signal strength of 9
or above were accepted for analyses.39,40

In cases where multiple OCTA scans of signal strength 9
or above had been acquired at the first study visit, the high-
est quality scan was chosen for the study. Where multiple
OCTA scans of signal strength 9 or above had been acquired
in the posttreatment visit, the first OCTA scan was chosen for
the study if deemed of good enough quality for inclusion. If
the first scan was not deemed to be of good enough quality,
the second scan was chosen and so on. OCTA scans were
systematically checked for artifacts, and images with signif-
icant motion artifacts or segmentation errors were excluded
from the study. In OCTA scans with noticeable segmenta-
tion errors and noticeable decentralization of the AngioPlex
Metrix overlay, a manual correction was performed in the
best way possible. PD and flux index values were hidden
throughout the selection process.

The human studies adhered to the tenets of the Decla-
ration of Helsinki, and the ethics protocols were approved
by the Swedish Ethical Review Authority (2020-01525, 2021-
01036, and 2021-03745). The clinical trial was registered at
clinicaltrials.gov (NCT05916066).

Statistical analyses were carried out in SPSS Statistics 28
(IBM, Chicago, IL, USA). All P values were two sided and
considered statistically significant when they were <0.05.
Normality was tested with the Shapiro–Wilk test. Descrip-
tive statistics were used to describe the study popula-
tions’ clinical characteristics and are presented as mean and
SD, median and interquartile range (IQR), or number and
percentage. To check for potential intergroup differences in
clinical characteristics, the χ2 test was used for categorical
variables and ANOVA or the Kruskal–Wallis test was used for
scale variables. Post hoc testing was performed when the χ2,
ANOVA, or Kruskal–Wallis test was statistically significant.
Possible differences in IOP and OCTA parameters after treat-
ment compared to baseline were investigated using a paired
t-test or Wilcoxon signed-rank test. Pearson’s correlation or
Spearman’s rank correlation was applied to examine correla-
tions among MD (dB), OCTA parameters, and OCT parame-
ters. Multivariate linear regression analyses were performed
examining potential factors that influenced the change in
IOP and OCTA parameters after NAM treatment. The adher-
ence rate and frequency of side effects were determined
using descriptive statistics and are presented as numbers and
percentages.

Nicotinamide Protects From Gross Vascular
Morphology Changes in a Rat Model of OHT

Growing evidence suggests that glaucoma is associated
with impairment of the retinal vasculature.9 AngioTool is
a publicly available software that was first introduced by
Zudaire et al.41 for the reproducible quantification of vascu-
lar networks in microscopic images. The software identi-
fies vascular configuration according to preset parameters,
including number of vessels or vessel lengths. For further
information on AngioTool and its output values, we refer
to the publication of Zudaire et al.41 To determine how
OHT affects the retinal vasculature, we applied AngioTool
on retinal explant sections from our animal model rats

(see Methods section). En face analysis of retinal vascula-
ture from NT and non-treated ocular hypertensive rat flat-
mounted retina showed that vessel area, percentage area
covered by vessels, average vessel length, total vessel length,
total junctions, and junction density, which are all parame-
ters reflecting the intactness of the retinal vasculature, were
lower in ocular hypertensive rats compared to NT rats,
whereas the difference in mean vessel area (NT: 397,144
± 5771 μm; OHT: 381,317 ± 13,188 μm; P = 0.03) (Fig.
3J) and average vessel length (NT: 248 ± 49 μm; OHT:
177 ± 27 μm; P = 0.005) (Fig. 3D) was statistically signifi-
cant. Mean lacunarity, which assesses vessel non-uniformity
and characterizes oddities found when vasculature organi-
zation has been disturbed41 (higher lacunarity represents
a non-uniform organization, with more gaps in the over-
all vessel pattern/space filling, and lower lacunarity repre-
sents a more homogeneous organization, with fewer gaps
in overall vessel pattern/space filling), was not significantly
changed in ocular hypertensive rats, supporting the sugges-
tion that vessel changes do not result in a significant increase
in avascular area (NT: 0.091 ± 0.002; OHT: 0.099 ± 0.009;
P = 0.08) (Fig. 3F). These findings support the sugges-
tion that OHT is associated with retinal vasculature impair-
ment. Next, flatmount retina from ocular hypertensive rats
treated with NAM in different dosages (200, 400, and 800
mg/kg/d) were analyzed. Mean vessel area (P < 0.001)
(Fig. 3J), percentage area covered by vessels (P = 0.04)
(Fig. 3B), total vessel length (P = 0.02) (Fig. 3I), total junc-
tions (P = 0.01) (Fig. 3H), and junction density (P = 0.02)
(Fig. 3E), which are used to assess the intactness of the
retinal vasculature, were all significantly higher in NAM-
treated rats compared to non-treated ocular hypertensive
rats in a dose-dependent manner. Similarly, mean lacunar-
ity was significantly lower in NAM-treated rats compared
to non-treated ocular hypertensive rats (non-treated OHT:
0.099 ± 0.009; NAM [800 mg/kg/d]-treated OHT: 0.084 ±
0.002; P < 0.001) (Fig. 3F), pointing toward less vascu-
lar disorganization in NAM-treated rats compared to non-
treated rats. The total number of vessel endpoints (total
number of open-ended vessel segments) was significantly
higher in NAM-treated ocular hypertensive rats compared
to non-treated rats in a dose-dependent manner, possibly
representing NAM-triggered sprouting angiogenesis, which
could compensate for any vascular dropout caused by
OHT (see Discussion section). Complete data are shown in
Figure 3.

