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Abstract

The primary objective of this study was to assess the safety and benefits of a nutritional supplement
containing 100 mg of 5-aminolevulinic acid phosphate and 29 mg of sodium ferrous citrate (5-ALA
phosphate/SFC) in patients with diabetes when administered in conjunction with standard-of-care
hypoglycemic treatment. This post-marketing surveillance (PMS) study included 100 male and
female diabetic patients from 14 healthcare centers in Bahrain, all of whom received 5-ALA
phosphate/SFC in addition to their routine diabetes medications. Outcomes were compared with data
from 96 historical control patients who received standard-of-care treatment alone. Data were
collected at 16-week intervals: pre-study (t0-16 weeks), at treatment initiation (t0), at the end of
treatment (t0+16 weeks), and at post-treatment follow-up (t0+32 weeks). Adverse events reported
were either mild or unrelated to the supplement. Patients receiving 5-ALA phosphate/SFC were
categorized into four response classes based on changes in HbAlc levels: super-responders,
responders, steady-responders, and non-responders. Statistically significant reductions in HbAlc
were observed in both the super-responder and responder classes at post-treatment follow-up (p <
0.05). No abnormalities were noted in blood laboratory analyses post-treatment. Among non-
responders, insulin was administered when oral hypoglycemic agents proved ineffective due to
severe insulin resistance. The findings suggest that 5-ALA phosphate/SFC is a safe and effective
adjunct oral hypoglycemic supplement when used with standard-of-care treatments for diabetes. It
was postulated that 5-ALA phosphate/SFC upregulates mitochondrial function. A follow-up study
was also conducted to evaluate the supplement’s potential effect on mitochondrial activity, a factor
often impaired in insulin-resistant individuals, particularly among super-responders. Further
randomized, double-blind, placebo-controlled trials are warranted to confirm these findings.

Keywords: 5-aminolevulinic acid (5-ALA); Type 2 diabetes mellitus; mitochondrial dysfunction;
heme; oral hypoglycemic agents’ algorithm
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1. Introduction
1.1. The Impact and Response to Diabetes Mellitus

Diabetes mellitus represents one of the most significant global public health challenges. Since
1980, the prevalence of diabetes among adults has quadrupled, primarily due to the rising incidence
of type 2 diabetes mellitus (T2DM), which is closely linked to increasing rates of overweight and
obesity [1].

Countries in the Arab Gulf Cooperation Council (GCC), including Bahrain, have observed
diabetes rates that exceed the global average. In Bahrain, over 16.3% of the adult population has been
diagnosed with diabetes. More broadly, the Middle East and North Africa (MENA) region holds the
highest regional prevalence at 16.2% and is projected to see an 86% increase in the number of people
living with diabetes, reaching an estimated 136 million by 2045. The MENA region also records the
highest percentage (24.5%) of diabetes-related deaths among people of working age [2].

Bahrain is among the nations most affected by the diabetes epidemic. In response, the Ministry
of Health has taken extensive measures to reduce the burden of diabetes and its complications. These
efforts include public awareness campaigns, healthcare provider training, enhanced treatment
protocols, and the establishment of specialized diabetes clinics in all primary healthcare centers.
These clinics are staffed by diabetes specialists and trained nurses and provide a comprehensive
range of preventive and therapeutic services. These include medication management, routine
screenings (e.g., retinal and foot exams), vaccinations, counseling, and personalized health education
[3].

Current standard-of-care treatments for diabetes encompass a wide array of non-insulin and
insulin-based glucose-lowering therapies, alongside recommended lifestyle interventions such as
improved diet, regular physical activity, and smoking cessation. Preventing and managing diabetes-
related complications is also a critical aspect of overall care. For example, angiotensin-converting
enzyme (ACE) inhibitors are routinely used to prevent diabetic nephropathy. Metformin remains the
first-line pharmacologic agent unless contraindicated. Other commonly used glucose-lowering
medications include sulfonylureas and dipeptidyl peptidase-4 (DPP-4) inhibitors. These medications,
combined with lifestyle changes — such as an improved diet and regular physical exercise — form
the foundation of diabetes management [4-7].

1.2. 5-ALA and Its Potential Role

d-Aminolevulinic acid (5-ALA) is the first compound in the porphyrin synthesis pathway,
leading to heme synthesis in mammals [8]. Heme is a major component of hemoglobin and other
hemoproteins, including myoglobin and cytochromes. Heme and cytochromes play an essential role
in the electron transport chain (ETC) in mitochondria, and cytochrome P450 functions as a metabolic
enzyme involved in the oxidation and detoxification of many xenobiotics and endogenous
compounds. Given the nature of 5-ALA as a precursor of heme, it serves as an essential molecule in
humans and other vertebrates and may be associated with various metabolic disorders [9,10].

1.3. Specific Hypothesis and Study Objectives

As heme is a critical component of the cytochrome system, it plays a vital role in the function of
mitochondria. Dysfunction of mitochondria has been associated with insulin resistance and type 2
diabetes. Thus, enhancing the ETC in mitochondria enhances TCA cycle function and upregulates
sugar and fat metabolism, increasing ATP production and reducing blood sugar. This work might
shed light on the potential impact of 5-ALA phosphate/SFC on upregulating mitochondrial function,
whose dysfunction is associated with insulin resistance, which could be used as an add-on
supplement for diabetes patients. Mitochondrial dysfunction may be a central cause of insulin
resistance and related complications [11].

A previous study demonstrated that mice heterozygous for the ALA synthase 1 (ALAS1) gene
suffer from abnormal blood glucose levels and insulin resistance. The same study showed that 5-ALA
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deficiency resulted in heme deficiency, as there was decreased glucose uptake in myocytes in mice
with absent ALAS1 and a block in heme synthesis. Such findings support the hypothesis that 5-ALA
deficiency in vivo can impair glucose levels and insulin resistance [12].

