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INTRODUCTION
The ozone gas is comprised of three atoms of oxygen in a cyclic 
structure and is highly water soluble.1 It can be produced by 
commercial ozone generators that send a high voltage electrical 
gradient through a condenser containing medical grade pure 
oxygen,2 and when the electrical discharge breaks oxygen 
into two separate molecules, these individual molecules 
can be later combined with another oxygen molecule to 
produce ozone.3 Ozone acts via several different biological 
mechanisms. For instance, upon cellular exposure to ozone, 
a multifaceted endogenous cascade is initiated, and active 
biological substrates are released due to the oxidative stress 
induced by ozone.4 Hydrogen peroxide can be produced by 
ozone reacting with cell membrane polyunsaturated fatty 
acids and water. The generated reactive oxygen species can in 
turn enhance various biological processes, such as increasing 
production of adenosine triphosphate and stimulating the 

production of enzymes that act as free radical scavengers, and 
cell wall protectors, such as glutathione peroxidase, superoxide 
dismutase, glutathione S-transferase and catalase.1,4,5 Another 
observed mechanism of action for ozone is to active the 
immune system since administration of ozone has been shown 
to elevate the production of interferon, tumor necrosis factor,6 
and interleukins.7 Finally due to its high reactivity, ozone 
exhibits strong antibacterial, antiviral, antifungal, and anti-
protozoal activities.1

Ozone sauna therapy (OST) has been administered via several 
routes that include transdermal, intra-arterial, subcutaneous, 
intramuscular, vaginal, and rectal.8 Clinically, ozone has 
demonstrated valuable therapeutic effects in treating several 
disorders that include acquired immune deficiency syndrome,9 
cancer,10 osteoarthritis,11 dental conditions,12 fibromyalgia,13 
coronavirus disease 2019 (COVID-19) pneumonia,14 diabetic 
foot,15 dermatitis,16 degenerative disorders,17 liver diseases18 
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and many others. In animal models, there are plenty of studies 
that demonstrated a beneficial use of OST in gynecological and 
fertility disorders, for example, OST was able to treat pelvic 
inflammatory disease-induced endometrial injury and tubal 
blockage in rats,19 and also it has shown to improve fertility 
and reduce bacterial load in post-partum-induced clinical and 
subclinical endometritis in cows.20,21

There is compelling evidence which showed that OST 
protects the ovaries from injuries by diminishing ovarian 
ischemia and reperfusion following ovarian torsion in rat 
models.22 Furthermore, beneficial effects on reproduction 
were also noted in vaginitis treated with ozone compared 
to antibiotics and ozone might lead to a lower formation of 
pelvic adhesions in cow and rat models.23,24 However, studies 
in humans pertaining to the effect of OST on gynecological 
and reproductive disorders are scarce. One study conducted on 
tubal recanalization with catheter mediated pressure injections 
of ozone resulted in significantly higher postoperative tubal 
recanalization and pregnancy rates after 12 months in the ozone 
treated group compared to controls.25 Another preliminary 
study carried on 12 healthy ovulating women demonstrated 
that intrauterine ozonated saline infusion resulted in a 
statistically significant increase of the columnar epithelial 
cell height, increase the number of endometrial blood vessels, 
and raised the number of stromal cells in the endometrium.26