Histologic Analysis Revealed Impaired Vessel
Integrity Following OHT That was Reduced by
NAM Pre Treatment

To determine whether changes to overall vessel morphology
were accompanied by a loss of internal structure, we labeled
cross-sections of retina and ONH with tight-junction and
adherens-junction markers in NT rats, non-treated ocular
hypertensive rats, and NAM-treated ocular hypertensive rats.
Vessel integrity (antibody-stained vessel lumen wall cover-
age as a percentage of the total lumen circumference) was
quantified in central and peripheral vessels (Figs. 4A, 4B).
CD31 integrity was significantly lower in OHT rats compared
to NT rats in the central lumen (NT: 44.93% ± 12.926%; OHT:
32.74% ± 9.041%; P = 0.05) (Fig. 4C) and peripheral blood
vessel lumen (for CD31, NT: 47.44% ± 8.491%; OHT: 34.22%
± 5.946%; P <0.001) (Fig. 4C).
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FIGURE 3. Vascular remodeling following OHT and protection by NAM. (A) Retinal vasculature was labeled with isolectin B4 to explore
vascular changes induced by OHT or NAM treatment. The superficial plexus was imaged to assess vascular morphology (top row) (n = 9
NT eyes, n = 6 OHT eyes, n = 7 OHT–NAM 200 mg/kg/d eyes, n = 7 OHT–NAM 400 mg/kg/d eyes, and n = 10 OHT–NAM 800 mg/kg/d
eyes). AngioTool was used to reconstruct blood vessels (bottom row; red, vessels; blue, junctions). (B–J) OHT induced significant vascular
remodeling as indicated in average vessel length and vessel area. In OHT eyes of NAM-treated rats, this remodeling was partially prevented
in a dose-dependent manner, as indicated by several AngioTool-specific parameters (area covered by vessels, junction density, total number
of junctions, mean lacunarity, total vessel length, and vessel area). Lacunarity is a measure of space filling within the image. High lacunarity
indicates less space filling by blood vessels. Scale bar: 400 μm. *P < 0.05, **P < 0.01, ***P < 0.001.
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FIGURE 4. Loss of vascular integrity following OHT and partial protection by NAM. (A, B) To assess blood vessel integrity in the central and
peripheral retina, sections from paraffin-embedded rat eyes were stained with antibodies against CD31, CLDN-5, and VE-cadherin (n = 8 NT
eyes, n = 12 OHT eyes, and n = 12 OHT–NAM 800 mg/kg/d eyes). (C–E) OHT induced loss of vascular integrity as assessed by percentage
cover of CD31, CLDN-5, and VE-cadherin in central and peripheral vessel walls. NAM treatment partially prevented this remodeling in more
peripheral retina. (F) To determine whether this loss is also detectable in human retina, formalin-fixed, paraffin-embedded enucleated eyes
from human glaucoma patients (n = 6) and non-glaucomatous controls (n = 7) were stained with anti-CD31. The percentage cover of CD31
in central and peripheral vessels was significantly reduced in glaucoma (G).

