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Spirulina (blue-green algae) contains a wide range of nutrients with medicinal properties which include
b-carotene, chromium, and moderate amounts of vitamins B12. This study aims to determine the pre-
ventive effect of spirulina against bone fragility linked to type 2 diabetes mellitus. Thirty Sprague-Dawley
rats were divided into five groups (n ¼ 6) and diabetes was induced using streptozocin. Rats with a
plasma glucose level of 10 mmol/L and above were orally treated for twelve weeks with either a single
dose of spirulina, metformin, or a combined dose of spirulina þ metformin per day. After the treatment,
blood and bones were taken for biochemical analysis, three-dimensional imaging, 3-point biomechanical
analysis, histology imaging and gene expression using qPCR. Results showed that diabetes induction and
treatment with metformin caused destruction in the trabecular microarchitecture of the femur bone,
reduction in serum bone marker and expression of bone formation marker genes in the experimental
rats. Spirulina supplementation showed improved trabecular microarchitecture with a denser trabecular
network, increased 25-OH vitamin D levels, and lowered the level of phosphate and calcium in the
serum. Biomechanical tests revealed increased maximum force, stress strain, young modulus and his-
tology images showed improvement in regular mesh and an increase in osteoblasts and osteocytes. There
was an increase in the expression of bone formation marker osteocalcin. The results suggest that spir-
ulina supplementation was more effective at improving bone structural strength and stiffness in diabetic
rats compared to metformin. Spirulina may be able to prevent T2DM-related brittle bone, lowering the
risk of fracture.
© 2022 Center for Food and Biomolecules, National Taiwan University. Production and hosting by Elsevier
Taiwan LLC. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Diabetes is a metabolic disorder in which the body either pro-
duces insufficient amount of insulin to regulate blood glucose levels
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or the body cells are no longer sensitive towards the produced in-
sulin.1 According to the National Institute of Diabetes and Digestive
and Kidney Diseases (NIDDK), the three most common types of
diabetes are: Type 1 diabetes mellitus, type 2 diabetes mellitus
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(T2DM) and gestational diabetes.2 People with diabetes have an
increased risk of developing a number of serious health problems.
Consistent high blood glucose levels lead to serious complications
affecting the heart and blood vessels (cardiovascular diseases), eyes
(diabetic retinopathy), kidneys (diabetic nephropathy), nerves
(diabetic neuropathy), teeth (periodontal diseases) and limbs.

Besides the above mentioned complications, diabetes mellitus-
induced bone fragility is also a serious, yet often neglected
complication. Persistently elevated blood glucose levels (hyper-
glycemia) cause increased non-enzymatic glycation of proteins,
lipids and nucleic acids and leads to the formation of advanced
glycation end products (AGEs).3 AGEs increase production of reac-
tive carbonyl and oxygen species (ROS) causing oxidative damage
that led to bone inflammatory responses. AGEs also cause inhibi-
tion of osteoblast proliferation and differentiation, impair the
crosslinking of collagen and production of osteocalcin, down-
regulate bone metabolism, decrease bone density and induce
apoptosis of osteoblasts.3

In addition, some oral anti-diabetic drugs have been experi-
mentally and clinically shown to have an association with adverse
effects on the skeleton.4 Metformin belongs to the biguanide class
of drugs and is frequently prescribed as the first-line therapy for the
treatment of T2DM. Metformin acts as an insulin sensitizer to
indirectly activate AMP-activated protein kinase (AMPK) pathways
in multiple tissues.5 It inhibits hepatic gluconeogenesis, fatty-acid
synthesis, and stimulates glucose uptake and fatty-acid oxidation.
Although metformin was reported to be able to effectively reduce
osteoclast numbers and attenuate alveolar bone resorption by
modulating the ratio between the receptor activator of nuclear
factor kB-ligand (RANKL) and osteoprotegerin (OPG) (RANKL/OPG
ratio),6 there is a study showing that metformin reduces the
expression of osteopontin, thus causing a negative effect on bone
structure.7 A recent study reported a decrease in bone formation
markers in patients using metformin.8 According to Jager et al.,9

long-term metformin treatment increases the risk of vitamin B12
deficiency, which leads to elevated homocysteine levels. In a similar
study, Vaes et al.,10 found that vitamin B12 deficiency increased
homocysteine and methylmalonic acid (MMA) levels, which stim-
ulated osteoclastogenesis in vitro, implying that vitamin B12 defi-
ciency may indirectly increase osteoclastogenesis through its effect
on MMA and homocysteine levels.