Pulsed electromagnetic field (PEMF) therapy apparatus 
induces a pulsed magnetic field when a current passes 
through a wire coil.27 This method was approved by the 
U.S. Food and Drug Administration for clinical applications 
and has been largely used to successfully treat different 
orthopedic disorders.28 PEMF has shown to cause strong 
anti-inflammatory effects by leading to movement of ions 
across the cell membrane and through restoration of cell 
membrane calcium ATPase activity.29 A study related to female 
reproductive hormones in women with polycystic ovary 
syndrome has shown that PEMF can significantly improve the 
abnormal serum levels of luteinizing hormone and follicular 
stimulating hormone (FSH) and significantly lowered the 
serum C-reactive protein levels compared to the control 
group.30 An animal study conducted on Japanese quail breeder 
hatching eggs demonstrated significantly reduced embryonic 
mortality and significantly high total and fertile hatchability 
performance in the PEMF treated group compared to the 
controls.31 A case series showed that 2 out of 3 infertile patients 
with extremely thin endometrial lining and multiple failed in 
vitro fertilization (IVF) cycles, were able to get pregnant after 
IVF following the treatment with ozone and PEMF (by the 
use of the hyperthermic ozone & carbonic acid transdermal 
therapy (HOCATT) machine) that significantly improved the 
endometrial lining thickness (EMT).32

Women with severely diminished ovarian reserve (DOR) 
with repeatedly failed IVF cycles and women with persistently 
thin EMT during frozen embryo transfer (FET) cycles have 
limited treatment options with a large majority of patients 
resorting to using donor oocytes and surrogacy. Given the 
existing data pertaining to the potential advantageous effect 
of OST and PEMF on the female reproductive system, we 
hypothesized that OST and PEMF in combination using the 

HOCATT machine improves overall reproductive outcome 
in infertile women with severe DOR undergoing IVF. In 
order to test our hypothesis, we exposed a selected group 
of infertile women undergoing IVF to OST (transdermal 
and intravaginal) and PEMF, then we assessed their ovarian 
response to controlled ovarian hyperstimulation including the 
number of oocytes collected, number of embryos formed and 
EMT in the IVF cycle before and the IVF cycle immediately 
after OST and PEMF. Additionally, we treated primary human 
GCs from women who underwent IVF with OST in order to 
assess any changes in vital genes involved in steroidogenesis 
and folliculogenesis.

sUBJECTS AND METHODS
Subjects 
Fifty women (aged 39.7 ± 1.1 years) undergoing infertility 
treatment at SUNY Downstate Health Sciences University Af-
filiated Private Fertility Center were recruited. Infertility was 
defined as inability to conceive with unprotected intercourse 
after 1 year for women aged < 35 years, and after 6 months 
for women aged > 35 years.33 Women with any medical condi-
tion that interferes with fertility treatment were excluded from 
the study. Inclusion criteria included women with DOR as 
defined by serum anti-Mullerian hormone < 1 ng/mL, serum 
FSH > 10 mIU/mL, and antral follicle count < 10 measured 
by transvaginal ultrasound. 

Forty-four of them underwent two IVF cycles: the first 
before using the HOCATT (Cycle 1), followed by 3 weeks 
of HOCATT use, followed by a second IVF cycle (Cycle 2). 
The informed consent was obtained from all patients and the 
study was approved by New England Institutional Review 
Board (NEIRB; IRB# 120180241) on November 30, 2018.

OST and PEMF using the HOCATT machine 
Between Cycle 1 and Cycle 2, all patients underwent 30-min-
ute session of HOCATT machine (HOCATT, Weatherford, 
TX, USA) twice weekly for a total of 3 weeks. The patients 
were required to complete a medical history questionnaire 
to confirm that there were no contraindications for using the 
HOCATT machine. Contraindications included pregnancy, 
allergies, fever, uncontrolled diabetes, hyper- or hypotension, 
cardiac diseases, renal diseases, malignancy, mental problems, 
history of ozone allergy, blood coagulation or bleeding disor-
ders, stroke, hypo- or hyperthyroidism, glucose-6-phosphate 
dehydrogenase deficiency, acute alcohol intoxication, dehy-
dration, vitiligo, epilepsy or seizures, uncontrolled dyslipid-
emia, chronic obstructive pulmonary disease, and cutaneous 
porphyria. For each session, the participant sat naked in the 
machine and was required to insert herself a silicone vaginal 
catheter around 1–2 inches internally to deliver intravaginal 
ozone. The participant’s head remained outside of the machine 
to avoid any breathing of ozone. 