CLDN-5 integrity was significantly reduced in periph-
eral vessels only (NT: 42.19% ± 11.606%; OHT: 32.45% ±
6.826%; P= 0.03) (Fig. 4D), and VE-cadherin was unchanged

(central NT: 35.17% ± 11.822%; OHT: 27.24% ± 13.669%;
P = 0.46; peripheral NT: 39.95% ± 15.894%; OHT: 28.14% ±
13.414%; P < 0.065) (Fig. 4E). In NAM-treated rats, the loss
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of CD31 coverage was protected against in central vessels
but not in peripheral vessels (central NT: 44.93% ± 12.926%;
OHT–NAM: 42.68% ± 7.324%; P = 0.899; peripheral OHT:
34.22% ± 5.946%; OHT–NAM: 35.20% ± 3.918%; P = 0.941)
(Fig. 4C). CLDN-5 coverage in peripheral vessels was not
significantly different from NT or non-treated OHT, suggest-
ing a limited improvement with NAM treatment (Fig. 4D).
VE-cadherin coverage in peripheral vessels was higher in
NAM-treated rats compared to non-treated ocular hyperten-
sive rats (OHT: 28.14% ± 12.887%; OHT–NAM: 38.89% ±
5.789%; P < 0.01) (Fig. 4E). Together, these data support
partial protection against loss of endothelium integrity and
protection against the loss of adherens junctions, support-
ing mild protection of vascular integrity. Complete data are
shown in Figure 4.

In eyes from human glaucoma patients, there was a signif-
icantly lower percentage coverage of CD31 in the peripap-
illary region (control: 90.43% ± 3.457%; glaucoma: 34.4% ±
24.419%; P< 0.001) (Fig. 4G), as well as the peripheral retina
(control: 87.17% ± 7.194%; glaucoma: 28.83% ± 8.085%; P
< 0.001) (Fig. 4G) compared to eyes from controls. This
suggest that human glaucoma patients also exhibit impaired
vessel integrity. Complete data are shown in Figure 4.

OCTA CLINICAL TRIAL

Study Participants

Out of 120 participants included and seen at the baseline
visit, 117 completed the study. The participant’s clinical char-
acteristics at the baseline visit are shown in Table 1. There
were no differences in the prevalence of systemic diseases
(systemic arterial hypertension, P = 0.60; diabetes mellitus,
P= 0.50) between the study groups. According to the simpli-
fied Hoddaps classification,32 36 glaucoma patients (40%)
had mild glaucoma, 33 (37%) had moderate glaucoma, and
21 (23%) had severe glaucoma. Patients with PEXG demon-
strated a higher mean glaucoma severity than patients with
high-tension glaucoma (HTG; 2.2 ± 0.8 compared to 1.6 ±
0.7; P = 0.01). There were no other significant differences
in mean glaucoma severity between the glaucoma groups.
The adherence rate for taking NAM treatment according
to study protocol was >90%. There were no reported seri-
ous adverse events. The most common side effect was mild
gastrointestinal discomfort of various types, reported in 43 of
117 study participants (37%), including 32 of 87 glaucoma
patients (37%) and 10 of 30 healthy controls (33%). While
on NAM supplementation, one study participant reported
tiredness (NTG), one reported a metallic taste in the mouth
(HTG), and one reported heart palpitations (HTG). Three
study participants discontinued treatment before the post-
treatment visit due to side effects. One study participant in
the PEXG group discontinued treatment after two dosages
of NAM due to dizziness and light sensitivity, which was
likely due to prolonged pharmacologically induced pupil
dilation. Two study participants, one from the NTG group
and one from the HTG group, discontinued treatment after
experiencing gastrointestinal discomfort (the study partici-
pant from the HTG group also reported tiredness).