Therefore, new compounds with lesser or no side effects are of
interest especially in patients with higher risks of developing bone
fragility e.g., obese people with diabetes. Malaysia is a biodiversity
rich country whose natural products may contain a plant/animal/
fungus that contains substances that could prevent the develop-
ment of bone fragility.

Spirulina, a filamentous cyanobacterium (previously called
unicellular blue-green algae) which is rich in minerals and growth
factors, might be one of the natural resources that have the po-
tential ability to improve bone metabolism.11 Spirulina is rich in
protein (60e70%) and contains a broad range of nutrients that
include B-complex vitamins (vitamin B12), Pro-vitamin (b-caro-
tene), vitamin E, minerals (calcium, chromium and magnesium)
and gamma-linolenic acid.12 In the United Nations world food
conference, spirulina was declared as “the best food for tomorrow”,
and, in recent years, it has been gaining popularity as a food sup-
plement. Spirulina was reported in a previous study as a powerful
anti-viral, antiecancer, hypo-cholesterolemic and health improve-
ment agent, thus, it is highly promising as an ideal nutraceutical
and pharmaceutical ingredient.13 A study by Simon et al.,14 has
shown that spirulina regulates diabetic pathological pathways
through its anti-oxidation and free-radical scavenging capability,
yet little is known about its protective effect on bone health.
Therefore, this study will investigate the protective effect of
226
spirulina on diabetes induced bone fragility and compare its effect
with metformin.

2. Materials and methods

2.1. Reagents and chemicals

The reagents and chemicals used and their sources were as
follows: chloroform (Mallinckrodt Chemicals, USA); streptozotocin,
(STZ, Aldrich, USA); NaCl (Fisher Chemicals, England); citric acid
monohydrate (AnApur, Malaysia); trisodium citrate dihydrate
(Fisher, UK); metformin and ketamine (Troy Laboratories,
Australia); xylazine (Indian Immunologicals, India); spirulina
(Alpha Active Industries Sdn Bhd, Malaysia), boric acid and neutral
buffered saline (R & M Chemicals, UK); haematoxylin, eosin and
paraffin wax (Chem Soln, Malaysia) and xylene (Bendosen Chem-
icals, Malaysia).

Spirulina used in this experiment was obtained from Alpha
Active Industries Sdn Bhd, Malaysia. Analysis provided showed that
the spirulina sample used in this experiment contains; crude pro-
tein, ash, lipid, carbohydrate, sugar, fiber, chlorophyll, phycocyanin,
calcium, chromium, sodium, magnesium, gamma-linolenic acid, g-
linolenic acid, vitamin B12, vitamin D, total carotenoids (b-caro-
tene). This is according to analysis done by Pharmaceutical In-
dustries, Ministry of Industry Myanmar.

2.2. Preparation of animals and treatment

Prior to the experiment pre-test dose e response studies were
done by current research group using different doses ranging from
50 to 1000 mg/kg with 300mg/kg giving the best result (Data not
shown). This dose was adopted in our previous studies on in vivo
and in vitro anti-diabetic and antioxidant activity of spirulina
published in 2019.15

