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Abstract: The tobacco cembranoid (1S,2E,4R,6R,7E,11E)-2,7,11-cembratriene-4,6-diol (4R) is known 
to induce neuroprotection against brain ischemia, systemic inflammation, Parkinson’s disease, and 
organophosphate toxicity in rodents. Studies examining the compound’s safety in male and female 
Sprague Dawley rats demonstrated no significant side effects after a single injection of 4R at various 
concentrations (6, 24, or 98 mg/kg). To evaluate the neurotherapeutic feasibility of 4R for clinical 
trials, we have assessed the safety of this compound in nonhuman primates. We investigated 
whether 4R induces toxicity in male Macaca mulatta when administered for 11 consecutive days via 
intravenous injection at a dose of 1.4 mg/kg. Electroencephalogram, somatosensory evoked 
potential, and transcranial motor evoked potentials were measured at days 0, 4, 8, and 12 and 
remained unaffected during the experimental study. Spontaneous behavior was not affected 
between the groups. Small histopathological changes in the organs were observed in some animals, 
both treated and non-treated; thus, these changes cannot be attributed to 4R. Minor hematological 
and blood composition variations with no clinical significance were detected in the experimental 
animals. In conclusion, our data support previous findings that 4R is a non-toxic compound that 
proved safe in nonhuman primates during the given time period and dose. 

Keywords: cembranoid; safety; nonhuman primates; EEG; SSEP; TcMEP 
 

1. Introduction 

(1S,2E,4R,6R,7E,11 E)-2,7,11-Cembratriene-4,6-diol (4R) is a cyclic diterpenoid and the second 
most abundant tobacco cembranoid found in Nicotiana tabacum. 4R crosses the blood-brain barrier 
(BBB) within minutes and reaches a higher concentration in the brain than in plasma [1]. The liver 
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rapidly metabolizes the remaining 4R in the blood and excretes it by the kidney as a soluble 
metabolite with no signs of toxicity [1,2]. As an alpha-seven nicotinic acetylcholine receptor (α7 
nAChR) antagonist, 4R has been reported to rescue the functionality of hippocampal neurons after 
exposure to the excitotoxic effects of N-methyl-D-aspartate (NMDA) and organophosphates 
(paraoxon and diisopropyl fluorophosphate (DFP)) by triggering an antiapoptotic mechanism 
mediated by PI3K/Akt [3–6]. In vivo, 4R decreased brain degeneration caused by the analog of sarin, 
DFP, and improved the behavior in the 6-hydroxydopamine-induced Parkinson’s disease mouse 
model (6,7).  

In oxygen-glucose deprivation (OGD) models, 4R recovers neuronal activity in rat acute 
hippocampal slices by Akt phosphorylation, showing a common mechanism of neuroprotection 
despite different insults [7]. In murine brain-derived endothelial cells, 4R suppresses the expression 
of the intercellular cell adhesion molecule 1 (ICAM-1) [7], demonstrating that its effects extend to 
cells different from neurons. Lastly, 4R promoted the polarization of the protective M2 microglia 
while attenuating the pro-inflammatory M1 phenotype in N9 cells (microglia cell line) following 
OGD treatment. In addition, the conditioned medium of 4R-treated N9 cells post-OGD increased 
neuronal viability by 54.5%, due in part to a decrease of TNF-α and IL-6 cytokine release [8], 
suggesting that 4R has the potential to become a therapy for ischemic stroke.  

Ischemic stroke is the second leading cause of death worldwide (5.5 million annually), 
accounting for 50% of chronic disability of its survivors and contributing to high expenditure costs 
[9–11]. The only FDA-approved treatment for stroke (intravenous injection of recombinant tissue 
plasminogen activator (rtPA) has proven effective in dissolving blood clots [12]. However, only 7% 
of stroke patients are eligible for rtPA after stroke onset due to its timeframe limitation (4.5 hours) 
[13] and a mandatory CT scan by an experienced medical team before the drug administration [14]. 
Additionally, electrophysiological techniques such as electroencephalogram (EEG), somatosensory 
evoked potentials (SSEP), and transcranial evoked motor potential (TcMEP) allow for the early 
detection of ischemic events and for timely intervention [15–18]. While SSEP and TcMEP provide 
immediate feedback regarding the integrity of the central and peripheral nervous systems, the EEG 
assesses the brain’s status. Neuronal inflammation is a characteristic feature in the stroke-affected 
region(s) as a consequence of oxygen and glucose deprivation [19]. Stroke patients with systemic 
inflammation exhibit clinically poorer outcomes [20,21]. Treating brain inflammation and protecting 
the brain while waiting in the emergency room can be vital to recovering damaged tissue after 
hypoxia [22]. 4R has been shown to reduce inflammation and improve neurological outcomes in rat 
and murine models of ischemic stroke. Animals subjected to temporary and permanent middle 
cerebral artery occlusion (tMCAO and pMCAO) had more than a 50% reduction in the infarction size 
after one single dose of 4R (6mg/Kg) compared to vehicle-treated animals [7].  

Despite the proven beneficial effect in rat and murine models with different insults [5,7,23,24] 
and lack of toxicity in Sprague Dawley rats [2], 4R safety was never studied in a species close to 
humans. Nonhuman primates (NHPs) share structural and functional similarities to the human brain, 
liver, and kidney [25–27] and are the most important model in various biomedical research fields, 
including neurodegenerative disorders [28,29]. This study aimed to determine the safety of a 
repeated i.v. dose of 4R given to male rhesus monkeys for 11 consecutive days. To gain insight into 
the effects of 4R in brain activity, we assessed the electrophysiological function of the peripheral and 
central nervous system. Furthermore, the safety results may support 4R use as a potential treatment 
against ischemic stroke and other neurodegenerative diseases with an inflammatory component 
involved. We also assessed the effects of 4R in the brain cortex, hippocampus, liver, and kidney by 
histology.  