Changes in OCTA Parameters After NAM
Treatment

The control group demonstrated a significant increase after
NAM treatment in PD in both the ONH (complete image,
P = 0.04; inferior quadrant, P = 0.01) and the macula

(complete image,P= 0.002; inner section,P= 0.002; inferior
quadrant, P = 0.003; nasal quadrant, P = 0.02). Glaucoma
patients, as a whole, demonstrated a significant increase in
PD after NAM treatment only in the temporal quadrant of
the macula (P = 0.02) (Table 2). Subanalyses showed that
glaucoma with severe disease improved in PD after NAM
treatment more compared to those with mild or moderate
disease. Those with severe glaucoma disease exhibited a
significant improvement in PD in both the ONH (inferior
quadrant, P < 0.05) and the macula (complete image, P =
0.02; inner section, P = 0.02; superior quadrant, P = 0.04;
temporal quadrant, P = 0.04). In contrast, those with mild
disease demonstrated a significant improvement in PD in
the superior quadrant of the ONH (P < 0.05), and those
with moderate disease did not demonstrate any significant
improvements in PD after NAM treatment (Supplementary
Table S1). Changes in OCT parameters after NAM treatment
were analyzed. No significant change was seen in the RNFL
between the two visits, but a small but significant decrease
was seen in GCL + IPL at the second visit (Supplementary
Table S2).

Changes in IOP After NAM Treatment

When including all participants who completed the study
(per protocol analysis), a significant reduction of IOP was
seen in the NTG group (P = 0.002) and PEXG group (P
= 0.01). However, when including only participants seen
at the same time of day (±1 hour, n = 100) in both visits,
the IOP reduction was only significant in the NTG group (P
= 0.002) (Tables 3A, 3B). Multivariate regression analysis,
adjusting for glaucoma severity (MD) and diurnal variation
between study visits, demonstrated a significant but small
positive interaction of prostaglandin analogs and IOP reduc-
tion after NAM treatment (R2 = 0.095; P= 0.04) (Supplemen-
tary Tables S3, S4).

OCTA at Baseline

Baseline levels of PD and flux index were statistically signif-
icantly lower in those with a glaucoma diagnosis compared
to controls in all areas analyzed except for the PD in the
central macular region. No statistically significant differences
in PD or flux index baseline levels between the different
glaucoma subtypes were seen (Table 4). Analyses concern-
ing glaucoma severity showed that the PD and flux index
baseline levels in the ONH were significantly lower in those
with severe disease than those with mild disease in all areas
measured. This trend was also seen when comparing mild to
moderate and moderate to severe diseases, although statisti-
cal significance was not reached for all areas measured. No
significant differences were seen when comparing PD base-
line levels in the macular region across glaucoma severity
groups (Supplementary Table S5).

Correlations Between OCTA at Baseline and
Structure and Function Parameters

Correlation analyses were performed to examine the corre-
lations between vascular parameters (ONH and macula PD
and the ONH flux index) and functional (MD) and structural
(RNFL and GCL + IPL) parameters in the glaucoma partic-
ipants. There was a strong positive significant correlation
between the complete image ONH PD and MD in both the
PEXG group (r = 0.632) and the HTG group (r = 0.620; P <
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TABLE 3A. IOP at Baseline and After Nicotinamide Treatment (All
Participants)

IOP (mmHg), Mean (SD)

n Baseline Posttreatment Difference P

NTG 29 11.3 (2.5) 10.3 (2.4) 1.0 (1.4) 0.002*

HTG 29 13.8 (3.3) 13.7 (4.1) 0.2 (2.4) 0.70
PEXG 29 14.3 (3.9) 13.1 (3.0) 1.2 (2.5) 0.01*

Glaucoma, total 87 13.2 (3.5) 12.4 (3.5) 0.8 (2.2) <0.001*

Control 30 13.6 (3.6) 13.2 (2.9) 0.4 (1.8) 0.28
All participants 117 13.3 (3.5) 12.6 (3.4) 0.7 (2.1) <0.001*

Statistically significant findings are presented in bold.
* P < 0.05.

TABLE 3B. IOP at Baseline and After Nicotinamide Treatment (Only
Participants With Diurnal Variation ≤1 Hour Between Visits)

IOP (mmHg), Mean (SD)

Cohort n Baseline Posttreatment Difference P

NTG 29 11.3 (2.5) 10.3 (2.4) 1.0 (1.4) 0.002*

HTG 28 13.6 (3.2) 13.4 (3.9) 0.3 (2.4) 0.59
PEXG 20 13.2 (3.4) 12.3 (3.0) 0.9 (2.2) 0.09
Glaucoma, total 77 12.7 (3.2) 12.0 (3.4) 0.7 (2.0) 0.004*

Control 23 13.9 (3.1) 13.2 (2.4) 0.7 (1.7) 0.06
All participants 100 12.9 (3.2) 12.3 (3.3) 0.7 (1.9) <0.001*

Statistically significant findings are presented in bold.
* P < 0.05.