Thirty female SpragueeDawley rats (4 weeks old, weighing
approximately 180e200 g) were purchased from Sinar Scientific
Sdn. Bhd., Malaysia. The rats were kept in the UCSI University an-
imal holding unit for 2 weeks for acclimatization under a standard
temperature (24e28 �C), relative humidity (60e70%) and 12 h:12 h
light-dark cyclewith free access towater and pellets. This study and
procedures were performed in accordance with the national
guidelines for the use and care of laboratory animals and were
approved by the Universiti Kebangsaan Malaysia Animal Ethics
Committee (ethical approval number: UCSI/2016/PATRICK/23-
NOV./801-JAN. - 2017-DEC.-2018). The rats were divided into five
groups (n ¼ 6). Diabetes was induced in 20 rats (groups II e V) via
an intraperitoneal injection of STZ (50 mg/kg) according to the
method described by Ekeuku et al.16 and El-Mottaleb et al.17 Seven
days after diabetes induction, blood glucose levels were measured,
and animals with blood glucose levels exceeding 10 mM were
considered diabetic. The rats were treated as follows: normal
control (group I); saline-diabetic control (group II); metformin
(300 mg/kg) (group III); spirulina (300 mg/kg) (group IV) and
metformin (300 mg/kg) þ spirulina (300 mg/kg) (group V). Drugs
were dissolved in 0.9% NaCl (saline) and orally administered to the
animals once daily for 12 weeks following the above experimental
grouping. The drug doses were adopted from Devesh et al.12; La
Fontaine et al.18; Borst et al.19; Prakash et al.20 and has already been
published in previous study by Okechukwu et al.15

2.3. Biochemical and bone assessment test

2.3.1. Treatment of the animals and harvest of bones
After the treatment period, blood was collected, and micro-CT

imaging was carried out in vivo. After micro-CT imaging, the rats
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were anaesthetized using xylazil, zoletil and ketamine (1:2:1) at a
dose of 0.2 ml/100 g body weight and blood was obtained intra-
venously from the tail vein and sent to a commercial pathology
laboratory for the respective biochemical (HOMA-IR, HbA1c, albu-
min and alkaline phosphatase) and serum bone (calcium, phos-
phate, and 25-OH vitamin D) parameters analysis. After blood
collection, the rats were euthanised, and the femurs were har-
vested within 1 h after euthanization. Fur, skin and muscles from
the legs were removed with surgical blades, scissors and tweezers
until the whole bone and the hip joint were exposed. The femur
was separated from the hip joint and the tibia and rinsed in saline.
Whole femurs for gene expression studies were immediately snap
frozen in liquid nitrogen and put in a centrifuge tube before storing
in �80 �C for further studies.

2.3.2. In vivo micro-computed tomography (micro-CT)
Micro-architectural bone parameters were assessed using an

in vivo micro-CT system (Skyscan 1076 scanner, Scanco Medical,
Switzerland). The image areas were chosen based on recommen-
dationsmade in a publication by Effendy et al.21 Before scanning, 30
rats (5 groups, 6 rats per group) were anaesthetized using a cocktail
of ketamine, xylazine and zoletil at a ratio of 2:1:1 at a dose of 0.2
ml/100 g body weight. The animals were placed in plastic holders
and secured properly, and measurement protocols were created to
define parameters such as the source of energy, intensity, and filter
of the micro-CT system. The electrical potential and intensity used
were 100 kV and 100 mA, respectively. The filter was 1.0-mmAl, and
a high resolution of 18 mm was used to obtain the best images of
living animals. The trabecular bone parameters were measured at
the distal end of the femur. The number of slices was approximately
200, and the region of interest was the metaphyseal area located
approximately 1.5 mm below the epiphyseal growth plate and
extending 2.0 mm towards the proximal direction. The region,
which was set via the reconstructed cross-sections, was rich in
blood supply, and it had a high level of bone turnover activity.