2. Materials and Methods 

2.1. Test Substance (4R) and vehicle 

The (1S,2E,4R,6R,7E,11E)-2,7,11-cembratriene-4,6-diol was provided by Dr. El Sayed Research 
Foundation, University of Louisiana–Monroe, College of Pharmacy, LA. The cembranoid was 
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extracted from Nicotiana tabacum leaf powder using the procedure reported before [30]. Briefly, 
Virginia, Oriental, or Burley tobacco was purchased from Custom Blends, NY. The purity of 4R was 
>99% using the following analytical criteria: a) 1H NMR: Integration of H-6 Proton at β 4.81 versus 
that of the 4S epimer (δ 4.46); b) 13C NMR: C-6 in the 4R (δC 67.5) versus C-6 in the 4S (δC 66.0); c) 
Thin-layer chromatography (TLC): Rf value 0.42 (Silica gel, n -hexane-Ethyl acetate 1:1). 

The vehicle of 4R was prepared using polyethylene glycol 400 (PEG 400) and 100% ethyl alcohol 
(Ethanol) obtained from VWR International, LLC (Brisbane, CA). In the following tests, 4R powder 
for i.v. administration was dissolved in a mixture of 10% Ethanol and 90% PEG 400. This formulation 
has been proven neuroprotective in vivo after the implementation of tMCAO [7] and represented a 
better drug dissolution since dimethyl sulfoxide (DMSO) use in drug formulation has been restricted 
by the Federal Drug Administration (FDA) from the United States [31].  

2.2. Test Animals: Nonhuman primates 

Ten male rhesus monkeys (Macaca mulatta, age: 36-48 months; weight 6.0 – 8.0 Kg) were housed 
individually at the Caribbean Primate Research Center (CPRC), Sabana Seca, PR and transferred to 
the Animal Resources Center (ARC) of the University of Puerto Rico, Medical Sciences Campus, San 
Juan, PR in a vehicle specially designated for this purpose. Transportation of the animals was 
performed by experienced staff in coordination with the MSC security office and following 
established SOPs and Institutional Policies. The animals were quarantined for 10 days. They were 
housed in single cages under standard conditions (a 12-h light/dark cycle with the light on from 08:00 
to 20:00 h; humidity at 32% and temperature at 24 ± 2°C). All experimental and animal care 
procedures were carried out in accordance with the National Institute of Health (NIH) Guide for the 
Care and Use of Laboratory Animals. The monkeys were fed and given water ad libitum.  

Animals were euthanized and perfused after 12 days; all procedures were performed under a 
safety hood. With the animals under deep anesthesia (Ketamine (10mg/Kg) and Xylazine (0.25mg/Kg) 
applied i.m.), a commercial euthanasia solution (Euthanasia III solution) at a dose of 0.22ml/Kg 
(86mg/Kg) was administered i.v, through the saphenous or cephalic catheter. After a terminal 
perfusion with chilled saline (until the corneal reflex was lost) the brain, kidney, and liver tissues 
were collected and fixed in buffered paraformaldehyde for further histopathological analysis.  

2.3. Repeated-Dose Toxicity Study Design  

The repeated-dose toxicity of 4R in monkeys was examined based on toxicity testing for 
Pharmaceuticals, Industry Guidelines” from the FDA [32]. The rhesus monkeys were randomly 
divided into two groups, with five animals per group. 4R was administrated i.v. in the saphenous or 
cephalic catheterization by experienced personnel. This route of administration is typical for clinical 
use in humans due to its simplicity for drug delivery [33].  

Group 1 served as the control group and received only vehicle (10% Ethanol: 90% PEG 400). 
Treated Group 2 was injected with the test compound 4R at the dose of 1.4 mg/Kg based on the 
empirical approach of the dose-by-factor method to estimate the human equivalent dose compared 
to the rodent neuroprotective dose [34]. The NHPs were observed for any symptoms of toxicity 
immediately after the injection. Observations for mortality, signs of illness, pain, injury, allergic 
responses, alterations in appearance, and behavioral changes, such as ataxia and hyperactivity, 
general stimulation, and sedation, were conducted daily. All the observations were methodically 
recorded. 

2.4. Behavior 

Assessment of the ability to self-care and neurological examinations were conducted one day 
before the beginning of procedures to establish the baseline behavior (day 0) and on days 2, 7, and 
11, to assess the effect of the 4R or vehicle during the treatment. These evaluations were quantitated 
as neurological scores, with higher scores reflecting better functional status. Rhesus monkeys’ 
spontaneous behavioral outcome was evaluated for 30 min in the morning, and observations were 
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recorded using the task-oriented scoring system, adapted from Mack et al. [35] and used previously 
by us with Macaca mulatta [36]. The behavior in every session was video recorded and described by 
one observer who was blinded for the animals’ treatment.  

2.5. Histopathology 

To assess if 4R administration induces damage in the kidney, liver, and brain, the organs were 
fixed in 10% neutral buffered formalin containing neutral phosphate-buffered saline for at least 72 
hours. Samples were trimmed, processed, embedded in paraffin, and sliced into 5-7 μm thick 
sections. Sections were stained with hematoxylin and eosin (H&E) according to routine histological 
techniques by PennVet Comparative Pathology Core (University of Pennsylvania, PA). Each lesion 
was listed and coded by the most specific topographic and morphologic diagnostic, severity, and 
distribution using the Systematized Nomenclature of Medicine (SNOMED), National Toxicology 
Program, and the Toxicology Data Management System (TDMS) as guides. Records of gross findings 
for a specimen from postmortem observations were available to the pathologist, when examining 
that specimen microscopically. 

2.6. Blood collection 

To compare hematological and biochemical parameters between 4R-treated and vehicle-injected 
animals, blood samples (5ml) were collected on days 4, 8, and 12 using Vacutainer tubes with 
dipotassium ethylenediaminetetraacetic acid (K2EDTA) to perform a Complete Blood Count (CBC) 
with the equipment XN10 (Sysmex) applying clinical parameters used for humans. No anticoagulant 
was used for serum chemistry samples, also known as comprehensive metabolic panel (CMP). The 
CMP was performed using COBAS (Roche). Animals did not fast before blood collection. 