0.001 for both) and a moderate positive significant correla-
tion in the NTG group (r = 0.464; P = 0.01). In addition, the
HTG group demonstrated a strong positive significant corre-
lation between the complete image ONH flux index and MD
(r = 0.679; P < 0.001) and a moderate positive significant
correlation between the complete image macula PD and MD
(r = 0.393; P = 0.03). No other significant correlations were
seen between PD and MD.

The HTG group demonstrated a strong positive signifi-
cant correlation between the complete image ONH PD and
RNFL (r = 0.621; P = 0.002), a moderate positive correlation
between the complete image ONH PD and GCL + IPL (r =
0.421; P = 0.02), a moderate positive correlation between
the complete image macula PD and RNFL (r = 0.469; P
= 0.03), and a moderate positive correlation between the
complete image macula PD and GCL + IPL (r = 0.479; P =
0.007). Patients with NTG showed a strong positive correla-
tion between the complete image ONH PD and GCL + IPL (r
= 0.549; P = 0.004). No other significant correlations were
found between PD and the structural parameters RNFL and
GCL + IPL.

Topical Glaucoma Medications and Systemic
Arterial Hypertension Related to the Effect of
NAM Treatment on OCTA Parameters

Glaucoma participants were subanalyzed based on topi-
cal glaucoma medications and systemic arterial hyperten-
sion, and several significant results were found when look-
ing at the effect of NAM treatment on PD (Supplemen-
tary Tables S6–S20). To assess the possible effects of topi-
cal glaucoma medications, multivariate regression analyses
were performed, adjusting for glaucoma severity (MD). The
multivariate regression analyses demonstrated a significant
but small negative interaction of prostaglandin analogs and
the effect of NAM treatment on PD in the central macular

region (R2 = 0.082; P = 0.04). In addition, to assess the
possible effects of systemic arterial hypertension, multivari-
ate regression analyses adjusting for age were performed
and demonstrated a significant but small negative interac-
tion between systemic arterial hypertension and the effect
of NAM treatment on PD in the ONH complete image
(R2 = 0.067; P = 0.02).

Taken together, these data demonstrate that vascu-
lar dysfunction occurs in glaucoma, with vasoprotection
provided by NAM.

DISCUSSION

NAM is profoundly neuroprotective in animal models of
glaucoma. The proposed mechanism is the prevention of
neurodegeneration via replenishment of retinal NAD6 and
modulation of metabolic and mitochondrial function.6,33

However, NAM also has known vasoactive properties,28 and
mounting evidence suggests that glaucoma is associated
with impairment of the retinal vasculature.9 In this study, we
sought to investigate if NAM could improve retinal vascula-
ture, which has never been explored before, to the best of
our knowledge. This is important in the context of ongoing
glaucoma clinical trials using NAM, as it helps define the
effects of NAM and whether the retinal vasculature should
be assessed in glaucoma patients on NAM.

To address these concerns, we investigated retinal tissue
from ocular hypertensive and healthy rats via histopathol-
ogy and with a number of imaging-based software tools.
We analyzed the retinal tissue using AngioTool, a publicly
available software designed for the reproducible quantifica-
tion of vascular networks in microscopic images. AngioTool
identifies vascular configurations according to preset param-
eters. Our analysis revealed a decrease in a number of
parameters representing intactness of the retinal vascula-
ture (vessel area, percentage area covered by vessels, aver-
age vessel length, total vessel length, total junctions, and
junction density) in ocular hypertensive rats compared to
NT controls. In NAM-treated rats, many of these parame-
ters showed less of a decrease compared to non-treated rats
in a dose-dependent manner. These findings suggest that
the integrity and organization of the retinal vasculature are
disturbed in ocular hypertension/glaucoma and that NAM
treatment may protect against these alterations in a dose-
dependent manner. Furthermore, we identified an increase
in total vessel endpoints (total open-ended vessel segments)
in NAM-treated ocular hypertensive rats compared to non-
treated rats, in a dose-dependent manner. Previous studies
have shown that NAM promotes angiogenesis by rescuing
renewal capacities in endothelial cells.42,43 It is conceivable
that our findings represent an increase in sprouting angio-
genesis compensating for the continuous vascular dropout
caused by OHT, which could point toward a possible mecha-
nism by which NAM prevents vascular rarefication and disin-
tegration, but this cannot be conclusively determined based
on the present data. Furthermore, it appears plausible that
NAM may exert a booster effect on compensating angiogen-
esis only in conditions of extreme vascular dropout (that
were present in the ocular hypertensive rats yet would not be
present in medically attended glaucoma patients) and only
in very high dosages (that the rats received but would not
be tolerable in patients with glaucoma).