2.3.3. Femur three-point bend testing and analysis (biomechanical
testing)

The three-point bending tests were conducted on the femurs to
estimate the mechanical properties of the cortical bone.22 Thirty
femur bones (five groups, six rats per group) were used for this
experiment. Each bone was placed on two lower supports (15-mm
span) with the anterior aspect facing down and loaded from above
at the midpoint between the two supports. The supporting and
loading contacts were round with a diameter of 3 mm. An Auto-
graph AGS-X 500 N model (Shimadzu, Japan) test machine was
used with a stroke rate of 5 mm/min. Displacement was measured
via a linear variable differential transformer mounted to the
crosshead. Load deflection data were recorded at 10 Hz using Tra-
pezium X software and analyzed using an attached personal com-
puter. The same basic extrinsic and intrinsic properties were
determined as previously indicated except that the analysis for
estimating intrinsic properties invoked classical beam theory as-
sumptions in this case.22

2.3.4. Histomorphology of the femur
The histomorphological examination was performed using

decalcified femurs. To decalcify bone, the harvested femurs were
soaked in 10% neutral buffered formalin for 2 days at 4 �C, after
which they were transferred to 10% EDTA pH 7.4 for 30 days at 4 �C.
The EDTA solution was changed three times per week to facilitate
the decalcification process. The decalcified bones were cut longi-
tudinally into 1-cm fragments, placed in a plastic cassette, and
soaked in a beaker containing 10% neutral buffered formalin over-
night. After overnight soaking, the fragments were fixed using 10%
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neutral buffered formalin for 80 min, dehydrated using a graded
alcohol series for 6 h and cleared using xylene for 130 min. The
fragments were then embedded in paraffin wax for 140 min and
sectioned into thin slices using a microtome. The thin slices were
collected using microscope slides and passed through xylene,
decreasing strengths of alcohol (100e0%) and finally water. The
slides were stained with haematoxylin 3G, and eosin (H&E) dehy-
drated in xylene. The slides were observed under an AxioVert A1
fluorescence inverted microscope at 40x magnification to check for
trabecular bone degradation and images were acquired.23 Osteo-
cyte counting was limited to 1.5 mm below the epiphyseal growth
plate and extending 2.0 mm towards the proximal direction.

2.4. Gene expression

Total RNA from whole femur bone was extracted using a com-
mercial kit (innuPREP RNA mini kit, Analytik Jena, Germany) ac-
cording to the manufacturer's instruction. The concentration and
quality of RNA was checked using a biophotometer (Eppendorf,
Germany), while its integrity was checked using gel electrophoresis
to confirm that 18s and 28s rRNA were intact. 10 mL of extracted
total RNA was used as a template for cDNA synthesis in a 20 mL
volume using a commercial kit (SensifastFast cDNA synthesis kit,
Bioline, USA). Real-time PCR was performed using the 5 mL cDNA,
with SensiFAST SYBR HI-ROX kit (Bioline, USA) and specific primers
(Table 1). The qPCR reaction was carried out in the StepOne real-
time PCR system machine (Applied Biosystems, USA) and the
amplification program consisted of 1 cycle for 1 min at 95 �C fol-
lowed by 45 cycles of 94 �C for 15 s, 60 �C for 15 s, and 72 �C for 30 s.
Two technical replicates and two biological replicates were used,
and the relative quantification of gene expression was calculated
using the DDCT method. Melt curve and gel analyses were used to
verify specific products of appropriate size. Levels of gene expres-
sion were shown relative to the expression of reference genes
(GAPDH, b-actin and g-actin). The choice of the reference genes and
use of multiple reference genes were based on recommendations
made in a publication by Kapila et al.24 Primer sequence was ob-
tained from NCBI database. The primers were purchased from
Apical Scientific, Malaysia. Gene names and primer sequences are
shown in Table 1. The data were analyzed using StepOne real-time
PCR system software, and the changes in target gene expression
were calculated using the comparative CT method (Relative
expression ¼ 2�DDCT).25e27

2.5. Statistical analysis

The data were analyzed using the Statistical Package for Social
Sciences software (SPSS 27.0, Chicago, IL, USA). The analysis was
performed using analysis of variance (ANOVA) followed by Tukey's
HSD test. All results were expressed as the mean ± SEM. Values
were considered statistically significant when *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001 vs. diabetic control.