2.7. Electrophysiological assessment 

SSEP, EEG, and TcMEP were recorded for up to 30 min on days 0, 4, 8, and 12 utilizing an Axon 
Eclipse (Medtronic, PA). 

2.7.1. SSEPs were obtained by stimulating a peripheral nerve (Sciatic and Median for upper and 
lower extremity, respectively) following an alternating, random square electrical pulse.  

These potentials were recorded from subdermal needle electrodes placed in the scalp, over the 
somatosensory cortex bilaterally (C3’ and C4’), as well as over the brachial plexus (position analog to 
the Erb’s point in humans). For stimulation parameters, we have used an intensity of 4mA, a 
repetition rate of 2.1Hz, and a pulse duration of 200μs. The waveforms were recorded utilizing an 
analog-to-digital filter with a low frequency filter (LFF) set at 30Hz, and a high-frequency filter (HFF) 
set at 3000Hz. The processed signal was filtered utilizing a bandpass with the LFF set at 30Hz, and 
the HFF set a 500 Hz for both median and sciatic nerves.  

The SSEP potential originates at the stimulation site in the peripheral nerve and travels into the 
spinal cord through the dorsal root ganglion to reach medulla oblongata, in which the first synapse 
occurs. Then, these action potentials move from the medulla oblongata to the ventral posterior lateral 
nucleus of the thalamus, where the second synapse occurs. From the thalamus, the impulse travels 
to the primary sensory cortex for the third and final synapse. These action potentials, measured at 
different points through the somatosensory pathway, allow us to confirm the stimulation integrity, 
while also providing feedback of the pathway, and if treatment or vehicle are affecting the normal 
brain function. SSEPs were analyzed according to the peak-to-trough amplitude of the primary 
negative peak and its secondary positive peak for all points evaluated (peripheral, sub-cortical, and 
cortical) (Figure 1). Latency, inter-latency, and amplitude were also evaluated. Latency was defined 
as the time (s) from the stimulation site to the appearance of the primary negative peak. Inter-latency 
was defined as the time between the primary negative peak and the secondary positive peak. 
Amplitude was defined by the vertical measurement between A and B (Figure 1). 
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Figure 1. Peaks identified with A depict the primary negative peak. Peaks identified with B depict the 
secondary positive peak. The first peak confirms the integrity of the conduction velocity of the pathway, 
while the amplitude determines the overall integrity of the potential generator. In an ischemic event, 
these two parameters are most sensitive to detect changes and pathway integrity, which can be 
translated to brain tissue viability. 

2.7.2. EEGs were recorded utilizing a subdermal needle over the somatosensory cortex (C3’ and 
C4’).  

The waveforms were recorded using an analog-to-digital converter with the HFF set to 70Hz, 
and the LFF set to 1Hz. The gain was set to 7μV/div, and the page scrolling was set at 15mm/s. The 
EEG frequency and morphology can be influenced by several factors, including the stage of 
awareness, anesthesia, or a decrease in blood perfusion, among others. Prior studies have used the 
appearance or increase of theta or delta activity, suppression of alpha and beta activity of greater than 
50%, or both in the raw EEG data as their definition of a significant change [37]. In our experiments, 
we looked for global changes in EEG frequency on both hemispheres individually and globally: for 
vehicle vs. experimental, vehicle vs. vehicle, and experimental vs. experimental across the 
experimental timeline (day 0, 4, 8, and 12). 

2.7.3. TcMEP were stimulated utilizing a subdermal needle over the motor cortex (C3 and C4).  

The compound muscle action potentials (CMAPs) were recorded utilizing subdermal needles 
over the target muscles (recorded from extensor carpi radialis longus and extensor radialis brevis for 
the forelimb, and the tibialis anterior and the gastrocnemius medialis for the hindlimb) utilizing an 
analog to digital converter with the HFF set to 3000Hz and the LFF set to 10Hz. The motor pathway 
was activated utilizing a constant voltage stimulator. The stimulation parameters were a square-
monophasic train pulse of stimulation (7 pulses) with an interstimulus of 3μs and a stimulatory rate 
of 0.5Hz. The intensity was set at 40V. The signals were acquired utilizing an analog-to-digital 
converter with a HFF of 3000Hz and a LFF of 30Hz. With an activated motor pathway, the action 
potential travels from the motor cortex into the spinal cord through the corticospinal tracts. Reaching 
the spinal cord, the action potential arrives at the anterior horn, where the first synapse occurs and 
continues to the neuromuscular junction, where the second and final synapse occurs, and a CMAP 
was recorded. Due to the variable nature of the activation of the motor pathway, we evaluated the 
recordings of each extremity individually and looked for significant changes from baseline values in 
control vs. experimental, control vs. control, and experimental vs. experimental across the 
experimental timeline (day 0, 4, 8, and 12) to determine whether there are significant changes. 
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2.8. Anesthesia Management 

During the electrophysiological procedures, the animals were maintained under anesthesia with 
a combination of Ketamine (10mg/Kg) and Xylazine (0.25mg/Kg) applied intramuscularly (i.m.) 
using a 3ml sterile syringe with a 23-gauge needle. No paralytic agents were used after induction and 
intubation. A bite block was used to prevent tongue lacerations resulting from motor stimulation. 

2.9. Statistical Analysis  

2.9.1. Blood Biochemistry 

Means and standard deviations were used to describe the results of the biochemistry tests in two 
study groups (experimental vs. vehicle). We compared the average test measurements of these 
biochemical variables between the experimental and control groups using the Mann-Whitney test at 
each study timepoint, beginning at baseline and continuing at each follow-up (day 4, 8) until day 12. 
The False Discovery Rate (FDR) of Benjamini-Hochberg was used to correct for multiple comparisons 
[38]. All statistical analyses were performed using STATA SE 16 (Stata Corp., Texas, USA) at a 0.05 
level of statistical significance. 

