
INTRODUCTION
Amyotrophic Lateral Sclerosis (ALS) is a debilitating 
neurodegenerative disorder that progresses with selective 
degeneration of anterior horn cells. Cumulative global 
incidence of ALS is 1.75 (1.55-1.96)/100,000 person-years of 
follow-up (1). This disorder has a heterogenous etiology and 
consequently, no denitive cure. It can only be managed via 
multidisciplinary intervention (2). Standard treatment involves 
Riluzole administration (3), which modestly extends survival in 
ALS patients; Edaravone, probably effective for early-stage 
treatment (4) and Nuedexta for symptomatic treatment of 
emotional lability ( 5).

Cellular therapy is being intensively investigated for 
treatment of ALS(6-16). Several pre-clinical (17-24) as well as 
clinical (6-16, 25-29) studies endorse the safety and efcacy of 
a variety of cells for ALS. Of these, autologous Bone marrow-

derived Mononuclear Cells (BMMNCs) are safe (25,30) owing 
to their autologous nature and minimal manipulation outside 
of the host.

In our previously published study, we have shown that mean 
survival duration of patients who underwent intrathecal 
injection of autologous BMMNCs is higher compared to ALS 
con t ro ls ;  and ,  h igher  as  compared  to  p rev ious 
epidemiological studies (25). Patients with limb onset and oral 
Lithium administration showed better prognosis; and, age of 
symptom onset contributed signicantly in improving patient 
survival. In the current controlled cohort study, we have 
investigated the effect of reproductive hormone status 
(premenopausal and preandropausal) on the outcome of cell 
therapy. We have also evaluated effect of cell therapy on the 
survival of patients with ALS using Kaplan-Meier (KM) 
analysis. We present the article in accordance with the TREND 
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reporting checklist.

MATERIALS AND METHODS
Study design and eligibility criteria for recruitment of 
patients
The primary aim is to investigate the effect of reproductive 
hormonal status (Estrogen, Progesterone and Testosterone) 
on the outcome of cell therapy.  Secondary aim is to evaluate 
the effect of cell therapy on the survival of patients with ALS 
using Kaplan-Meier (KM) analysis.

Patients admitted to our institute from August 2013 to May 
2017with the diagnosis of ALS were screened for the study. The 
International Statistical Classication of Diseases and 
Related Health Problems 10th Revision Version 2016 (31) was 
used for classifying the patients into ALS, Primary Lateral 
Sclerosis (PLS), Progressive Bulbar Palsy (PBP), Progressive 
Spinal Muscular Atrophy (PSMA) and Progressive Muscular 
Atrophy (PMA). Patients with ALS were selected, and further 
conrmed as having denite or probable ALS according to the 
revised El Escorial Criteria (32). Of these, the patients who 
underwent cellular therapy were included in the intervention 
group (n=41). For the control group, we selected patients 
diagnosed with denite or probable ALS from our out-patient 
department, who did not undergo cellular therapy (n=20). 
Findings from follow up at minimum 3 months duration till 87 
months duration were included in this study. The study was a 
non-randomized controlled cohort study. 

Sub-group analysis involved sectioning the intervention 
group according to type of symptom onset (limb vs. bulbar) 
and reproductive hormonal status (pre-andropause with 
symptom onset below 40 years of age vs. post-andropause 
with symptom onset at or above 40 years of age vs. pre-
menopausal women at symptom onsets. post-menopausal 
women at symptom onset). Survival durations were compared 
across these groups.

INCLUSION CRITERIA
1. Clear diagnosis of denite or probable ALS as dened by 
the revised El Escorial Criteria (32)
2. Availability of an accurate symptom onset and survival 
timeline
3. Age of onset 30 to 70 years.