3. Results and discussion

3.1. Diabetic study

All tested parameters were found to be within the physiological
reference range for the normal/untreated group (control group).
There was a constant increase in plasma glucose levels in the dia-
betic control group until the end of the 12 weeks treatment. The
plasma glucose level of the metformin þ spirulina treated group
was significantly increased at week 4 compared to the diabetic
control. By week 12, there was a significant reduction inmetformin,
spirulina, and metformin þ spirulina treated groups compared to



Table 1
Primers used for qPCR.

Primers Forward (50-30) Reverse (30-50)

GAPDH AGG GCT GCC TTC TCT TGT G TTG AAC TTG CCG TGG GTA GAG
B-actin GTG GTC AAC GTC ACC TAC TCT AAC ACC TTC AGG GCA TGG TTC TC
G-actin GGA TCT CTG TGA GCA CCA TGT AG GGA CTT TCC CAC CCT GTT AGA C
OCN ATC TAT GGC ACC ACC GTT TAG G CGT CCA TAC TTT CGA GGC AGA G
TRAP5b GAT GAG AAC GGT GTG GGC TAT G AAA GCG TAG GTA GCC GTT

Table 2
Diabetic study. Mean blood glucose, body weight and HOMA-IR levels of rats per group.

Normal Control Diabetic Control Metformin Spirulina Metformin þ Spirulina

Mean Blood Glucose Level (mmol/L) Before induction 6.33 ± 0.27 6.63 ± 0.54 6.34 ± 0.35 6.19 ± 0.23 6.09 ± 0.18
Week 0 6.21 ± 0.7 27.43 ± 1.18 32.75 ± 1.01 32.17 ± 0.22 33.11 ± 0.99
Week 4 6.24 ± 0.74 28.43 ± 1.4 29.17 ± 2.48 28.42 ± 0.83 31.43 ± 1.56**
Week 8 6.57 ± 0.29 31.48 ± 1.54 25.75 ± 3.82*** 25.48 ± 0.77*** 29.90 ± 1.99
Week 12 6.4 ± 0.34 32.32 ± 1.17 17.06 ± 2.59**** 13.71 ± 1.63**** 27.04 ± 0.60*

Mean Body Weight (g) Before induction 149.11 ± 6.13 185 ± 13.52 136.16 ± 2.67 151.99 ± 1.39 152.03 ± 4.57
Week 0 167.51 ± 1.75 179.22 ± 28.46 120.59 ± 10.09 135.62 ± 1.79 134.97 ± 4.78
Week 4 177.91 ± 0.58 173.68 ± 17.78 157.28 ± 25.39 179.56 ± 16.07 165.66 ± 12.58
Week 8 187.62 ± 5.52 165.2 ± 2.41 168.33 ± 20.49 193.51 ± 24.39** 170.87 ± 9.84
Week 12 194.89 ± 2.57 144.02 ± 7.02 178.50 ± 20.04* 206.50 ± 34.35**** 180.36 ± 8.46*

HOMA-IR 0.06 ± 0.003 0.29 ± 0.01$$$$ 0.15 ± 0.01**** 0.12 ± 0.01**** 0.24 ± 0.04****

Rats were treated over a period of 12 weeks. All data are presented as mean (±) standard error mean (SEM) (n¼ 6) using StatPlus. The data were statistically analyzed by two-
way ANOVA followed by Tukey's HSD test. Values were considered statistically significant when *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs. diabetic control.
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the diabetic control (Table 2). There was a constant decrease in
weight of the rats in the diabetic control groups until the end of the
12 weeks treatment. At week 8, the spirulina treated group showed
a significant increase inweight compared to the diabetic control. By
week 12, there was a significant increase in weight of rats in met-
formin, spirulina, and metformin þ spirulina treated groups
(Table 2). Homeostatic Model Assessment of Insulin Resistance
(HOMA-IR) was increased in the diabetic control, but significantly
reduced in the metformin, spirulina, and metformin þ spirulina
treated groups (Table 2).