2.9.2. Electrophysiological recordings 

The authors working with the electrophysiological recordings and the statistical analysis were 
blind to the conditions of the experiment. Linear mixed-effect regression models were used for all 
continuous outcomes (amplitude, latency, and inter-latency) to explore the differences between the 
groups, accounting for changes over time and stratifying by brain hemisphere, extremity, and 
recording location. To evaluate the potential interactions between the groups and covariates, the 
“main effects only” models were compared with the full models (which included interactions 
between the intervention group and observation time, hemisphere or extremity, and location of the 
measurement), using a likelihood ratio (LR) test. For outcome variables for which the LR test was not 
statistically significant, the “main effects only” model was preferred. For the outcomes with 
significant interactions, each interaction between the experimental group and a covariate was 
evaluated individually based on their Wald-type test p-values; the final model presented in the 
results included only significant interactions. A similar analysis was made to describe measurements 
of all electrophysiological recordings evaluated in this study. Regression coefficients and their 95% 
confidence intervals for all fixed and random effects were presented. 

3. Results 

3.1. Electrophysiological recordings  

Baseline recordings of SSEP, TcMEP, and EEG were recorded on day 0 before the administration 
of 4R and vehicle (Figure 2). All subsequent recordings were then compared against the values of the 
baseline recording. Variability among intact subjects is normal and expected, as each subject may 
have different comorbidities or genetic differences that may influence the amplitude and conduction 
velocity. Other parameters, such as the effects of anesthesia and physiological differences, can also 
affect these recordings. Our statistical approach was designed to adjust for these differences. 

3.1.1. SSEP recordings 

We compared the values of latency and amplitude for each of the generators (peripheral, 
subcortical, and cortical) during the experimental days against the results obtained at baseline (day 
0). No statistically significant differences were observed between the 4R- and vehicle- treated animals 
(Table 1). Variance is explained differently for each outcome. The estimated intraclass correlation 
coefficients for the outcome variables ranged from 0.06 to 0.25. This means that 6% to 25% of the 
variance observed in the measurements can be attributed to the physiological differences between 
the NHPs. 
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Figure 2. Representative baseline (day 0) neurophysiological recordings on vehicle control and 4R-
experimental groups. A) SSEP, B) EEG, and C) TcMEP recordings. 

Table 1. Amplitude and latency for each generator (peripheral, subcortical, and cortical) in 
somatosensory evoked potentials (SSEP) in a linear mixed model of selected neuroanatomy 
characteristics stratified for extremity, brain, and hemisphere location. 

Recording location Group Amplitude Latency 

  
Estimated 

Coefficient (95% CI) 
Estimated 

Coefficient (95% CI) 

Left Upper Extremity, Peripheral 
vehicle 

experimental 
REFERENCE 

0.26 (-0.37;0.89) 
REFERENCE 

-0.46(-1.00;0.08) 
Left Upper Extremity, 

Subcortical 
vehicle 

experimental 
REFERENCE 

0.48 (-0.15; 1.11) 
REFERENCE 

-0.10 (-0.97; 0.78) 

Left Upper Extremity, Cortical 
vehicle 

experimental 
REFERENCE 

1.17 (-1.03; 3.37) 
REFERENCE 

0.21 (-0.80; 1.22) 
Left Lower Extremity, Cortical vehicle REFERENCE REFERENCE 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 17 May 2023                   doi:10.20944/preprints202305.1179.v1

https://doi.org/10.20944/preprints202305.1179.v1


 8 

 

experimental -2.60 (-5.61; 0.41) 0.83 (-2.10; 0.45) 
Right Upper Extremity, 

Peripheral 
vehicle 

experimental 
REFERENCE 

0.33 (-0.18; 0.83) 
REFERENCE 

-0.40 (-0.82; 0.01) 
Right Upper Extremity, 

Subcortical 
vehicle 

experimental 
REFERENCE 

0.05 (-0.38; 0.48) 
REFERENCE 

-0.07 (-0.75; 0.62) 

Right Upper Extremity, Cortical 
vehicle 

experimental 
REFERENCE 

0.03 (-0.99; 1.06) 
REFERENCE 

-0.30 (-1.08; 1.02) 

Right Lower Extremity, Cortical 
vehicle 

experimental 
REFERENCE 

-0.60 (-3.09; 1.89) 
REFERENCE 

-0.92 (-2.53; 0.68) 
* Coefficients that resulted statistically significant with p<0.05. 

3.1.2. EEG recordings 

The observed frequency was analyzed while the subject was under anesthesia, and those values 
were compared between the vehicle and 4R. Also, the effects of each variable, vehicle, and 4R were 
evaluated individually against their own baseline values. No statistically significant difference was 
observed when comparing global frequencies (left and right hemispheres together) or when 
evaluating the average of each hemisphere individually between 4R experimental and vehicle (Table 
2).  

Table 2. Differences between the experimental and vehicle group in terms of average EEG 
measurements, stratified by hemisphere. 

Recording location Group Average Frequency 

  Estimated Coefficient (95% CI) 

Left Hemisphere 
vehicle 

experimental 
REFERENCE 

-0.27 (-2.24; 1.70) 

Right Hemisphere 
vehicle 

experimental 
REFERENCE 

-0.43 (-2.65; 1.79) 
Electroencephalogram (EEG) was measured continuously during baseline day 0 and experimental days 4, 8, and 
12. The average frequency for each hemisphere showed no significant difference in recordings between the 
vehicle and 4R-experimental. Coefficients were estimated from a linear mixed effects model accounting for 
changes in time, stratified by the hemisphere. 

However, subjects exhibited an increase in frequency on days 8 and 12 when compared to their 
own baseline values on the left hemisphere. Measurements of EGG-Hz obtained on day 8 after the 
trial started higher by 2.20 Hz [95%CI: 0.72; 3.68] compared to baseline measures. On day 12, the 
measures decreased; however, they were still significantly higher than the baseline measurements of 
1.63 Hz [95%CI: 0.15; 3.11]. Nevertheless, an EEG increase in the single digits is not biologically 
relevant. In addition, no significant increase in frequency was observed in the right hemisphere 
(Table 3). 

Table 3. Changes in average EEG measurements over time, for each hemisphere. 