For histopathology, we stained the retinal tissue
against proteins that are commonly associated with main-
taining endothelial junctions and retinal blood barrier
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integrity: CD31, CLDN-5, and VE-cadherin. Our analysis
revealed significant loss of integrity in tissue from ocular
hypertensive rats, with mild protection against this in NAM-
treated rats. Because this initial study was based on an
animal model of glaucoma, it was unclear to what extent
the results apply to glaucoma patients. To support our
data, we utilized ocular tissue from glaucoma patients
for another histopathology analysis with anti-CD31 stain-
ing, again demonstrating reduced CD31 immunoreactivity
levels in optic nerve heads and peripheral retina. For our
histopathology study, we used ocular tissue exclusively from
rats and patients with end-stage glaucoma for matching
reasons and because we aimed to investigate the long-term
effect of NAM on retinal vasculature, given its known long-
term neuroprotective effect. Thus, whether our histopathol-
ogy findings represent a loss of CD31 protein or generalized
blood vessel loss cannot be conclusively determined based
on the available data. Further research is warranted to spec-
ify if CD31 loss occurs simultaneously with general retinal
blood vessel loss or if it is a precursor of it.

Given these promising basic scientific results, we next
assessed the retinal vasculature in a cohort of patients
with POAG, NTG, and PEXG, as well as age- and sex-
matched healthy controls, using OCTA. Glaucoma patients
from the POAG, NTG, and PEXG subgroups were included
because they all likely have different pathophysiological
mechanisms, including the role of vascular impairment, and,
therefore, may respond differently to NAM treatment. In
our patients, the PD in the ONH and macula were signifi-
cantly lower in glaucoma compared to age- and sex-matched
healthy controls in all measured areas except the central
region of the macula. However, although not significant, PD
in the central region of the macula was lower in glaucoma
compared to controls (20.0% ± 6.4% vs. 21.7% ± 5.4%; P
= 0.21). Overall, the results of our animal, histopatholog-
ical, and OCTA-based studies strongly support the concept
of retinal vascular compromise as an important aspect in the
etiopathogenesis of glaucoma.

A recent study has shown that it is possible to improve
retinal vasculature in patients with glaucoma with short-
term pharmacological treatment.44 After this short-term NAM
treatment, PD in the complete macula and ONH area in
healthy controls and the temporal quadrant of the macula
in glaucoma patients was significantly improved. In patients
with glaucoma, the effect of NAM on the retinal vasculature
was correlated with the participants’ current topical glau-
coma medications, systemic hypertension, and glaucoma
disease severity.

In this study, the healthy controls demonstrated increased
PD after NAM treatment in the complete image of ONH
and macula. In contrast, the glaucoma group demon-
strated an increase in the temporal quadrant of the macula.
A possible explanation could be that the vasculature of
glaucoma-affected eyes has an impaired physiologic reac-
tivity to metabolic and pharmacologic triggers such as NAM,
whereas healthy control eyes still possess that capacity. This
theory is supported by previous evidence demonstrating an
attenuated vasodilatation in glaucoma patients compared
to healthy controls following endothelin-A (ETA) recep-
tor antagonism.45 In contrast, the PD after NAM treatment
increased more in those with severe glaucoma compared to
mild and moderate glaucoma. One possible explanation for
this is different susceptibility to NAM treatment in partici-
pants depending on genotype. Another possibility is that the
number and type of anti-glaucoma eye drops participants

were on during the study biased analysis of the PD increase
after NAM treatment based on glaucoma severity. There was
a significant association between glaucoma severity and the
number of anti-glaucoma eye drops when stratified to either
“low medication” (0 or 1 eye drops) or “high medication”
(2–4 eye drops) (P = 0.02). There was also a significant
association between glaucoma severity and specific types of
anti-glaucoma eye drops, including prostaglandin analogs
(P = 0.006) and carbonic anhydrase inhibitors (P = 0.03).
Further studies are therefore needed to investigate what
factors influence the retinal vascular effects following NAM
treatment.