A prospective, randomized, single-blind, placebo-controlled, dose-escalating clinical trial
assessed the safety of 5-ALA phosphate with SFC at doses up to 200 mg 5-ALA phosphate/229.42 mg
SFC per day in diabetes patients [13]. The study enrolled 53 patients living in Bahrain with
uncontrolled T2DM, despite the use of one or more antidiabetic drugs. There was no significant
difference in the incidence of adverse events reported, and the most frequent events reported were
gastrointestinal, consistent with the known safety profile of 5-ALA phosphate in patients with
diabetes. No significant changes in laboratory values and no difference in hypoglycemia between
patients receiving 5-ALA phosphate/SFC and placebo were noted. Overall, the results support the
use of 5-ALA phosphate with SFC up to 200 mg per day taken as 2 divided doses, which is safe in
patients taking concomitant oral antidiabetic medications and may offer benefits in the diabetic
population [14].

Currently, 5-ALA phosphate in combination with SFC is approved as a dietary supplement in
Japan, Singapore, the Philippines, Dubai, Vietnam, Jordan, and was approved in Bahrain. 5-ALA
hydrochloride is approved in many countries for photodynamic diagnosis during the intraoperative
resection of gliomas using 5-ALA hydrochloride in conjunction with blue light to visualize the tumor
by fluorescence of protoporphyrin IX. The usefulness of 5-ALA-induced tumor fluorescence for
guiding tumor resection has been well known in the neurosurgery and urology fields[15,16]. 5-ALA
hydrochloride [15,16], 5-ALA phosphate/SFC [13,14,17] and 5-ALA hydrochloride /SFC [18] have
been shown to be safe in different types of applications.

This post-marketing survey study was conducted to examine the safety and efficacy of 5-ALA
phosphate/SFC as an add-on to other hypoglycaemic drugs (standard of care) on T2DM patients in
Bahrain. The main objectives of this study were to determine whether using 5-ALA phosphate/SFC
is safe and effective as an add-on to other hypoglycemic agents for patients with diabetes and with
potential mitochondrial dysfunction and insulin resistance. It was concluded that 5-ALA
phosphate/SEC is a safe and effective oral hypoglycemic drug supplement along with the standard
of care in diabetes patients, which could upregulate mitochondrial function. A follow-up study was
conducted using saliva-based genetic screening and functional mitochondrial testing of both the
super responders and non-responders. The study results will be published elsewhere.

2. Materials and Methods
2.1. Study Design

This study was a post-marketing survey conducted in Bahrain using 5-ALA phosphate/SFC on
T2DM patients. It was approved by the National Health Regulatory Authority (NHRA) (No.
CEO/2015-314/MA]J on 7 June 2015, and the Ministry of Health in Bahrain (No MA/SA/497/2015 on
August 25, 2015). It was conducted in collaboration with the Bahrain Ministry of Health in 14 of the
27 health centres (Health Centers - Ministry of Health) to represent the Bahraini population: 1) Ibn
Sina Health Centre, 2) Budaiya Health Centre, 3) Isa town Health Centre, 4) Sh Jabar Al Ahmed Ai
Sabah Health Centre, 5) Yousef Abdulrahman Engineer Health Centre, 6) Harat Bu Maher Health
Centre, 7) Al Hooora Health Centre, 8) Muharraq Health Centre, 9) Sheikh Jaber AlAhmad AlSabah
Health Centre, 10) A’Ali Health Centre, 11) Ahmed Ali Kanoo Health Centre, 12) Hamad Kanoo
Health Centre, and 13) Mohamed Jasim Kanoo Health Centre, 14) Kuwait Health Centre, as shown
in Figure 1 [19].
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Figure 1. Map of Bahrain highlighting the locations of health centers involved in this study [19]. An asterisk (*) next to a

health center’s name in the legend denotes centers that participated.

The study was designed as an open-label, non-placebo-controlled investigation. A total of 100
patients were recruited through 14 primary care physicians across 14 health centers in Bahrain. The
study duration was approximately 16 weeks. All enrolled patients received standard-of-care
hypoglycemic agents in combination with 100 mg of 5-aminolevulinic acid phosphate (5-ALA
phosphate) and 29 mg of sodium ferrous citrate (SFC), referred to as 5-ALA phosphate/SFC. For
comparison, data were also collected from a historical control group of 96 patients who were treated
with hypoglycemic agents alone but did not receive 5-ALA phosphate/SFC.

Data collection occurred at four time points: approximately 16 weeks before study initiation
(pre-study, t0-16 weeks), at baseline (initial, t0), at the end of the treatment period (follow-up, t0+16
weeks), and 16 weeks after the conclusion of treatment (post-study, t0+32 weeks).

The study included both male and female participants residing in Bahrain who met the
following recruitment criteria:

2.2. Inclusion Criteria

1. Age between 20 and 75 years and considered to be in general good health (aside from having
diabetes) as determined by the results of their medical history, physical examinations, and
laboratory assessments.

2. HbAlc levels between 6.5% and 10% (inclusive), which is uncontrolled, despite the use of one
or more oral hypoglycemic agents

3. Body Mass Index (BMI) < 40 kg/m? (Six patients exceeded the defined BMI limit of < 40 kg/m?)

4.  Sitting blood pressure (BP)<160/100 mmHg

5. Ophthalmological exam within normal limits as judged by the investigator. If abnormal findings
are observed, they must be evaluated as not clinically significant

6. Female subjects who are not pregnant or breastfeeding. If of childbearing potential, they should
agree to use an acceptable form of birth control

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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2.3. Exclusion Criteria

1. Liver dysfunction, defined as liver function test values >1.5 times the normal upper limit
Renal dysfunction, defined as blood urea nitrogen and/or serum creatinine values > 1.5 times the
upper limit of normal and/or estimated Glomerular Filtration Rate (eGFR) < 30 ml/min/1.73 m?