Recorded from the Left Hemisphere 

Time (in days) 

baseline REFERENCE 
4th day  1.49 (0.01; 2.97) 
8th day 2.20 (0.72; 3.68) * 

12th day 1.63 (0.15; 3.11) * 
Recorded from the Right Hemisphere 

Time (in days) 

baseline REFERENCE 

4th day  1.06 (-0.36; 2.47) 
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8th day -0.06 (-1.48; 2.47) 
12th day -0.27 (-1.69; 1.14) 

An electroencephalogram (EEG) linear mixed effects model was employed after stratifying contacts based on 
hemisphere-specific locations in the vehicle and 4R experimental throughout the days and adjusting for the 
experimental group. Day 0 is depicted as the baseline and was used as a reference for comparison within the 
groups. * Coefficients that resulted statistically significant with p<0.05. 

3.1.3. TcMEP recordings 

We evaluated the phases or compound muscle action potentials observed in the target muscles 
for all four extremities following the activation of the motor cortex and compared the experimental 
values against the control values. Since the left side of the body is represented in the right side of the 
brain, while the left side of the body is represented on the right side of the brain, we did not observe 
any significant statistical difference when activating the right hemisphere motor cortex and recorded 
responses on the left side of the body. However, a statistically significant difference was found when 
activating the left hemisphere motor cortex (responses were recorded on the right side of the body) 
for both the upper and lower extremities (Table 4). 

Table 4. Changes in average TcMEP measurements over time, for each hemisphere. 

Recording location Group Compound Muscle Action Potential 

  Estimated Coefficient (95% CI) 

Left upper extremity 
control 

experimental 
REFERENCE 

-0.56 (-2.08; 0.96) 

Right upper extremity 
control 

experimental 
REFERENCE 

-1.53 (-2.56; - 0.50) * 

Left lower extremity 
control 

experimental 
REFERENCE 

0.79 (-0.51; 2.09) 

Right lower extremity 
control 

experimental 
REFERENCE 

-1.53 (-2.56; - 0.50) * 
* Coefficients that resulted statistically significant with p<0.05. 

3.2. Behavior evaluation of rhesus macaque monkeys before and after 4R administration 

The primary purpose of the behavioral observations was to determine whether 4R or its vehicle 
(10% Ethanol: 90% PEG 400) affected spontaneous behaviors in the rhesus macaques. Table 5 
represents the data obtained by using the task-oriented neurologic scale [7]. During the four 
observation time points on days 0, 2, 7, and 11, no impairment was observed in movement, interaction 
with surroundings, and self-care between the experimental and control groups. Additionally, no 
significant difference was detected in the categories of vocalization, response to noise, and aggressive 
defensive behavior between the control and 4R-experimental groups.  

Table 5. Behavioral observations in male rhesus monkeys before and after repeated-dose 
administration of vehicle control or 4R experimental treatment. 

   Vehicle 4R-experimental 

 Day 

Parameters 0 2 7 11 0 2 7 11 

Slowly moves         
Yes 4 (80.0) 4 (80.0) 5 (100.0) 5 (100.0) 4 (80.0) 4 (80.0) 5 (100.0) 5 (100.0) 
No 1 (20.0) 1 (20.0) 0 0 1 (20.0) (80.0) 0 0 

Aggressive 

defensive behavior 
        

Yes 5 (100.0) 4 (80.0) 3 (60.0) 5 (100.0) 5 (100.0) 4 (80.0) 3 (60.0) 5 (100.0) 
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No 0 1 (20.0) 2 (40.0) 0 0 1 (20.0) 2 (40.0) 0 
Vocalizes         

Yes 1 (20.0) 5 (100.0) 1 (20.0) 2 (40.0) 3 (60.0) 5 (100.0) 0 3 (60.0) 
No 4 (80.0) 0 4 (80.0) 3 (60.0) 2 (40.0) 0 5 (100.0) 2 (40.0) 

Interacts with toys         
Yes 4 (80.0) 2 (40.0) 3 (60.0) 4 (80.0) 4 (80.0) 3 (60.0) 1 (20.0) 3 (60.0) 
No 1 (20.0) 3 (60.0) 2 (40.0) 1 (20.0) 1 (20.0) 2 (40.0) 3 (60.0) 2 (40.0) 

missing       1 (10)  
Grooms, scratches         

Yes 3 (60.0) 5 (100.0) 4 (80.0) 5 (100.0) 2 (40.0) 5 (100.0) 3 (60.0) 5 (100.0) 
No 2 (40.0) 0 1 (20.0) 0 3 (60.0) 0 2 (40.0) 0 

Responds to a 

noise 
        

Yes 4 (80.0) 4 (80.0) 3 (60.0) 5 (100.0) 5 (100.0) 4 (80.0) 2 (40.0) 4 (80.0) 
No 1 (20.0) 1 (20.0) 2 (40.0) 0 0 (0.00) 1 (20.0) 3 (60.0) 1 (20.0) 

Numbers represent the total quantity of observed animals with a specified behavior (slowly moves, aggressive 
defensive behavior, vocalizes, interacts with toys, grooms, scratches, and responds to a noise). The number of 
animals was n = 5/group. The parentheses () contain the percent (%) of animals. P-values of 0.5 - 0.99 were 
detected using the Exact McNemar statistical test. Test for paired data when comparing control vs. 4R-
experimental for a given day (day 0, 2, 7, 11). 

3.3. Histopathological analysis of rhesus macaque monkeys after 4R administration 

Histopathological observation of the liver, kidney, cortex, and hippocampus showed no 
pathological lesions after administering 4R. As shown in Figure 3, the brain and kidney sections were 
within normal parameters in 4R- and vehicle-treated animals. There was no apparent trend in the 
prevalence or severity of the histological findings between the groups. The histological changes, 
including perivascular cuffing (inflammation around blood vessels) in the brain, inflammatory 
infiltrates in the liver and kidney, and mineralization in the brain, were compatible with incidental 
background changes. Table 6 represents the pathological report of the histological findings for every 
animal. Considering the nature of these changes and the lack of any trend between the two groups, 
we concluded that the findings are unlikely to be related to the administration of 4R.  