The machine delivers ozone transdermally (ozone 1 setting 
at 500 mL/min and vaginally (ozone 2 setting at 200 mL/min). 
The machine was set to infuse CO2 to the chamber at 5 L/min  
at the beginning, which combined with steam to produce car-
bonic acid (CA). The temperature of the machine was set at 
37°C and carbon infra-ray pads coupled with the steam was 
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used to raise the patient’s body temperature. The participants 
were instructed to hydrate well before the session as high tem-
perature inside the machine can induce dehydration. During the 
first 3–8 minutes of the session, the patient was exposed to CA 
in the chamber. After the CA cycle completed, the ozone cycle 
was activated. At the end of the session, all ozone produced by 
the machine and oxygen used were extracted to the destruc-
tor and were destroyed. The CO2 and ozone concentrations 
delivered to the patient were determined on her tolerability 
and then generally increased with each session. CO2 started 
at 3 minutes, with 1-minute increments at each subsequent 
session maximum up to 8 minutes. Ozone session 1 started at 
50% and generally increased up to 80% with 10% increment 
at each subsequent session until session 6. 

Clinical data collection 
IVF Cycle 1 and IVF Cycle 2 performed in the same par-
ticipants used similar ovarian stimulation protocols. In brief 
in each cycle, after oral contraceptive pill pre-treatment for 
approximately 2–3 weeks and adequate suppression, mini-
mal/mild ovarian stimulation was started with an extended 
regimen (from cycle day 3 until the day before triggering) 
of clomiphene citrate (50 mg/day orally) in conjunction with 
letrozole (2.5 mg/day orally) with low dose of gonadotropin 
(75 IU daily) injections (Follistim, Merck, White House Sta-
tion, NJ, USA; or Gonal-F, EMD Serono, Rockland, MA, 
USA) starting on cycle days 4–7. Hypothalamic-pituitary 
suppression using gonadotropin releasing hormone antago-
nist was used to prevent ovulation. The final maturation of 
oocytes was induced by a gonadotropin releasing hormone 
agonist or by human chorionic gonadotropin trigger when the 
lead follicle was > 18 mm. Retrieved oocytes were fertilized 
by intra-cytoplasmic sperm injection as clinically indicated. 
All embryos were cultured until the cleavage stage and then 
vitrified to be transferred in subsequent FET cycle.

Granulosa cell culture 
Granulosa cells (GCs) of other six participants who underwent 
IVF were collected after identification of the cumulus–oocyte 
complex in the follicular aspirate. The GCs were split equally 
into two groups: one group of GCs was placed in the HOCATT 
machine (test cells with OST only) while the other group of 
cells were placed on room temperature (control cells). Ozone 
was infused to the chamber at 500 mL/min. Cumulus GCs 
were mechanically collected by cutting the cumulus layer 
from each oocyte. Cumulus GCs were aspirated from the 
mineral oil media and transferred to labeled eppendorf tubes 
and centrifuged at 5000 × g for 3 minutes. After centrifugation, 
the supernatant was removed carefully without disturbing the 
cell pellets. The cells were treated with 300 µL of 0.8 U/mL 
hyaluronidase, flushed up and down for 30 seconds until the 
cell clumps dissolved, the cell-hyaluronidase mix was then im-
mediately diluted in Dulbecco’s modified Eagle medium and 
centrifuged for 3 minutes at 5000 × g. Supernatant fluid was 
aspirated without disturbing cells and 600 µL of Dulbecco’s 
modified Eagle medium was added to eppendorf tubes and 
pipetted up and down to evenly distribute the cells. A 300 µL 
of cell suspension was then added to each well respectively 
into two 96 well plates, which were pretreated with poly-L-

lysine for 5 minutes and then washed with phosphate buffered 
saline. Plates were incubated overnight under a humidified 
atmosphere of 95% air and 5% CO2 at 37°C. On day 2 (after 
24 hours of incubation), cells in both groups were checked 
under the microscope for viability and the media was changed 
and the test cells plate was kept in the HOCATT machine for 
30 minutes (without PEMF) with the plate lid open in order 
to expose the cells to ozone gas while the control cells were 
set aside in the same room with the plate lid open for 30 
minutes. Plates were incubated overnight under a humidified 
atmosphere of 95% air and 5% CO2 at 37°C. 