EXCLUSION CRITERIA
1. Patients diagnosed with other motor neuron disease or its 
mimics, such as PLS, PBP,PMA, progressive spinal muscular 
atrophy, adult onset spinal muscular atrophy, Hirayama 
disease, monomelic amyotrophy, and madras motor neuron 
disease; 
2. Patients who received intramuscular cell injections;
3. Patients who received Edaravone injections (As the drug 
was approved by FDA in the middle of the study duration, 
some patients had received the drug while others did not; this 
could have confounded the survival analysis hence these 
patients were excluded).
4. Patients with co-morbidities such as presence of acute 
infections (HIV/HBV/HCV), malignancies, bleeding 
tendencies, renal and hepatic dysfunction, and other acute 
medical conditions such as respiratory infection and pyrexia.

INTERVENTION
Provision of intervention was based on the Revised World 
Medical Association Helsinki Declaration for Ethical 
Principles for Medical Research Involving Human Subjects 
(33), with ethical approval from the Institutional Ethics 
Committee. An informed consent was obtained from every 
patient. All the patients underwent a thorough clinical 
evaluation to ascertain pre-intervention surgical tness. 48 
hours and 24 hours before aspiration of bone marrow, all 
patients were subcutaneously administered Granulocyte-

Colony Stimulating Factor (G-CSF). G-CSF has been shown 
to enhance the rate of BMMNC proliferation within the bone 
marrow (34), leading to a higher yield.

Cell transplantation was carried out as described in our 
previously published study (25). Briey, 100 ml to 120 ml of 
bone marrow was aspirated under local anesthesia from the 
anterior superior iliac spine and transferred aseptically to the 
regenerative medicine laboratory. Density gradient 
centrifugation separated the mononuclear cell fraction, which 
was washed and analysed for cell viability manually under a 
microscope using Trypan blue exclusion, as well as using a 

8TALI counter for conrmation. On an average, 1.078 x10  cells 
were obtained with an average viability of 96.83%. Individual 
samples were also subjected to CD34+ characterization 
using Fluorescence Activated Cell Sorting with the CD34 PE 
antibody. 

Separated autologous BMMNCs were reintroduced into the 
patient the same day after dilution in patient's own CSF, as it 
provides a conducive environment to the cells for efcient 
migration and grafting (35). This procedure was carried out in 
an operation theatre under aseptic conditions.  Intrathecal 
administration was performed by a qualied neurosurgeon 
using a lumbar puncture at L4-L5 level. Intravenous methyl 
prednisolone (20 mg/kg) in 500 ml Ringer's Lactate was 
simultaneously administered to assuage local inammation. 
The entire procedure including the bone marrow aspiration, 
cell isolation and cell transplantation was completed on the 
same day, within 4 – 5 hours. 

Following the procedure, patients were closely monitored for 
any immediate adverse events. They were administered a 
structured, multidisciplinary neurorehabilitatory regime and 
advised to continue the same post discharge, along with 
standard Riluzole treatment. Additionally, patients were 
prescribed 300 mg Lithium once daily or twice daily. Serum 
Lithium levels were checked on third day to prevent reaching 
toxicity levels and maintained within the therapeutic range of 
0.4 -0.8 mmol/L. All patients were followed up either 
telephonically or physically thereafter every 3 months.

Adverse Events monitoring
 Post procedure, all the patients were closely monitored during 
the hospital stay to capture any adverse events. Adverse 
events were documented in two different categories, 
procedure related (Spinal headache, pain and redness at the 
site of injection or aspiration, nausea, vomiting and swelling 
at the aspiration or injection site) and cellular transplantation 
related adverse events (Neurological deterioration). 

STATISTICAL ANALYSIS
Baseline Statistics:
Baseline demographic data of all the patients was gathered. 
Mean age at symptom onset was computed across 
intervention and control groups. Descriptive statistics for the 
demographic data was calculated as mean (standard 
deviation). 

Survival and Progression Analysis:
Survival was assessed using KM survival analysis and 
compared across controls and intervention using log rank test 
and calculated as mean (standard error).

Subgroup Analysis:
Within the intervention group, subgroup analysis was 
performed by rst conrming equal distribution of baseline 
demographics across the comparison subgroups. Survival 
duration was  compared between the subgroups across 
various axes such as type of symptom onset (limb vs. bulbar), 
and reproductive hormone status (Pre-andropausal vs. Post-
andropausal vs. Pre-menopausal vs. post-menopausal) 
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Statistical analysis was performed using IBM Corp. Released 
2011. IBM SPSS Statistics for Windows, Version 20.0. Armonk, 
NY: IBM Corp.