3. History of any life-threatening disease, cardiovascular disease, viral hepatitis, porphyria, or
hemochromatosis

4.  Allergy to 5-ALA phosphate, SFC, or any other component of the study product

5. Use of insulin for the management of serum glucose

6. Hypoglycemic event within the previous 3 months, defined as serum glucose levels less than 70
mg/dl (3.89 mmol/l)

7. History of sickle cell anemia

The patients were screened by their physician and asked to participate in the study if deemed
appropriate regarding the suggested inclusion and exclusion criteria. Doctors obtained informed
consent, and a questionnaire was filled out during the visit. The following was required to be filled
out on the first visit (pre-study, to-16 weeks).

Section 1: 1. Institution, 2. Clinician Name, 3. Date of Initial Assessment, 4. Patient Study ID

Section 2: 1. Patient Age, 2. Patient Sex, 3. Relevant diagnosis, 4. Relevant Diabetic Medical
History, 5. Current Diabetes Treatment (Name of drug, dose, duration), 6. Prior Diabetes Treatment
(Name of drug, dose, duration), 7. Baseline HbAlc, 8. Baseline Fasting Blood Glucose, 9. Baseline
Height, 10. Baseline Weight, 11. Follow-up Weight

Furthermore, routine lab analyses were collected as recommended by the doctors’ primary care
provider (PCP) at the initial time point (to) and follow-up (to+16 weeks)

2.4. Doses

In addition to the standard of care recommended by the physicians, the subjects were then
started on 5-ALA phosphate/SFC with a recommended dosage of 100 mg a day (2 x 25 mg capsules
twice a day).

2.5. The Standard of Care Used for Diabetes Patients

The oral hypoglycemic agent’s algorithm used for the standard of care followed the following
therapies, depending on the patient’s condition:

1. Monotherapy: metformin
2. Dual Therapy: metformin + sulfonylurea
3. Triple Therapy: metformin + sulfonylurea + DPP-4 Inhibitor

At time point to+32 weeks (16 weeks post-treatment, +/- one week), the subjects were asked to
return for assessment and evaluated by their physician on the following:

1. Date of Assessment, 2. Institution, 3. Clinician Name, 4. Patient Study ID, 5. Total number of
bottles used 6. Estimated capsules taken per day, 7. HbAlc, 8. Fasting Blood Glucose, 9. Weigh, 10.
Height, 11. Clinical Outcomes (Commenting on any changes), 12. Additional information (Including
feedback from the subject or their family)

Furthermore, routine lab analyses were collected as recommended by the doctors. If a patient
experienced an adverse event, it was discussed during their follow-up visit and recorded. The
questionnaires were collected and analyzed; all data from the source files, including the adverse
events, were recorded on an Excel sheet. The sheet was later checked for accuracy between the source
and digital files. Data was collected at time point to+32 weeks as well

2.6. Statistical Analysis

The data from the questionnaires was entered into Microsoft Excel. Additional statistical
analysis was performed in Python 3.8.8 with the SciPy package 1.7.3. Independent t-tests were
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performed for all treatments (n=100) vs. control (1=96) at pre-study, initial, follow-up, and post-study
timepoints. Paired t-tests were performed for each responder class: super responders (n=19),
responders (n=22), steady responders (n=12), non-responders (n=47), controls (n=96), and all
treatment classes (7=100), and study groups (treatment and control, n=196), at the following paired
time points: pre study and initial, initial and follow up, follow up and post study, and pre study and
post study. Patients with missed collection time points were excluded from the analysis. Statistical
analysis [mean + standard deviation,95% confidence interval upper and lower] was performed on the
lab analysis data for all treatment and control subjects at initial and follow-up time points.

Demographic data was analyzed using descriptive statistics and frequency calculator functions
in SPSS. The differences in HbAlc, fasting blood glucose, weight (kg), height (cm), and BMI between
the time points were compared.

3. Results

Over the 4-month treatment period, all 100 enrolled patients completed the study regimen,
receiving oral administration of 5-ALA phosphate/SFC in addition to standard-of-care therapy. Data
were collected at four key time points:

1. Pre-study: 16 weeks before treatment initiation (t0-16 weeks)
2. Baseline: At the start of treatment (t0)

3. Follow-up: 16 weeks after treatment initiation (t0+16 weeks)
4. Post-study: 16 weeks after the end of treatment (t0+32 weeks)

For comparison, historical data from 96 patients—who received standard-of-care treatment
only —were also collected at the same four time points, serving as a control group.

The standard-of-care hypoglycemic treatments administered were consistent with American
Diabetes Association (ADA) guidelines and included:

¢ Monotherapy: Treated with one antidiabetic drug, mainly metformin
e Dual Therapy: Treated with two drugs, typically metformin and sulfonylurea
e  Triple Therapy: Treated with three drugs, most commonly metformin, sulfonylurea, and a DPP-
4 inhibitor
Patients who required insulin due to a lack of response to these oral agents were excluded from
the study.

3.1. Demographics

Patients” demographics and gender differences are presented in Table 1.

More males participated in this study (59%) than females (41%). The participants” ages ranged
from 31 to 77 years, with an overall average of 52.7 years, for both males and females. A wide range
of males and females of all ages participated in this study. (Table 1)

Table 1. Demographics and gender differences of participating patients.