 

Figure 3. Histopathological staining of tissues using hematoxylin and eosin (H&E) in male rhesus 
macaque monkeys after daily injection of a 4R dose (1.4 mg/kg) for 11 days. A, E: liver; B, F: kidney; 
C, G: hippocampus and D, H: cerebral cortex. 100X magnification. Scale bar: 100 μm. 
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Table 6. Histopathological evaluation of liver, kidney, hippocampus, and cerebral cortex in rhesus 
monkeys after daily injection of a 4R dose (1.4 mg/kg) for 11 days. 

Individuals Liver Kidney Hippocampus Cortex 

Vehicle     

5U8 
Minimal scattered 

lymphohistiocytic portal 
infiltrates. 

No lesions. No lesions. No lesions. 

1V0 No lesions. No lesions. 
Focal perivascular 

lymphocytic 
infiltrate. 

No lesions. 

CF89 
Minimal scattered 

lymphohistiocytic portal 
infiltrates. 

No lesions No lesions. No lesions 

CF75 
Minimal scattered 

lymphohistiocytic portal 
infiltrates. 

No lesions. Not examined. No lesions. 

2T3 
Minimal scattered 

lymphohistiocytic portal 
infiltrates. 

Minimal focal 
lymphocytic 

interstitial infiltrate. 
No lesions. No lesions. 

Experimental     
2W4 No lesions.  No lesions.  No lesions.  No lesions. 

MA286 
Minimal scattered 

lymphohistiocytic portal 
infiltrates. 

No lesions. No lesions. No lesions. 

MA327 
Minimal scattered 

lymphohistiocytic portal 
infiltrates. 

Minimal multifocal 
lymphocytic interstitial 

infiltrates. 
No lesions. No lesions. 

CF90 
Minimal scattered 

lymphohistiocytic portal 
infiltrates. 

No lesions. 
Minimal focal  

mineralization. 
No lesions. 

1X8 
Minimal scattered 

lymphohistiocytic portal 
infiltrates. 

No lesions. Not examined. No lesions 

3.4. Biochemical and hematological analyses 

Most of the biochemical results concerning the male NHPs did not display significant changes 
caused by the 4R treatment (Table 7). Although the aspartate aminotransferase (AST) was 
significantly different in the experimental compared to the control group at day 12 (81.2±40.81vs. 
44.2±12.98). However, when multiple test corrections were performed for False Discovery Rate (FDR) 
the significance was lost. Thus, we did not consider it as an indication of hepatic damage since we 
detected AST levels at 68.2±50.94 in the control group at day 8 since on day 12 AST vehicle control 
group spontaneously normalized to 44.2±12.98. Additionally, the 4R dose did not affect the activity 
of the liver enzymes: aspartate alanine aminotransferase (ALT) and alkaline phosphatase (ALP), 
which supports the notion that 4R is not hepatotoxic. Considering the minor changes in mean 
corpuscular volume (MCV), mean corpuscular hemoglobin (MCH), and mean platelet volume (MPV) 
on day 4, we concluded that 4R does not contribute to anemia or the development of cardiovascular 
diseases and stroke (Table 7).  
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Table 7. Hematological and comprehensive metabolic panel analysis after repeated 4R administration 
in male rhesus monkeys (Macaca mulatta). 

 Day 0 Day 4 Day 8 Day 12 

Parameters control 4R control 4R control 4R control 4R 

WBC (x103/μl) 8.38±2.15 8.68±3.00 6.87±1.66 7.59±3.04 7.714±2.49 8.476±2.58 7.54±3.20 9.19±2.98 

RBC (106/μl) 5.14±0.47 5.25±0.55 4.78±0.37 5.028±0.61 4.56±0.25 4.72±0.53 4.45±0.20 4.78±0.52 
HGB (g/dL) 12.08±1.00 11.58±1.07 11.28±0.88 11.08±0.91 10.82±0.65 10.50±0.77 10.56±0.50 10.62±0.51 

HCT (%) 38.18±3.37 37.28±3.05 35.82±2.50 35.88±3.21 34.58±1.56 33.88±2.40 33.90±1.40 34.26±2.40 
MCV (fL) 74.22±0.38 71.12±3.29* 74.98±1.06 71.62±3.24* 75.86±1.00 72.06±3.32* 76.12±1.01 71.86±3.27 
MCH (pg) 23.50±0.33 22.10±1.70 23.60±0.41 22.18±1.25* 23.74±0.27 22.34±1.40 23.70±0.70 22.32±1.51 

MCHC (gm/dl) 31.66±0.34 31.04±1.10 31.50±0.70 30.90±0.55 31.28±0.54 31.00±0.73 31.16±0.50 31.06±0.74 
RDW (%) 12.66±0.83 13.38±0.96 12.94±0.81 13.68±1.04 13.22±0.75 13.92±1.13 13.66±0.60 14.24±1.28 

PLT (x106/μl) 386.4±114.47 270±86.43 393.4±56.38 319.2±99.30 444±82.63 361.8±93.78 483.60±95.5 334.4±97.33 
MPV (fL) 10.72±0.99 12.06±0.52* 10.20±0.77 11.40±1.05 10.3±0.76 11.42±1.08 10.24±0.70 11.50±0.94 

NE% 67.04±4.59 60.9±10.64 56.32±10.49 56.10±5.00 56.94±10.07 57.04±5.68 59.78±8.30 60.70±3.76 
LY% 26.54±4.31 33.06±10.71 37.44±10.06 37.52±5.80 37.34±10.84 36.44±5.40 33.24±7.70 31.50±5.68 
MO% 4.26±2.17 4.32±1.25 4.26±1.33 5.08±0.98 3.94±0.75 4.82±1.73 5.60±2.30 5.82±2.07 
EO% 1.76±1.18 1.38±1.33 1.66±1.95 0.86±0.33 1.42±1.35 1.36±0.85 0.92±0.70 1.56±0.51 