RESULTS
Baseline Statistics:
There were 41 patients in the intervention group and 20 
patients in the control group who completed the study follow 
up duration. Baseline statistics showed consistency across the 
control and intervention groups. The mean age at symptom 
onset for the control group was 54 (8.68) years, and for the 
intervention group was 49 (10.48) years. 

Survival and Progression Analysis:
Survival analysis of the control group versus intervention 
showed that on an average, the intervention group survived 
for 64.4 (4.95) months, while the control group survived for 
43.87(6.68) months; the difference of 20.53 months was 
statistically signicant with a p-value of 0.013 (Figure 1). 
Percentage analysis for the two cohorts, shows a higher 
survival percentage of 46.3% in intervention group as 
compared to 30% in the control group.

Figure 1: Kaplan-Meier graph showing comparison of 
survival duration between intervention and control group

Subgroup Analysis:
We subdivided data collected for the intervention group 
across several axes and analysed the subgroups to observe 
intra-group differences. The following parameters were 
assessed:
I. Type of symptom onset: Limb vs. Bulbar;
ii. Pre-andropausal males vs. Post-andropausal males vs. Pre-
menopausal females vs. Post-menopausal females

Type of onset: Limb vs. Bulbar
Within the intervention cohort, those with limb onset of 
symptoms (n=32) survived for 69.78 (5.49) months, while those 
with bulbar symptom onset (n=9) survived for 39.04 (4.48) 
months; there was a statistically signicant survival 
difference of 30.74 months (p=0.012) (Figure 2). 

Figure 2: Kaplan-Meier graph showing comparison of 
survival duration between patients with limb onset and 
bulbar onset 

Reproductive hormonal status:
We compared the estimated survival duration of four groups: 
pre-menopausal women, post-menopausal women, pre-
andropausal men and post-andropausal men. We found that 
pre-menopausal women show highest survival, with an 
average of 88.50 (8.88) months, followed by post-menopausal 
women, with an average of 63.25 (9.21) months, followed by 
pre-andropausal males, with an average of 61.25 (14.28) 
months, and lastly, post-andropausal men, showed the lowest 
survival of 45.87 (3.59) months. There was a statistically 
signicant difference between the survival of these patients 
(P= 0.040) (Figure 3). 

Figure 3: Kaplan-Meier graph showing comparison of 
survival duration of patients based on hormonal status

Adverse Events monitoring: 
Post procedure, few patients experienced procedure related 
minor adverse events like nausea, vomiting and spinal 
headache but there were no long-term adverse events. There 
were no adverse events related to cellular transplantation. 
One patient had to discontinue Lithium as he developed 
adverse reactions to Lithium.

DISCUSSION
A heterogenous pathophysiological landscape is the biggest 
hurdle encountered by clinicians worldwide for the treatment 
of ALS.  Various mechanisms have been presumed to 
contribute to this neuropathophysiology, including but not 
limited to involvement of misfolded ubiquitinated aggregates 
(36-38), excessive free radicals (39-41), excitotoxicity (42), 
mitochondrial abnormality (43), widespread neuro 
inammation (44), axonal transport dysfunction (45) and 
synaptic failure (46).

BMMNCs confer neuroprotection through paracrine effects by 
releasing and regulating neurotrophic factors, like brain-
derived neurotrophic factor (BDNF) (47), ciliary neurotrophic 
factor (CNTF) and glial cell–derived neurotrophic factor 
(GDNF) (48), ฀-nerve growth factor (฀-NGF) (49), vascular 
endothelial growth factor (VEGF) (50), tumor necrosis factor 
(TNF)-฀ (51), basic broblast growth factor (bFGF) (50), 
platelet-derived growth factor-BB (PDGF-BB) (49), connective 
tissue growth factor (CTGF) and broblast growth factors 
(FGF)  2 and 7 (48), hepatic growth factor (HGF) and Insulin 
growth factor (IGF)-1 (52), and angiopoietin 1 (ANG-1) (53), as 
well as interleukins (IL-1α, IL-β, IL-6, IL-10) (51).