Diabetes mellitus is a clinical condition, characterized by hy-
perglycemia triggered by an absence or insufficiency of insulin or a
resistance to the action of insulin at the cellular level.28 In current
study, there was an increase in blood glucose level (hyperglycemia)
in the diabetic control group after STZ induction. Hyperglycemia
attributed to STZ induction led to progressive insulin resistance of
peripheral tissues. The insulin resistance develops when insulin
secretion is reduced and the blood glucose level is elevated.29,30 The
hyperglycemia observed in current study could be due to reduced
insulin production caused by STZ-induction which led to insulin
resistance. Insufficient insulin prevents glucose from getting into
the cell thus leads to accumulation of glucose in the blood. Glucose
is a vital source of cellular energy. In the state of insulin insuffi-
ciency, less glucose permeates the body cells, the body utilizes fat
and muscle as energy source causing a reduction in overall body
weight.31 This explains the observed reduction in weight among
diabetic control rats in current experiment. Metformin is a bigua-
nide, which has been reported to improve glycemic control by in-
sulin sensitization. Metformin prevents the liver from making new
glucose via gluconeogenesis and stimulates the muscle and fat cells
to remove glucose from the blood.32 Metformin also lowers plasma
cholesterol and triglyceride levels and does not cause weight
gain.33 In this study the effect of metforminwas in accordance with
the previous study results. The plasma glucose lowering effect
observed in the spirulina andmetforminþ spirulina treated groups
could be attributed to chromium that is naturally present in spir-
ulina. The presence of chromium in spirulina makes it a highly
beneficial adjuvant therapy.28 Chromium binds to a peptide known
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as Apo- LMWCr that in turn binds to the insulin receptor thereby
enhancing its glucose lowering activity.34 The presence of high fiber
content and generation of polypeptides from the digestion of high
protein contents in spirulina may also be responsible for the
lowering of the plasma glucose level by interfering with the ab-
sorption of glucose.35

3.2. Biochemical tests

Glycated hemoglobin (HbA1c) and alkaline phosphatase levels
were significantly elevated, while the albumin level was signifi-
cantly decreased in the diabetic control group compared to the
normal group. The metformin treated group showed a significant
decrease in HbA1c and alkaline phosphatase. Albumin levels
showed no change compared to the diabetic control. Spirulina and
metformin þ spirulina treated groups showed a significant
decrease in HbA1c and alkaline phosphatase levels. There was a
significant increase in albumin levels in the spirulina treated group.
Although the metformin þ spirulina treated group showed an in-
crease in albumin levels, the difference was not significant. The
improvement of biochemical parameters in the
metformin þ spirulina treated group was more prominent
compared to the metformin treated group, but spirulina was more
effective in stabilizing the biochemical parameters (Table 3).

HbA1c elevation as observed in the diabetic control maybe due
to its response to oxidative stress generated by STZ induction.36,37

The reduction in plasma glucose level as the result of spirulina
andmetformin treatment may have contributed to the reduction in
HbA1c. Similar finding has been reported by Shashi et al.38 that the
reduction of plasma glucose level leads to reduction in plasma
HbA1c. ALP, a marker of biliary function and cholestasis which re-
flects liver synthetic function39 was elevated in the diabetic control.
ALP has been associated with diabetes and it has been linked to
oxidative stress from reactive lipid peroxidation, peroxisomal beta-
oxidation, and recruited inflammatory cells.40 Elevation in ALP in
the negative control may be due to oxidative stress generated by
STZ induction. This observation is supported by a study by Harris,40

which reports that elevated levels of ALP are due to oxidative stress



Table 3
HbA1c, alkaline phosphatase and albumin serum levels after 12 weeks of treatment.