BA (numeric) 0.10±0.07 0.14±0.05 0.12±0.13 0.22±0.04 0.14±0.05 0.12±0.04 0.16±0.10 0.12±0.11 
IG (numeric) 0.30±0.07 0.20±0.10 0.20±0.10 0.22±0.15 0.22±0.11 0.22±0.13 0.30±0.20 0.30±0.12 
NE#(x103/μl) 5.59±1.32 5.53±3.08 3.842±0.94 4.346±2.09 4.344±1.59 4.93±2.01 4.55±2.30 5.65±2.14 
LY# (x103/μl) 2.25±0.84 2.62±0.47 2.59±1.06 2.752±0.74 2.9±1.38 2.98±0.41 2.45±1.11 2.79±0.62 
MO# (x103/μl) 0.36±0.21 0.38±0.21 0.304±0.14 0.392±0.20 0.318±0.16 0.39±0.12 0.43±0.21 0.56±0.34 
EO# (x103/μl) 0.14±0.10 0.10±0.11 0.114±0.15 0.072±0.06 0.124±0.16 0.13±0.12 0.06±0.05 0.14±0.06 
BA# (x103/μl) 0.008±0.00 0.01±0.00 0.008±0.01 0.014±0.01 0.010±0.01 0.01±0.00 0.01±0.00 0.02±0.04 
IG# (x103/μl) 0.026±0.01 0.02±0.01 0.014±0.01 0.018±0.02 0.018±0.01 0.02±0.02 0.02±0.026 0.06±0.08 
GLU (mg/dL) 55.6±13.24 66.20±9.68 82.40±24.30 73.40±8.59 77.2±17.63 77.2±16.36 70.4±18.71 76.80±19.10 
BUN (mg/dL) 17.88±4.00 16.90±2.03 16.80±3.32 15.74±1.60 18.02±5.54 14.92±1.78 17.52±3.94 17.52±1.43 

CREA (mg/dL) 0.78±0.11 0.75±0.05 0.706±0.15 0.73±0.03 0.752±0.13 0.74±0.06 0.75±0.12 0.71±0.04 
BUN / CREAT 22.94±5.33 22.46±2.10 23.86±1.04 21.60±2.36 23.8±5.39 20.12±1.12 23.32±3.04 24.84±3.70 
SOD (mmol/L) 150.40±1.52 151.6±1.52 149.20±0.84 150.80±1.92 148.8±2.17 150.2±1.64 149.8±1.48 150.40±1.82 
POT (mmol/L) 4.38±0.29 4.20±0.29 4.10±0.39 4.34±0.23 4.82±1.17 4.20±0.20 4.36±0.15 4.36±0.40 
CL(mmol/L) 107.60±2.70 110.4±2.30 107.2±2.17 110.2±1.92* 107±3.08 109.8±2.17 108.4±2.61 108.8±1.30 

CO2 (mmol/L) 28.40±1.23 27.56±1.46 28.24±1.08 28.02±1.75 27.52±2.76 29.04±0.94 28.48±1.96 29.46±0.67 
CAL (mg/dL) 9.92±0.18 9.76±0.29 9.78±0.49 9.76±0.15 9.98±0.25 9.70±0.24 9.72±0.22 9.70±0.19 
TPR (mg/dL) 6.62±0.29 6.50±0.49 6.46±0.25 6.56±0.48 6.52±0.27 6.44±0.39 6.64±0.11 6.64±0.52 
ALB (x103/μl) 4.22±0.22 4.06±0.29 4.10±0.16 4.10±0.25 4.14±0.17 4.08±0.27 4.2±0.22 4.14±0.29 
ALB / Globin  1.78±0.19 1.68±0.08 1.76±0.25 1.68±0.16 1.76±0.18 1.76±0.17 1.74±0.27 1.70±0.35 

AST (U/L) 53.80±25.87 46.60±17.95 49.20±12.50 55.20±10.99 68.2±50.94 51.20±4.32 44.20±12.98 81.20±40.81* 
ALT (U/L) 36.20±17.25 38.20±22.06 49.80±12.48 47.60±12.48 49±9.57 44.80±12.77 47.40±8.47 57.20±19.36 
ALP (U/L) 509±132.07 452.80±139.43 429.80±113.2 424±99.66 431.4±112.7 412.2±113.2 422.0±108 400.5±107.86 

GLO (g/dL) 2.40±0.20 2.44±0.23 2.36±0.25 2.46±0.30 2.38±0.20 2.32±0.22 2.44±0.27 2.42±0.41 

Abbreviations: WBC: white blood cell count; RBC: red blood cells; HGB: hemoglobin; HCT: hematocrit; MCV: 
mean corpuscular volume; MCH: mean corpuscular hemoglobin; MCHC: mean corpuscular hemoglobin count; 
RDW: red blood cell distribution width; PLT: platelet count; MPV: mean platelet volume; NE: neutrophil; LY: 
lymphocytes; MO: monocytes; EO: eosinophils; BA: basophils; IG: immunoglobulin; NRBC: nucleated RBC; 
GLU: Glucose; BUN: blood urea nitrogen, CRE: creatinine; SOD: sodium; POT: potassium; CL: chloride; CAL: 
calcium; TRP: protein, total; ALB: albumin; AST: Aspartate aminotransferase; ALT: Alanine aminotransferase; 
ALP: Alkaline phosphatase; GLO: Globulin. Data are expressed as means ± SD (n = 5/group). Estimates were 
compared between the groups using the Mann-Whitney test. * Significantly different from the vehicle control 

group was labeled at *p < 0.05 when compared with the vehicle control group. 

4. Discussion  

Neurological diseases comprise 19% of all disability-adjusted life years and add to the immense 
public health burden in the United States and worldwide [39]. This is partially due to the fact that 
therapeutic strategies are not only missing timely diagnosis but have limited treatment modality, 
such as the first 4.5 h after a stroke begins [40] or lack of disease-modifying treatment in the case of 
Alzheimer’s and Parkinson’s disease [41]. In the past couple of decades, a small diterpenoid found in 
tobacco and octocorals (4R) has emerged as a potential neuroprotective and anti-inflammatory 
therapeutic candidate [42]. Although 4R has proven safe at a dose of up to 98 mg/kg in Sprague 
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Dawley rats [2], there are no reports of its action in more evolved specie such as NHPs. NHPs research 
has a more significant clinical translation due to their complex cognitive and motor functions and 
highly developed neuroanatomy. This is the first report in which cembranoid safety was evaluated 
in NHPs. No clinically related adverse effects were detected during electrophysiological central and 
peripheral nervous system monitoring, spontaneous behavior observations, and hematological and 
histological analyses.  