Further, these cells have also been shown to migrate, multiply 
and differentiate into myelinating, glial and neuronal 
phenotypes (54-56);integrating into and repairing damaged 
tissue. Secretion of VEGF, FGF, and bFGF triggers a cascade 
of events that culminates in neoangiogenesis and improved 
blood circulation (50). Reduced levels of TNF-α and increased 
levels of IL-10 lead to an anti-inammatory effect on the neural 
microenvironment (48,53,57). Innate and adaptive response is 
also regulated by cells via secretion of Tumor growth factor 
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(TGF)-β and elevation of regulatory T cells (Tregs) and T 
helper-2 cells (Th2 cells) (58). Soluble factors from cells also 
signicantly upregulate the expression of glutamate 
transporters in ALS astrocytes, enhancing glutamate 
clearance from the synapse (52). Adult stem cells have been 
demonstrated as safe and efcacious as a therapy for ALS by 
multiple studies ('9,25,59,60). None of the studies have shown 
any major or irreversible adverse events post transplantation.

Neuroprotective effects of reproductive hormones: 
In pre-clinical studies, progesterone has been shown to 
reduce reactive gliosis due to anti-inammatory effects 
preventing neurodegeneration (61). In a preliminary study, 
endogenous progesterone levels were found to be negatively 
correlated with age and positively corelated with survival. 
Limb onset, slow progression and diagnostic delay showed a 
trend towards positive correlation (62) suggesting a 
neuroprotective role of progesterone in ALS. 

Multiple groups report evidence that the females have an 
advantage in being protected from the pathology of ALS is 
due to the protective role of Estrogen(E2) (63,64). In an ALS 
mouse model carrying the human Cu/Zn superoxide 
dismutase (hSOD1) G93A transgene, E2 treatment improved 
the lifespans in overiectomized females, and high-dose E2 
treatment signicantly delayed disease progression of 
ovariectomized hSOD1G93A transgenic mice. E2 has also 
been shown to exert profound protective effects against 
stroke-like ischemic injury in female rats (65) mediated by 
estrogen receptors (66), suggesting a global neuroprotective 
role of E2. Klemann et al (67) found that E2 signaling is 
functionally involved in inter-linked processes crucial to 
maintain axonal functionality, especially of the long axons of 
motor neurons, and that E2 may be a protective factor in ALS, 
especially for bulbar-onset. Heitzer et al (68) show that 
symptomatic mice with E2 substitution exhibit improved motor 
performance, along with signicantly reduced expression of 
inammasome proteins, activated caspase 1 (initiator of 
apoptosis) levels and mature interleukin-1β, correlating with 
an increased survival of motor neurons in the lumbar spinal 
cord. Further, Johann et al. (69) indicate that E2 can inuence 
t h e  c h o l i n e r g i c  s y s t e m  b y  i n c r e a s i n g  c h o l i n e 
acetyltransferase (ChAT) expression in the mouse spinal cord, 
which is typically reduced in ALS (70). Singer et al (71) provide 
evidence that activation of the MAPK pathway by estrogen 
participates in mediating neuroprotection via an estrogen 
receptor. Nakamizo et al. (72) show that E2 and its biologically 
inactive stereoisomer, 17α-estradiol, prevented glutamate- 
and nitric oxide (NO)-induced selective motor neuronal death 
observed in primary cultures of the rat spinal cord. These pre-
clinical studies indicate that E2 may have application as a 
treatment for ALS.