Real time-polymerase chain reaction 
On day 3 of cell culture, RNA was isolated using Trizol 
reagent (Invitrogen, Carlsbad, CA, USA) and chloroform 
extraction according to the manufacturer’s instructions. The 
cells were incubated with Trizol for 15 minutes at room 
temperature and then mixed with chloroform, followed by 
centrifugation at 4°C and 12,000 × g for 15 minutes. The 
aqueous phase containing RNA was separated. Total RNA 
was precipitated with propranolol by centrifugation at 4°C 
and 12,000 × g for 10 minutes, washed with 75% ethanol fol-
lowed by centrifugation at 4°C and 7500 × g for 5 minutes, 
air-dried and reconstituted in diethylpyrocarbonate-treated 
water. The RNA was stored at –20°C until further analysis. 
RNA quality was assessed by a Nanodrop Spectrophotometer 
(Thermo Fisher Scientific, CA, USA) and Agilent Bioana-
lyzer (Santa Clara, CA, USA). Only samples with a mini-
mum concentration of 10 ng/μL and with an optical density 
260 nm/280 nm ratio of 1.8–2.0 was used for evaluation of 
CYP19A1 (aromatase), side-chain cleavage enzyme (SCC, 
also called CYP11A1), steroidogenic acute regulatory pro-
tein, 3 beta-hydroxysteroid dehydrogenase mRNA expression 
levels. Real time-polymerase chain reaction (RT-PCR) was 
achieved by using the SYBR Green I chemistry. The primers 
utilized in the study are listed in Table 1 and was synthesized 
by Fisher (Pittsburg, PA, USA). The PCR protocol used in 
this study is described somewhere else.34 The mRNA expres-
sion levels for each steroidogenesis and folliculogenesis 
gene was calculated using ΔΔCT cycle threshold method 
relative to glyceraldehyde-3-phosphate which was used as 
the loading control.

Statistical analysis   
Sample size calculation was performed to detect a 50% differ-
ence in the number of embryos with 80% power and two-tailed 
alpha error of 0.05.

The data are presented as mean ± standard error from mean 
(SEM). The data of Cycle 1 and Cycle 2 use were analyzed 
and compared. The parameters collected include serum FSH, 
luteinizing hormone, estradiol, and progesterone levels, antral 
follicle count by ultrasound, the dose of fertility medications 
used for ovarian stimulation, the number of days of stimula-
tion, the number of follicles in the ovaries observed by trans-
vaginal ultrasound, EMT, number of oocytes collected as well 
as the number of embryos formed. The Kolmogorov-Smirnov 
test was used methods to test the normality of the data and the 
Levene’s test was used to assess the homogeneity of variance.
A paired t-test was used to compare both clinical and RT-PCR 
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results if the data were normally distributed. The number of 
follicles observed by the transvaginal ultrasound was the main 
outcome of the study, which denoted the efficacy of HOCATT 
use on folliculogenesis. The statistical analysis was conducted 
using GraphPad Prism statistical software (version 9.2.0, 
GraphPad Software, CA, USA, www.graphpad.com) and P 
value of < 0.05 was considered statistically significant.