Minimum Maximum Mean
Gender n Std. Deviation
Age/years Age/years Age/years
Male 59 31 73 53.6 9.0202
Female 41 36 77* 51.4 9.7051
Overall 100 31 77 52.7 9.3681

*One female patient exceeded the age range (20-75 yrs) and was 77 yrs old.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.



https://doi.org/10.20944/preprints202508.1729.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 August 2025 d0i:10.20944/preprints202508.1729.v1

7 of 18

3.2. Adverse Events and Safety

The study showed that administering the 5-ALA phosphate/SFC supplement at 100 mg/day was
safe. Low rates of mild or unrelated adverse events were consistently observed and resolved. These
adverse events were body aches, tremors, flatulence, nausea, abdominal pain, and diarrhea; however,
no serious adverse events were reported (Table 2).

Table 2. Adverse effects reported for patients treated with 5-ALA phosphate/SFC.

Subject number AE
2 Nausea
15 Flatulence
16 Tremor
2 Abdominal pain
2 Diarrhea
19 Body ache

3.3. Efficacy: Patient Response to 5-ALA Phosphate /SFC

The response to 5-ALA phosphate/SFC among patients in the treatment group varied and was
categorized into four distinct groups based on changes in HbAlc levels:

1. Super Responders: These patients exhibited a marked and statistically significant reduction in
HbAlc levels four weeks after initiating treatment. However, this effect diminished following
the discontinuation of 5-ALA phosphate/SFC, with HbAlc levels rising significantly during the
post-treatment phase.

2. Responders: This group showed a moderate reduction in HbAlc levels four weeks after starting
treatment. Like the super responders, their HbAlc levels increased after stopping treatment,
indicating a temporary benefit during 5-ALA phosphate/SFC treatment.

3. Steady Responders: Patients in this group experienced a sustained reduction in HbAlc after 16
weeks of treatment, which persisted even four weeks after discontinuation of 5-ALA
phosphate/SFC, suggesting a more prolonged therapeutic effect.

4. Non-Responders: These individuals showed no improvement or an increase in HbAlc levels
throughout the study period, indicating no measurable response to the 5-ALA phosphate/SEC
treatment.

Table 3 presents the classification of patients in the treatment group according to their HbAlc
response to 5-ALA phosphate/SFC.

Table 3. Classification of patients with diabetes based on their response to 5-ALA phosphate /SFC.

Classification
HbAlc Changes

between initial and follow

between follow-up and post-treatment

Super responders <-09% to - 35 %
+01%to+3.1%
Responders < -0.10% to -0.80 %
+0.1 % to +2.8 %
Steady responders < -01% to - 20 %

0.00to-1.5 %
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Non responders 0.00 to + 2.7 %
*-44%to+31%

*1 patient of non-responders was treated with insulin during the post-study period.

All patients in the treatment group received standard-of-care therapy continuously at three key
time points, and continued to receive standard care thereafter. In comparison, the control group
received only standard-of-care treatment over the same time intervals, without the addition of 5-ALA
phosphate /SFC. The response to 5-ALA phosphate /SFC was evaluated primarily based on safety,
changes in HbAlc levels, and standard laboratory parameters, and was compared with the control
group.

Table 4 presents HbAlc across all time points: pre-study, initial, follow up and post-study, for
each class within the treatment group —super responders, responders, steady responders, and non-
responders—as well as for the control group. The table also includes a summary of statistics,
including mean + standard deviation and 95% confidence intervals (upper and lower bounds), for
each group. Among non-responders, a high decrease in HbAlc was observed during the post-
treatment (to+32 weeks), as shown in Supplemental Table S1. This was likely due to treatment with
insulin, which was used for patients who did not respond to all hypoglycemic agents and had a high
level of HbAlc.

Table 4. Summary of HbAlc and statistical data (mean + standard deviation, with 95% confidence intervals
upper and lower bounds) for patients receiving 5-ALA phosphate/SFC alongside standard-of-care, classified by
treatment response (super responders, responders, steady responders, and non-responders), and the control

group, measured at key timepoints throughout the study.

Group Pre study Initial (to) Follow up Post study
(to-16 weeks) (to+16 weeks) ( to+32 weeks)
Super Responders 793 +1.01 8.57 £0.86 6.96 +0.88 7.90 £ 0.92
[7.46, 8.40] [8.17,8.97] [6.55,7.37] [7.48, 8.32]
Responders 8.05+1.59 8.03+1.16 7.67 £1.09 8.58 £1.29
[7.36, 8.75] [7.52, 8.53] [7.19, 8.14] [8.01,9.15]
Steady Responders 9.01+1.59 8.81+1.13 7.92+0.94 7.52+0.98
[8.02, 10.00] [8.11,9.51] [7.34, 8.50] [6.91, 8.13]
Non-Responders 8.67+1.29 8.43+1.16 9.37+1.31 8.86 +1.52
[8.26,9.07] [8.06, 8.80] [8.95,9.79] [8.38,9.34]
Control 8.35+1.15 8.25+1.07 8.58 +1.11 8.50 +1.36
[8.08, 8.63] [7.99, 8.51] [8.31, 8.85] [8.17,8.82]

Table 5 shows mean of HbAlc changes and statistics for all treatment classes (super responders,

responders, steady responders, and non-responders) and control subjects between the following time
point pairs in the study: pre-study, to initial treatment, initial treatment to follow up, follow up to
post study, and pre-study post study. The following summary statistics are provided for each group:
change in mean # standard deviation [95% confidence interval upper and lower bounds].
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Table 5. Summary of changes in HbAlc means and statistics [mean + standard deviation, 95% confidence

interval upper and lower] of HbAlc for all treatment classes and control subjects between the stated time point

pairs in the study.