Testosterone also provides neuroprotection. It is important in 
the development of nervous system. Reproductive hormones 
are also responsible for the sexual dimorphism in the 
neuronal development. Decrease in the testosterone levels 
reduces the dendritic length (73).Free serum testosterone has 
been known to be reduced overall in ALS patients in one study 
(74). Another study showed that testosterone remained stable 
in ALS patients compared to control subjects. However, 
subgroup analysis revealed that patients with higher 
testosterone levels and lower progesterone/free testosterone 
ratio had a worsened monthly forced vital capacity (75). In our 
previously published study, we noted that there was a 
statistically signicant positive co-relation between serum 
testosterone levels and ALS-FRSr scale. This suggests that as 
the disease progressed testosterone levels also declined and 
highlights that absence of testosterone may accelerate the 
neurological damage (76). 

Few studies have investigated the link between female 
reproductive hormones and ALS. The most relevant ndings 
come from a population-based, case–controlled study in the 
Netherlands by de Jong et al (77) including 131 female ALS 

patients and 430 female controls. Their results demonstrate 
that increasing the reproductive time-span by a year 
decreases the risk of ALS with an odds ratio of 0.95 (p=0.005). 
Each year longer reproductive time-span and lifetime 
endogenous estrogen exposure were associated with a longer 
survival of ALS patients. This may imply that female hormones 
serve neuroprotective effects in ALS pathology. However, 
Rudnicki et al. (78) raise the question as to whether estrogen 
may be neuroprotective in delaying or preventing ALS. From 
their ndings, there was no difference in survival in those 
patients taking estrogen compared to those not on the 
medication. Popat et al. (79) found in their case-controlled 
study that reproductive factors such as age at menarche, age 
at nal menstrual period, parity, oral contraceptive use, and 
type of menopause (natural vs. hysterectomy with or without 
oophorectomy) were not associated with risk of ALS. From 
their study, postmenopausal hormone replacement, due to 
lower levels of estrogen and progesterone, was positively, but 
not signicantly, associated with the risk of ALS. Nevertheless, 
the studies by Rudnicki et al. (78) and Popat et al. (79) differ 
from study by de Jong et al. (77), as they only investigate the 
effects of hormone replacement therapy for ALS aficted 
females. These studies do not interrogate whether onset of 
symptoms for these women was pre-menopausal or post-
menopausal. Our results suggest that higher levels of female 
reproductive hormones improve survival in patients, 
suggesting augmentation of neuroprotective benets of 
cellular therapy by these hormones. 

Our results suggest that reproductive hormones may resonate 
with the neuroprotective properties of BMMNCs. In both males 
and females, outcome after cellular therapy was found to be 
better in the groups with higher levels of reproductive 
hormones. Pre-andropausal males survived signicantly 
longer than post-andropausal males. Pre-menopausal 
women showed a higher survival duration as compared to 
post-menopausal women.  Premenopausal women had 
higher survival as compared to pre-andropausal males. 
Collectively, this data hints at the plausibility of a predominant 
neuroprotective effect of female hormones in ALS contributing 
to enhanced outcome after cellular therapy. 

Conclusion and Future Directions
Various studies suggest that autologous bone marrow 
mononuclear cells are safe and effective in improving the 
survival and mitigating disease progression in patients with 
ALS; all that remains to be done is ne-tuning this therapy to 
obtain optimum results. This response is dependent on 
various factors, like age of symptom onset, type of symptom 
onset (limb vs. bulbar) and gender. In addition to these 
factors, the current study points out the role of reproductive 
hormonal status and its effect in augmenting the outcome of 
cellular therapy. Multitude of preclinical as well as clinical 
studies endorse the neuroprotective action of reproductive 
hormones in ALS. Investigating the l ink between 
responsiveness to cell therapy, reproductive hormones and 
ALS promises to unlock new therapeutic avenues for ALS 
treatment. Findings of our study suggest that survival benet 
achieved with cellular therapy can be enhanced in presence 
of these hormones. Furthermore, female reproductive 
hormones (Estrogen and Progesterone) may give better 
results as compared to male reproductive hormones 
(Testosterone). Optimum levels of these hormones to achieve 
maximum benet in the outcome needs to be investigated 
through larger cohort studies. Role of these hormones as 
potential treatment adjuvant should be assessed through 
interventional randomized controlled trials. 
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