RESULTS
Clinical data 
There were no significant differences between Cycle 1 and 
Cycle 2 in the number of days of stimulation or in the dose 
of medications (Gonal-F or Follistim, clomiphene citrate and 
letrozole) used per cycle during the ovarian stimulation cycles 
(P > 0.05 for all). Additionally, there were no significant dif-
ferences in baseline FSH, luteinizing hormone, progesterone, 
and estradiol serum levels as well as the antral follicle count 
between Cycle 1 and Cycle 2 (P > 0.05 for all). However, even 
though the number of oocytes collected and peak estradiol 
levels were similar, the number of embryos formed in Cycle 
2 was significantly higher than the number of embryos formed 
in Cycle 1 (P = 0.02; Figure 1). Additionally, the EMT in 
Cycle 2 was significantly higher than the EMT in Cycle 1 in 
all participants (P = 0.03; Figure 1).

In vitro GCs results  
Six patients who underwent oocyte retrieval had their GCs 
split equally and cultured, then placed in the HOCATT 
machine or in room temperature (control) in the same room 
as the HOCATT machine (OST without PEMF). RT-PCR 
was performed for genes involved in steroidogenesis: 
CYP19A1, SCC, steroidogenic acute regulatory protein, and 
3 beta-hydroxysteroid dehydrogenase in order to quantify 
their mRNA expression levels. The results showed that OST 
exposure caused a significant 5 times increase in CYP19A1 
and 50% significant decrease in SCC (Figure 2). There were 
no statistically significant differences in steroidogenic acute 
regulatory protein or 3 beta-hydroxysteroid dehydrogenase 
mRNA expression levels (P > 0.05).

DISCUSSION
In this study, we assessed the clinical outcome in women 
with severe DOR undergoing IVF before and after a total of 

Table 1: Primers used for real time-polymerase chain reaction in the study

Genes in GCs important in steroidogenesis and 
folliculogenesis Sequence primers (5′–3′) Product length (bp)

CYP19A1 (aromatase) Forward: GAC GGA AGG TCC TGT GCT C 164
Reverse: GGG GGC AAT TTA GAG TCC ACA

Side-chain cleavage enzyme Forward: TGG GTC GCC TAT CAC CAG TA 173
Reverse: TGC AGG ACA CTG ACG AAG TC

Steroidogenic acute regulatory protein Forward: AGG ACG AAG AAC CAC CCT TG 180
Reverse: CAT CAC AGC CTG TTG CCT CA

3 Beta-hydroxysteroid dehydrogenase Forward: GCT TCT GGG TCA GAG GAT CG 184
Reverse: CTG GCA GGC TCT TTT CAG GA

Glyceraldehyde-3-phosphate (housekeeping gene) Forward: ACC CAC TCC TCC ACC TTT GA 100
Reverse: TGT TGC TGT AGC CAA ATT CGT T

Figure 1: Ozone therapy and pulsed electromagnetic field therapy improve 
the female reproductive system.
Note: Women (n = 44) with severe diminished ovarian reserve underwent 1st in 
vitro fertilization cycle (Cycle 1), followed by hyperthermic ozone & carbonic acid 
transdermal therapy machine use for 3 weeks followed by a 2nd in vitro fertilization 
cycle (Cycle 2) using the same protocol as Cycle 1. There was no significant 
difference in the number of oocytes collected or peak serum estradiol (E2) levels. 
However, the endometrial lining thickness (EMT) and number of embryos formed 
were significantly higher in Cycle 2 compared to Cycle 1. Data are presented as 
mean ± SEM and were analyzed by paired t-test. The detailed statistical analysis 
is shown in Additional Table 1.

six sessions of HOCATT use (OST + PEMF) over a 3-week 
period. The data showed improvement in the number of em-
bryos formed even though the number of oocytes collected 
was similar, thus indicating improvement in oocyte quality. 
Additionally, there was improvement in EMT which is a sig-
nificant predictor of pregnancy success in IVF/FET cycles. 
Finally, GCs treatment with OST in vitro showed upregulation 
of CYP19A1, which is the aromatase enzyme responsible for 
estradiol production, and showed downregulation in SCC, 
which is an enzyme that catalyzes the conversion of cholesterol 
to pregnenolone: the first reaction in the process of steroido-
genesis for the production of various steroid hormones.