After 2 weeks of NAM treatment, no change was seen
in RNFL (as measured by OCT), but a small but signifi-
cant decrease was seen in GCL + IPL thickness. This small
reduction is not likely to be of clinical significance, and it
is unlikely that clinically detectable RGC death could have
occurred over the short time frame of the study. However,
this decrease in GCL + IPL thickness supports our findings
that increased blood flow after NAM measured with OCTA
is independent of a potential change in OCT thickness, as
a decrease in OCT should rather diminish the findings than
explain them. The absence of an increase in OCT parameters
supports that the OCTA results are not a false positive.

In our rat studies, the vasoprotective effects of NAM were
strong, yet the effect sizes seen in the clinical trial with the
human glaucoma patients were small. This difference may be
explained by the fact that, in the rats, NAM treatment was
prophylactic. At the same time, the human patients had long-
lasting glaucoma before inclusion into the clinical trial; thus,
their retinal vasculature had been compromised long before
the NAM treatment. It appears more plausible that NAM can
prevent vascular damage from occurring rather than reverse
it. Furthermore, the treatment duration of 2 weeks was short
for humans, and the findings may not be directly comparable
with the results of the animal study, considering the rats’
much shorter life cycles.

Although the changes in retinal vasculature seen in our
patients were small, and the clinical relevance hence may
be limited, our findings still indicate that NAM may exert
beneficial effects on the retinal vasculature in pre-existing
glaucoma. It is conceivable that NAM would be even more
beneficial if treatment were started earlier in the course of
the disease and if the treatment duration was longer.

NAM is known to attenuate vasoconstriction through
its inhibitory actions on ADP-ribosyl cyclase (ADPRC).28

The vasoconstrictive effects of endothelin are mediated via
ADPRC.28 Endothelin signaling has been hypothesized to
play a role in vascular impairment associated with glau-
coma. ET-1 is widely distributed in ocular tissues, includ-
ing the retina and ONH.46 In patients with glaucoma, ET-1
levels in the aqueous humor47 and plasma48 are higher than
in healthy controls. Short-term treatment with a mixed ETA

and ETB receptor antagonist increased ocular blood flow in
patients with glaucoma and healthy subjects.49 In a recent
study, increased plasma levels of ET-1 correlated negatively
with peripapillary and macula vessel density in patients with
glaucoma as measured by OCTA.25 One plausible explana-
tion for the improvements in the retinal vasculature seen
in our clinical trial could be the inhibitory effects of NAM
on endothelin-mediated vasoconstriction. Furthermore, in
animal models, intravitreal injection of ET-1 was sufficient to
drive RGC death,50,51 and the administration of an ETA and
ETB receptor antagonist protected from glaucoma.26 Impor-
tantly, a recent study using the DBA/2J mouse model of
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inherited glaucoma showed that deletion of ETA from reti-
nal vascular mural cells prevented ET-1–mediated vasocon-
striction and RGC death.27 Inhibition of endothelin-mediated
vasoconstriction may therefore have neuroprotective effects
in glaucoma. Although NAM appears to protect from vascu-
lar endothelial dropout in the animal model (as demon-
strated by histopathological analysis using antibody-staining
against CD31, CLDN-5, and VE-cadherin, proteins that are
commonly associated with vascular endothelial integrity),
vascular morphological changes in humans after only 2
weeks of NAM treatment appear implausible. Likely, the
increase in retinal vascular parameters as seen in our OCTA
analysis represents an enhancement of retinal perfusion due
to vasodilation, possibly via the above-mentioned mecha-
nism, and increased cardiovascular activity. Unfortunately, it
is impossible to histopathologically analyze the ocular tissue
from our patients; hence, at the present time we can only
note that following NAM treatment there is less vascular
endothelial dropout in the ocular hypertensive animal model
and at the same time an increase in retinal perfusion in our
glaucoma patients, yet we cannot determine if there is any
link between these observations apart from the NAM treat-
ment.