Group n | Prestudy Initial Follow up Pre study
vs Initial vs Follow up vs Post study | vs Post study

Super Responders 18 | 0.64+1.29 -1.61 £0.68 0.94+0.75 -0.03+£1.28
[0.05, 1.24] [-1.93, -1.30] [0.59, 1.29] [-0.62, 0.56]

Responders 20 | -0.03+1.52 -0.36 £0.25 0.92+0.78 0.53 +1.61
[-0.70, 0.64] [-0.47,-0.25] [0.57, 1.26] [-0.18, 1.23]

Steady Responders 10 | -0.20 +1.82 -0.89 £0.67 -0.40 £ 0.45 -1.49 +£1.58
[-1.33, 0.93] [-1.31, -0.47] [-0.68, -0.12] [-2.47,-0.51]

Non-Responders 38 | -0.24+0.83 0.94+0.72 -0.51+1.33 0.19+1.44
[-0.50, 0.03] [0.71, 1.17] [-0.94, -0.09] [-0.27, 0.65]

Control 66 |-011+1.13 0.33+0.79 -0.08 =£1.09 0.14+1.36
[-0.38, 0.17] [0.14, 0.52] [-0.35, 0.18] [-0.19, 0.47]

The mean HbA1lc changes throughout the study are shown in Figure 2. The figure illustrates
fluctuations in HbAlc across treatment response classes—super-responders, responders, steady
responders, and non-responders—in the 5-ALA phosphate/SFC plus standard healthcare group, as
well as in the control group receiving standard healthcare alone. Data are presented at four time
points (pre-study, initial, follow-up, and post-study) using a mean values line chart (Figure 2A) and
violin plots of individual data (Figure 2B), the latter showing symmetrical distributions within the
treatment response classes.
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Figure 2. *HbAlc fluctuations across treatment response classes—super-responders, responders, steady
responders, and non-responders—in participants receiving 5-ALA phosphate/SFC with standard healthcare,
compared to the control group receiving standard healthcare alone. Measurements were taken at four time
points: pre-study, initial, follow-up, and post-study. Data are presented as a line chart (A) and violin plots by

treatment response class (B). Statistical significance: *p < 0.05, **= p < 0.001.

The classes of the treatment group data, control group data, and overall treatment and control
group data were compared between the four time points; pre-study (16 weeks before pre-study, to-16
weeks), initial point (to), follow-up (16 weeks after initial point, to+16 weeks), and post-study (16
weeks after follow-up point, to+32 weeks).

P-values from paired t-tests comparing HbAlc levels across treatment response groups and the
control group at each study time point are presented in Supplemental Table S2. Measurements were
taken at four key time points: 16 weeks before treatment initiation (pre-study), at the start of
treatment (initial), 16 weeks after treatment began (follow-up), and 16 weeks after treatment ended
(post-study). Paired t-tests were conducted for the following time intervals: Pre-study to initial, initial
to follow-up, follow-up to post-study, and Pre-study to post-study

The groups comprise all participants in the study (n = 196), including both treatment group
classes and control groups. This includes super responders (n=19), responders (n=22), steady
responders (n=12), non-responders (1=47), and control group (1=96). The treatment group comprises
all patients (1 = 100) who received 5-ALA phosphate/SFC in combination with standard-of-care
treatment, classified into the four response classes mentioned above. The control group (17=96)
received standard-of-care treatment alone, without 5-ALA phosphate/SFC. Treatment data were
compared with the control data

3.4. Efficacy: Age and Gender Variability in Response to 5-ALA Phosphate/SFC Treatment

Variations in treatment response to 5-ALA phosphate/SFC were observed across age and gender
among study participants between the treatment initiation point (t0) and the follow-up point at 16
weeks (t0+16 weeks) (see Supplemental Tables S3 and 54).

The study included 59 male and 41 female participants. Among the male group, 35 individuals
experienced a reduction in HbAlc levels, while 24 showed an increase. In contrast, 18 female
participants exhibited decreased HbAlc levels, and 23 showed an increase. A higher proportion of
males demonstrated HbAlc reductions compared to females.

After 16 weeks of treatment with 5-ALA phosphate/SFC alongside standard-of-care therapy,
male participants generally responded more favorably than female participants. Among the 35 males
who showed improvement, the average HbA1lc reduction ranged from 0.61% to 2.2%. In contrast, the
24 males with increased HbAlc levels experienced rises between 0.54% and 1.55%.

Among the female participants, 18 individuals showed HbAlc decreases ranging from 0.63% to
0.89%, while 23 had increases between 0.55% and 1.60%.

3.5. HbAlc Changes in Patients Receiving Monotherapy, Dual Therapy, and Triple Therapy With and
Without 5-ALA Phosphate/SFC

Patients receiving dual or triple hypoglycemic therapy in combination with 5-ALA
phosphate/SFC showed greater reductions in HbAlc compared to those on monotherapy.
Supplemental Table S5 summarizes the number of patients in both the treatment and control groups
who demonstrated a decrease in HbAlc levels 16 weeks after treatment (follow-up).

In the treatment group, the greatest HbAlc reduction was observed among patients receiving
dual therapy —primarily a combination of metformin and sulfonylurea—with approximately twice
as many responders compared to the monotherapy group. This difference was statistically
significant. Although triple therapy also showed favorable outcomes, the difference between dual
and triple therapy was less marked.

¢ Monotherapy: Treated with one antidiabetic drug, mainly metformin
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e Dual Therapy: Treated with two drugs, typically metformin and sulfonylurea
e Triple Therapy: Treated with three drugs, most commonly metformin, sulfonylurea, and a DPP-
4 inhibitor
These results indicate that dual therapy combined with 5-ALA phosphate/SFC was more
effective in lowering HbAlc than both monotherapy and triple therapy. A similar trend was seen in
the control group; however, the number of patients experiencing HbAlc reductions was lower,
particularly in the dual therapy. Table 6 presents the average HbAlc changes observed across
monotherapy, dual therapy, and triple therapy groups, comparing those treated with 5-ALA
phosphate/SFC to those in the control group.

Table 6. Average HbAlc changes in patients treated with mono, dual, or triple therapy with or without 5-ALA
phosphate /SFC (control group).