The EMT is a significant predictor of pregnancy outcome 
in IVF/FET cycles thus the pregnancy rate is usually signifi-
cantly higher in women with EMT of more than 7 mm.35 A 
study carried out to evaluate the effects of ozonated saline on 
endometrial irrigation by histological and ultra-sonographic 
parameters on healthy ovulating women demonstrated a favor-
able effect towards successful implantation.26 In accordance 
with our findings, a meta-analysis carried out by Momeni et 
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al.36 on 14 studies including 2204 pregnant and 2718 nonpreg-
nant women suggested that there is a significant difference in 
the mean EMT between pregnant and nonpregnant groups (P 
< 0.001). 

As follicles grow and develop each month, they produce 
estradiol. Animal studies conducted with aromatase inhibitors 
suggest that estrogens are important for oocyte function.37 
Estrogen also has been shown to induce the transcription fac-
tor, early growth response 1, to positively regulate the actions 
in uterine epithelial cells that are responsible for improving 
endometrial receptivity for embryo implantation.38 He et 
al.39 suggested that oil sands process water may decrease the 
estrogen production, and ozonation reduced the naphthenic 
acids concentrations, the primary toxic compound in oil sands 
process water without impacting and altering the steroidogen-
esis pathway and aromatase mRNA expression in cell culture 
studies. In our study, our results showed that OST altered GC 
gene expression by showing a five-fold increase in the mRNA 
expression levels of CYP19A1 gene which is a critical enzyme 
in estrogen production. Our results also showed a significant 
50% reduction in the SCC gene which produces the enzyme 
responsible for the rate limiting step in steroidogenesis. There 
are studies demonstrating that overexpression can lead to re-
duced fertility ability while complete loss of the SCC gene was 
associated with neonatal deaths.40,41 Women with polycystic 
ovarian syndrome, when compared to age-matched controls, 
demonstrated significantly higher SCC mRNA and protein 
levels in their ovarian tissue.42 CYP11A1 (SCC) transgenic 
female mice exhibited reduced pregnancy rates, impaired 
implantation and placentation and reduced litter size in the 
uterus.43 The authors thus inferred that the overexpression of 
the SCC gene leads to progesterone insufficiency in the early 

pregnancy.43 On the other hand, mice with SCC knockout 
gene produced no steroids and presented with severe adrenal 
defects or resulted in neonatal deaths.44 According to the 
findings above, we hypothesized that the downregulation of 
SCC gene in GCs following OST exposure may be related to 
a better fertility outcome. 

There are several limitations to our study. Even though we 
have found significant improvement in the number of embryos 
formed, we did not assess the pregnancy rates in our partici-
pants as most of them are still banking more embryos due to 
the severe nature of their low ovarian reserve. Additionally, 
even though we have found significant increase in EMT, we 
did not assess the implantation rate for similar reasons. Another 
limitation is that most of our patients decided to freeze their 
embryos on the cleavage stage rather than blastocyst stage 
due to fear of embryo arrest. Additionally, we only assessed 
4 genes in GCs while there are many other genes involved 
in steroidogenesis that need to be assessed in future studies. 
Finally, we evaluated mRNA levels which do not always trans-
late into protein expression. Thus ideally, the quantification of 
steroids (estradiol and progesterone) in the GC culture media 
would have added a large value to our findings.

In conclusion, this study is the first to assess the effect of 
OST and PEMF in infertile women with severe DOR un-
dergoing IVF. The preliminary findings showed promising 
improvement in ovarian (both in vivo and in vitro) and uterine 
environment. These results could be helpful for women with 
severe DOR who had repeated failed IVF cycles due to poor 
oocyte quality and for women who have persistently thin 
EMT who cannot use donor oocytes or a gestational carrier 
due to personal, ethical, religious or financial reasons. There 
is a definite need for well-designed large cohort studies and 
even randomized trials in order to better assess the efficacy 
of OST and PEMF in female reproduction.
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