In the central macular region, a small but significant
negative interaction of prostaglandin analogs and the effect
of NAM treatment on PD was seen, and, in the macular
complete and inner region, there was a trend that partic-
ipants who were not on prostaglandin analogs demon-
strated a better effect of NAM treatment. Studies have shown
that treatment with prostaglandin analogs can improve reti-
nal vessel density.52,53 Moreover, topical administration of
prostaglandin analogs inhibits ET-1–induced decreases in
ONH blood flow in animals.54 NAM can reverse ET-1–
mediated vasoconstriction.28 Thus, a possible explanation
for the better effect on macular PD after NAM treatment
in participants not on prostaglandin analogs seen in this
study could be competing vasoactive mechanisms between
prostaglandin analogs and NAM.

A small (0.8 mmHg) but significant reduction of IOP
after short-term treatment with NAM was seen in this
study when including all glaucoma patients. This finding
mirrors a similar significant (but small, 1.2 mmHg) reduc-
tion in IOP in NAM-treated NT rats as previously demon-
strated.33 Subanalyses revealed that the NTG and PEXG
patients demonstrated significant IOP reductions (1.0 mmHg
and 1.2 mmHg, respectively), but the HTG patients did
not. As IOP varies throughout the day,55 subanalyses were
performed that included only participants seen at the same
time of day (±1 hour) in both visits, with only the NTG
patients still exhibiting a significant IOP reduction. Multi-
variate regression analyses demonstrated that treatment with
prostaglandin analogs was associated with a greater IOP
reduction after NAM treatment. NTG and PEXG patients on
prostaglandin analogs demonstrated a significant reduction
in IOP, and the significance remained after analyzing only
those seen at the same time of day (±1 hour). Contrary to
the results seen in this study, Hui et al.22 found no evidence
of IOP reduction in patients with glaucoma after 6 weeks of
NAM treatment. A possible explanation for this discrepancy
may be that IOP measurements in this study, as for the PEXG
patients and the controls, were done with three different
rebound tonometers by two different operators. Thus, inter-
device and interoperator variability is a possible confounder
of the results.56–58 In contrast to this current study, Hui et
al.22 performed no separate analyses on subgroups based on

glaucoma subtype or topical glaucoma medications, such as
prostaglandin analogs, which could be a plausible explana-
tion for the different results seen in the studies. It has been
shown that a placebo effect commonly occurs in glaucoma
clinical trials59; thus, expectations of NAM to have positive
effects may also have contributed to the IOP reduction seen
in this current study. Further studies are needed to establish
the possible effects of NAM on IOP in patients with glau-
coma.

This study has several strengths. First, there were no
significant differences in age, gender, systemic arterial
hypertension, or diabetes mellitus among any of the study
groups, and these factors have been shown to influence
the retinal vasculature measured using OCTA.60 Second, all
OCTA scans had a signal strength of 9 or above, and all
posttreatment OCTA scans were acquired using the inbuilt
“track to prior scan” option.38–40 Third, the adherence rate to
NAM treatment was >90% in all participants who completed
the study. Our study is limited by the lack of registration of
factors that may have been shown to influence OCTA param-
eters, such as heart rate, mean arterial blood pressure, recent
exercise, and myopia.10,61 Thus, the measurements were not
adjusted for this in the analyses. Regarding the NAM treat-
ment, the adherence rate was checked by asking each partic-
ipant, but patients tend to conceal nonadherence.62 There-
fore, solely having relied on the participant’s information
about their adherence rate may constitute a limitation.

In conclusion, treatment with NAM can limit retinal vascu-
lar damage in an animal model of glaucoma. In addition,
short-term NAM treatment in patients with pre-existing glau-
coma can yield an increase in retinal vessel parameters.
However, the improvements were small and of limited clini-
cal relevance. Thus, we find it less likely that the neuropro-
tective effects of NAM in glaucoma seen in recent preclin-
ical20,21,33 and clinical22,23 trials are due to the vasoactive
properties of NAM. Importantly, no negative effects on the
retinal vasculature were seen with NAM treatment. Topical
glaucoma medications, particularly prostaglandin analogs,
and systemic arterial hypertension may influence the effect
of NAM treatment. Although the effect size is small, this
might be worth considering for the ongoing clinical trials
for glaucoma where IOP-lowering treatment is still admin-
istered and for future stratification of patients onto NAM
treatment.
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