Type of treatment Mono Dual Triple
Time point Initial Follow up | Initial | Followup | Initial | Follow up
With 5 ALA /SFC 7.29 6.81 8.53 7.56 8.81 7.74
control 7.33 6.71 7.99 7.30 8.41 7.74

3.6. Changes in Weight and BMI

After 16 weeks of treatment with 5-ALA phosphate/SFC alongside standard care, a slight
reduction in both weight and BMI was observed (Supplemental Table S6). On average, treated
patients experienced a decrease in BMI of -0.41 and a weight loss of -1.33 kg. In contrast, the control
group showed a slight increase in BMI (+0.18) and weight (+0.49 kg) over the same period.

3.7. Laboratory Blood Analysis

Supplemental Table S7 presents the mean values and summary statistics for laboratory
parameters in both the treatment and control groups at baseline (initial) and after 16 weeks (follow-
up). Normal reference ranges are provided in Supplemental Table S8. The data include mean +
standard deviation and 95% confidence intervals for each time point.

Overall, no significant changes in blood parameters were observed following 16 weeks of
treatment with 100 mg/day 5-ALA phosphate/SFC. Liver function markers such as ALP and ALT did
not change significantly, indicating no impact on hepatic function. Similarly, renal markers stayed
within normal limits throughout the study. Blood urea and creatinine levels were comparable
between groups at both time points. In the treatment group, average creatinine values were 65.4
umol/L at baseline and 64.6 pumol/L at follow-up. In the control group, they were 68.5 pmol/L and
67.8 umol/L, respectively, well within normal reference ranges (Supplemental Table S8). These
findings suggest that 5-ALA phosphate/SFC did not adversely affect kidney function.

4. Discussions
4.1. Safety and Effects of 5-ALA/SFC on Liver and Kidney Functions

This study demonstrated a low incidence of adverse events among patients treated with 5-ALA
phosphate/SFC (Table 2), consistent with previous research [12-14]. Prior studies have reported
minimal to no adverse effects associated with 5-ALA phosphate, highlighting its strong safety profile
[14]. As an endogenous compound synthesized in the mitochondria, 5-ALA phosphate is generally
well tolerated. Any side effects observed in the present study —such as diarrhea and back pain—were
mild and not related to the treatment. This aligns with previous findings in diabetic populations [12-
14].

Patients in this study received a range of concomitant oral hypoglycemic agents, with some
taking up to three simultaneously. Importantly, no drug-drug interactions were reported between 5-
ALA phosphate/SFC and standard antidiabetic medications. While hypoglycemia is a potential

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202508.1729.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 August 2025 d0i:10.20944/preprints202508.1729.v1

12 of 18

concern when combining nutritional supplements with glucose-lowering agents, no difference in
hypoglycemic events was observed between the 5-ALA phosphate/SFC group and the control group.
These findings are consistent with those from a Japanese study involving 45 patients, which
confirmed that 5-ALA phosphate/SFC doses of 15 mg and 50 mg were well tolerated when combined
with oral antidiabetic therapy [14]. In contrast to 5-ALA phosphate/SFC, many anti-hyperglycemic
drugs are associated with higher rates of adverse events, including serious complications [20].

Supplemental Table S7 illustrates mean values and summary statistics of lab analysis for all
treatment study subjects and control subjects at initial and follow-up time points. Raised ALP reflects
biliary tree injury and cholestasis, whereas raised AST and ALT levels usually reflect hepatocyte
injury. Raised bilirubin and low albumin can reflect impaired liver function (Supplemental Table S8).
No significant changes in all liver parameters after 16 weeks of treatment with 100 mg/day 5-ALA
phosphate/SFC were reported, and no significant changes were found in the control group. These
results indicate that 5-ALA phosphate/SFC had no effect on liver function (Supplemental Tables S7
and S8).

Blood urea is formed in the liver and carried by the blood to the kidneys for excretion. Diseased
or damaged kidneys cause an accumulation of blood urea nitrogen (BUN) in the blood as the
glomerular filtration rate (GFR) drops. Generally, BUN levels of 7 to 20 mg/dL (2.5 to 7.1 mmol/L) are
considered normal. The average blood urea in this study was within the normal range at the initial
time point and follow-up for both treated and control groups (Supplemental Tables S7 and S8).

Serum Creatinine is a waste product from normal wear and tear on the body’s muscles.
Creatinine levels in the blood can vary depending on age, gender, and body size. A creatinine level
greater than 1.5 mg/dL may indicate kidney dysfunction. As kidney disease progresses, the level of
creatinine in the blood rises. The overall averages of creatinine in this study were within the normal
range at the initial time point and follow-up (Supplemental Tables S7 and S8). These results indicate
no impact of 5-ALA phosphate/SFC with standard of care on kidney function in type 2 diabetes.
Adverse effects reported for patients treated with 5-ALA phosphate/SFC are listed in Table 2. Only
minor adverse events were reported, and no serious adverse events greater than Grade 2 were
reported.

4.2. Efficacy: Overall Patient Response to 5-ALA Phosphate/SFC

Patient responses to 5-ALA/SFC as an add-on to standard care varied considerably across the
study population. After 16 weeks of treatment, male participants demonstrated a stronger response
to 5-ALA/SFC compared to female participants (Supplemental Tables 53 and S4).

As outlined in Figure 2 and Table 3, patients were categorized into four response groups based
on changes in HbAlc: 1) super responders, 2) responders, 3) steady responders, and 4) non-
responders. Supplemental Table S2 shows that, for all groups except super responders, there were no
significant changes in HbAlc from the pre-study period to the treatment baseline (P > 0.05). In
contrast, super responders exhibited a significant decrease in HbAlc during this same interval (P =
0.0486), suggesting early sensitivity to treatment.