Developing therapeutics that effectively treat CNS pathologies is challenging because most 
tested drugs do not cross the blood-brain barrier into the brain parenchyma. However, 4R reaches 
the brain in 1.5 hours independently of the administration route with concentrations higher than in 
plasma (brain to plasma ratios of 2.49 (i.m.) and 2.48 (s.c.) at 1.5 hours) [1]. 4R has an estimated 
therapeutic index of at least 16 with an in vivo effective dose of 6 mg/kg [5,7,23,24]. Based on the 
literature, 4R complemented classical OP poisoning antidotes [5] and protected against brain damage 
after stroke [7] and Parkinson’s disease [23]. 4R promoted M2 phenotype while attenuating the M1 
phenotype in a microglial cell line [8] and restored cognitive decline during an LPS-induced systemic 
inflammation by activating pro-survival pathways in the hippocampus [24]. 4R presents good 
absorption, distribution, metabolism, and excretion (ADME) characteristics. These features and its 
neuroprotective capability indicate that this molecule exhibits drug-like properties and could become 
an efficacious therapeutic agent for neurodegenerative diseases [3,5–7,23,24]. 

Electrophysiological recordings are well-known tools for evaluating nervous system integrity, 
discriminating against different pathologies, or detecting evolving injuries. To assess whether 4R 
administration interferes with the electrophysiological activity of the peripheral and central nervous 
system, we employed SEEP, EEG, and TcMEP. EEG assessment is considered a standard of care for 
individuals suffering from ischemia since it allows for the noninvasive identification of stroke [43,44]. 
EEGs are also included as part of the monitoring paradigm for patients undergoing carotid 
endarterectomy surgery, as well as brain and thoracic aneurysm repair surgeries [45,46]. SSEP and 
TcMEP are also standard care during vascular surgeries. Used along with EEG to monitor the 
integrity of the nervous system, SSEP and TcMEP allow the detection of ischemic events efficiently 
and quickly during surgical intervention [15–18]. While the scalp EEG can provide a global idea of 
the brain status, SSEP and TcMEP provide immediate feedback regarding the integrity of both the 
central and peripheral nervous systems. To evaluate the effects of 4R and vehicle over these 
neurophysiological parameters, we established a baseline recording on day 0 and monitored for any 
changes on days 4, 8, and 12 after the 4R or vehicle treatment. We did not observe any significant 
changes in the neurophysiological recordings, except for the increase in the EEG frequency on the left 
hemisphere and the increase in action potentials recorded from the right upper and lower extremities. 
This increase in frequency in the left hemisphere that is observed in 4R-treated subjects on days 8 and 
12, along with the resulting increase in compound muscle action potentials observed in the right 
upper and lower extremity, is a finding that will require further investigation.  

Since we did not observe any electrophysiological readings indicative of injury to the nervous 
system between experimental and control groups, we can suggest that 4R application is safe at the 
tested dose. It has been shown that in the presence of ischemia, 4R not only decreased brain 
inflammation but also saved more than 50% of the affected brain tissue compared to the untreated 
group [7,8]. In the future, this drug could be administered after a stroke or during surgery with a 
predicted risk for ischemia, potentially minimizing brain damage.  

Several blood chemistry parameters and hematology findings were statistically different in 
subjects treated with 4R compared to vehicle controls. However, those differences were not 
considered clinically relevant since the initial baseline values differed between the groups (Table 4). 
Biomarkers such as mean platelet volume (MPV) and platelet count (PLT) could be considered 
potential risk factors for stroke occurrence and a bad prognosis for stroke outcome [47,48]. However, 
our study’s MPV, MCH, and MCV demonstrated only temporary changes in the beginning and 
normalized by the end of 4R administration. Additionally, PLT mean values remained constant 
within the groups, suggesting that this finding, although noteworthy, was not critical. Changes in 
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BUN and CREA levels are usually attributed to reduced ingestion of food or severe hepatotoxicity 
[49]. Nonetheless, BUN and CREA remained constant throughout the treatment.  

Additionally, measurement of alanine aminotransferase (ALT) and alanine aminotransferase 
(AST) enzymatic activity in circulation is still the most commonly used biochemistry test in clinical 
practice, when evaluating putative liver injury [50]. We detected significant elevation of the AST 
levels on day 12 in the 4R-experimental group compared to the controls. However, when multiple 
test corrections were performed the significance was lost. Although it has been reported that the 
normal range of AST in rhesus monkeys is approximately 25.7 ± 10.3 U/l [51], we detected an AST 
baseline of 53.80 ± 25.87 U/l which varied to 68.2±50.94 throughout the study in the vehicle controls. 
Moreover, the levels of liver enzymes (ALT, ALP), bilirubin, and albumin remained in the normal 
range, supporting the safety of 4R for no signs of hepatotoxicity. Finally, the histopathologic 
evaluation of the liver revealed minimal scattered lymphohistiocytic portal infiltrates but those 
findings were attributed to 4R since both controls and vehicles possessed similar alterations.  

5. Summary and Conclusions 

The main objective of this study was to determine whether 4R is safe for NHPs, not causing acute 
toxicity or allergic reactions when administrated repetitively. Our results showed that 1.4 mg/kg of 
4R injected intravenously for 11 days does not cause behavior and brain tissue abnormalities. Blood 
biochemistry and histology in the liver and kidney confirmed that 4R does not contribute to 
hepatotoxicity or nephrotoxicity in NHPs. Additionally, 4R did not interfere with 
electrophysiological central and peripheral nervous system assessments (EEG, TcMEP, and SSEP). 
These results suggest that 4R is safe in NHP, and in the future, 4R could be employed as a 
neuroprotective treatment in humans with neuroinflammatory diseases.  
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