For both super responders and responders, HbAlc levels significantly decreased from
treatment initiation (t0) to the follow-up visit at 16 weeks (P =1.54E-08 and P = 3.20E-06, respectively).
However, a significant rebound in HbAlc was observed following cessation of 5-ALA
phosphate/SFC treatment, from the follow-up to the post-study period (P = 6.01E-05 and P = 4.52E-
05, respectively). These findings suggest that the glycemic benefits of 5-ALA phosphate/SFC were
reversible upon treatment discontinuation. HbAlc levels at the post-study visit were not significantly
different from pre-study levels (P > 0.05).

Steady responders also showed a significant HbAlc reduction from the initial dose to the
follow-up (P = 0.00232), and a continued decrease from follow-up to post-study (P = 0.0213). A
significant reduction was also observed from pre-study to post-study (P = 0.0154), indicating a
sustained benefit even after treatment cessation.
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Non-responders experienced a significant increase in HbAlc from treatment initiation to follow-
up (P = 1.01E-09). These patients consistently showed the highest HbAlc levels among all groups,
with greater variability (Figure 2). This group appeared unresponsive to both the standard of care
and 5-ALA phosphate/SFC.

Notably, 11 non-responders were prescribed insulin during the post-study period. Of these:

e 7 patients responded to insulin with a reduction in HbAlc,

e 1 patient showed no change,

e 3 patients exhibited further increases in HbAlc, indicating limited or no response even with
intensified therapy.

The variable response to 5-ALA phosphate/SFC may be linked to its mechanism of action. 5-
ALA and iron are essential for mitochondrial heme biosynthesis, a key component of hemoglobin,
myoglobin, and cytochromes. These are vital for mitochondrial energy production. Mitochondrial
dysfunction is implicated in insulin resistance and type 2 diabetes [9,10], and elevated blood glucose
levels are known to reduce endogenous 5-ALA synthesis [11]. It is hypothesized that super
responders may have underlying mitochondrial dysfunction—possibly due to hyperglycemia or
genetic predisposition—and that 5-ALA supplementation may have restored mitochondrial function.
This mechanism is illustrated in Figure 3.
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Figure 3. Impact of Glucose on ALA Production and Heme Biosynthesis, and Proposed Mechanisms Underlying
the Anti-Diabetic Actions of Exogenous 5-ALA Supplementation. .

4.3. Efficacy: Overall Patient Response to 5-ALA Phosphate/SFC

Patients” response to 5-ALA phosphate/SFC treatment as an add-on to the standard of care
varied. After 16 weeks of treatment with 5-ALA phosphate/SFC in addition to the standard of care,
males responded better than females to 5-ALA phosphate/SFC (Supplemental Tables S3 and S4). As
previously described, patients were classified into four classes based on their response to 5-ALA
phosphate/SFC treatment: 1) super responders, 2) responders, 3) steady responders, and 4) non-
responders (detailed in Figure 2 and Table 3).

As shown in Supplemental Table S2, for all classes except super responders, HbAlc values did
not change significantly between the pre-study phase and the start of 5-ALA phosphate dosing (P-
value > 0.05). In contrast, super responders observed a significant change in HbAlc values (P-value
=(.0486) For super responders and responders, HbAlc values decreased significantly from the initial
(start of dosing) to the follow up visit (end of dosing) (P-value= 1.54E-08 and 3.20E-06, respectively),
then HbAlc values increased significantly from the follow-up visit (end of dosing) to the post study
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(P-value= 6.01E-05 and 4.52E-05, respectively), suggesting that HbAlc values increased once oral
administration of 5-ALA/SFC was stopped. They responded in different magnitudes to 5-ALA
phosphate/SFC treatment. Lastly, HbAlc values at the post-study were not significantly different
from those of the pre-study (P-value>0.05), suggesting that HbAlc post-study values returned to pre-
study levels and showing reversible effects of 5-ALA phosphate/SFC.

For steady responders, HbAlc values decreased significantly from the initial (start of dosing) to
the follow-up visit (end of dosing) (P-value=0.00232), and then they continued to decrease
significantly from the follow-up visit (end of dosing) to the post-study (P-value=0.0213); there was a
significant decline between the pre-study and post-study visits (P-value=0.0154).

For non-responders, HbAlc values increased significantly from the initial (start of dosing) to the
follow-up visit (end of dosing) (P-value=1.01E-09). HbAlc values were higher than all other classes
and fluctuated in a higher range of HbAlc than the super responders, responders, and steady
responders (Figure 2). These patients did not respond to either the standard health care treatment or
5-ALA phosphate/SFC

As shown in Table 3, 11 non-responders were treated with insulin during the post-study. Three
of them did not respond even to the insulin treatment, and they showed an increase in HbAlc at the
post-study. One showed no change, while 7 non-responders taking insulin at the post study
responded to insulin treatment and showed a decrease in HbAlc at the post study.

Based on its mode of action, 5-ALA and iron are critical components in the mitochondrial
biosynthesis of heme, a major component of hemoglobin and myoglobin. It is also an essential
component of cytochromes, and therefore a crucial element of the energy-generating function of
mitochondria. Mitochondrial dysfunction has been associated with insulin resistance and type 2
diabetes mellitus [9,10], and the research has also shown that increased blood glucose level leads to
decreased 5-ALA production [11]. It is postulated that these super-responder patients might have
mitochondrial dysfunction, either because of increased glucose or due to genetic defects.
Administration of 5-ALA probably upregulated mitochondrial functions as demonstrated in Figure
3. and detailed in the next section

4.4. Proposed Mechanism of Action and Response Variability to 5-ALA/SFC

In type 2 diabetes mellitus (T2DM), elevated blood glucose levels suppress the activity of ALA
synthase, the enzyme responsible for initiating heme biosynthesis in mitochondria. As a result,
mitochondrial heme production declines, leading to diminished mitochondrial function and reduced
glucose and lipid metabolism. Administration of exogenous 5-ALA enhances heme synthesis, which
in turn activates mitochondrial function. This upregulation increases intracellular glucose utilization
and lipid metabolism, promoting greater glucose uptake by cells and contributing to the reduction of
blood glucose levels. These effects make 5-ALA a promising adjunctive therapy for patients with
T2DM.

5-ALA may stimulate mitochondrial activity by enhancing processes such as the tricarboxylic
acid (TCA) cycle, thereby supporting improved glucose metabolism. This mechanism likely
contributed to the pronounced glycemic improvement observed in super responders. To a lesser
degree, responders also appeared to benefit from enhanced mitochondrial activation. In steady
responders, HbAlc levels declined significantly during the 16-week 5-ALA phosphate/SFC
treatment and continued to decrease even after treatment cessation. These patients remained on
standard care throughout the study and may have experienced residual or sustained metabolic effects
from 5-ALA phosphate/SFC, or possibly made lifestyle changes that supported ongoing glycemic
improvement.

Conversely, non-responders showed a significant increase in HbAlc despite treatment with 5-
ALA phosphate/SFC and concurrent use of oral antidiabetic medications. Factors such as poor
adherence to dietary or exercise regimens or limited pharmacological responsiveness may have
contributed to the lack of glycemic control. As previously noted, many of these patients eventually
required insulin therapy. To further explore our hypothesis that super responders may have
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underlying mitochondrial dysfunction contributing to their T2DM, a follow-up genomic analysis was
conducted. Saliva samples from both super responders and non-responders were collected for
genomic mapping to identify potential genetic differences related to mitochondrial function. The
findings from this analysis will be reported in a forthcoming publication.

4.5. Effect of Hypoglycemic Agents on Reducing HbAlc

The American Diabetes Association (ADA) recommends metformin and lifestyle modifications
for initial pharmacological therapy of T2DM. However, due to the progressive nature of the disease,
most patients will require the use of a pharmacotherapy algorithm to reach therapeutic goals. The
ADA recommends adding a sulfonylurea when monotherapy is insufficient to achieve or maintain
target goals. The drug thiazolidinedione pioglitazone may be recommended when the risk of
hypoglycemia is especially undesirable; the glucagon-like peptide-1 (GLP-1) analog exenatide may
be recommended if weight loss is a primary goal of therapy. Based on the ADA guidelines, other
drugs such as glinides, a-glucosidase inhibitors (AGIs), and DPP-4 inhibitors could also be used as
additional triple or quadruple agents.

In this post-marketing survey study, single or multiple treatments with hypoglycemic agents
were given to the patients as recommended by ADA and their physician, considering the patient’s
situation as indicated above. 5-ALA phosphate/SFC was given along with other hypoglycemic agents
in this study to allow for direct comparisons. Notably, a greater number of patients in the group
taking metformin and sulfonylurea (dual therapy) with 5-ALA phosphate/SFC showed a marked
decline in HbAlc from baseline after 16 weeks compared to the group solely taking metformin
(monotherapy) or metformin + sulfonylurea+ DPP-4 Inhibitor (triple therapy) without 5-ALA
phosphate/SFEC (control group) (Supplemental Table S5).

Adding 5-ALA phosphate/SFC to all treatment regimens (mono, dual, or triple therapy) resulted
in a marked decline in HbAlc compared to without 5-ALA phosphate/SFC, especially in super
responders and responders. In addition, the decline of HbAlc in dual treatment was double the
decline in monotherapy (0.97% vs 0.48%), which was significantly different (P<0.05). However, no
significant difference between dual and triple treatments (0.97% vs 1.07%) was observed.

A possible contribution of 5-ALA phosphate/SFC in treating patients taking SU drugs can be
explained by the recovery of insulin sensitivity by enhancing glucose metabolism through activation
of mitochondrial functions, including TCA cycle activity. SU drugs are inducers of insulin secretion
from pancreatic beta cells. Patients treated with SU drugs for an extended period and maintaining
high levels of blood glucose and HbAlc are considered insulin resistant. Since 5-ALA phosphate/SFC
promotes insulin sensitivity, a combination of SU drugs and 5-ALA phosphate/SFC is expected to be
beneficial for patients taking SU drugs, as reported previously [13].

This study employed an open-label design, comparing 5-ALA phosphate/SFC plus standard
care to historical control data from patients treated with standard hypoglycemic therapies alone. To
confirm these findings, further randomized, double-blind, placebo-controlled studies are warranted.

5. Conclusions

Administration of the nutritional supplement 5-ALA phosphate (100 mg/day) combined with
sodium ferrous citrate (SFC, 29 mg/day) for 16 weeks as an adjunct to standard care in patients with
type 2 diabetes was found to be safe and well tolerated. All adverse events reported were mild and
deemed unrelated to 5-ALA phosphate/SFC treatment. Laboratory analyses showed no adverse
effects on liver or kidney function, with all measured parameters remaining within normal ranges.
Importantly, 5-ALA phosphate/SFC led to a significant reduction in HbAlc levels in approximately
50% of participants, even when added to existing standard therapies. This effect is likely due to
enhanced mitochondrial function via increased heme biosynthesis, particularly in individuals with
suspected mitochondrial dysfunction contributing to their metabolic disorder. A follow-up study
involving genomic screening of super-responders and non-responders is currently underway to
further investigate potential genetic differences that may explain treatment variability. Mitochondrial
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function in these groups will also be examined in greater detail. While these findings are promising,
randomized, double-blind, placebo-controlled trials are necessary to validate the efficacy and safety
of 5-ALA phosphate/SFC as a therapeutic adjunct in type 2 diabetes management.
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