HbA1c (%) Alkaline phosphatase (U/L) Albumin (g/L)

Normal Control 5.2 ± 0.48 84.13 ± 9.76 43.92 ± 4.27
Diabetic Control 14.92 ± 1.59$$$$ 334.63 ± 6.66$$$$ 26.74 ± 3.07$$$$

Metformin 12.06 ± 0.49*** 273.82 ± 19.71*** 26.8 ± 0.94
Spirulina 7.27 ± 0.5**** 157.34 ± 19.32**** 41.17 ± 3.4****
Metformin þ Spirulina 10.06 ± 1.1**** 210.96 ± 17.73**** 30.69 ± 1.8

HbA1c, alkaline phosphatase and albumin serum levels for all groups (n ¼ 6) after 12 weeks of treatment. Data are presented as mean ± SEM when ***p < 0.001,
****p < 0.0001 vs. diabetic control; $$$$p < 0.0001 vs. Normal.
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from reactive LPO. The reduction in ALP by spirulina treatment as
observed in the spirulina andmetforminþ spirulina treated groups
may be attributed to the presence of ß-carotene in spirulina, which
has been previously reported to possess hepatoprotective activ-
ity.35 The antioxidant properties of spirulina may improve the renal
function by alleviating the oxidative stress damage to protect the
liver and kidney cells.
3.3. Serum bone assessment test

The serum bone assessment test showed a significant decrease
in 25-OH vitamin D levels and significant increase in phosphate and
calcium levels in the diabetic control group compared to the normal
group. Themetformin, spirulina, andmetforminþ spirulina treated
groups showed a significant increase in 25-OH vitamin D levels and
a significant decrease in phosphate level compared to the diabetic
control. There was a significant decrease in calcium levels in the
spirulina treated group which was not seen in metformin and
metformin þ spirulina treated groups (Table 4).

Type 2 diabetes mellitus (T2DM) compromises bone micro-
architecture by inducing abnormal bone cell function and matrix
structure, increasing osteoblast apoptosis, diminishing osteoblast
differentiation, and enhancing osteoclast-mediated bone resorp-
tion.41,42 Lou et al.44 reported that 25-OH vitamin D led to increased
level of osteogenesis in vivo which signifies increased osteoblastic
activity. Increased osteoblastic activity is associated with the
movement of calcium and phosphate from blood to bone for the
process of bone formation leading to reduced blood calcium and
phosphorus levels.52 Increased resorption of bone tissue on the
other hand, releases calcium and phosphate from the bone into the
blood43 leading to increased serum calcium and phosphate levels.
In the current study, the diabetic control group showed decreased
25-OH vitamin D levels suggesting reduced osteogenesis and
osteoblastic activity which was evidenced by an increase in the
levels of calcium and phosphorus in the blood of diabetic control
rats. This suggests an increased osteoclast-mediated resorption
caused by STZ-induced T2DM. According to Out et al.,54 metformin
supplementation does not lead to 25-OH vitamin D deficiency. This
was in line with current study were metformin treated rats showed
significant increase in 25-OH vitamin D compared to the diabetic
control rats. The increase in 25-OH vitamin D level could be due to
glycemic control by the metformin supplementation which led to
an improvement in 25-OH vitamin D as reported by Al-Timimi &
Ali.45 The increased in 25-OH vitamin D levels lowered the serum
phosphate levels following metformin supplementation. However,
serum calcium levels were not affected by metformin supplemen-
tation. Increased 25-OH vitamin D levels accompanied by
normalized calcium and phosphate serum levels were observed in
the spirulina and metformin þ spirulina treated groups. This may
be because of the calcium and phosphate from blood enter bone for
the bone formation52 activities, increases of osteogenesis and
osteoblactic activities in association of increased 25-OH vitamin
D.44
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3.4. In vivo micro-CT

The three-dimensional (3D) images of the distal femur meta-
physis revealed that the trabecular network of group G1was denser
than those of G2, G3, G4 and G5. G2 and G3 exhibited higher
porosity in the trabecular network compared with the findings in
G1. These results are shown in Fig. 1. Trabecular thickness (Tb. Th),
trabecular number (Tb. N), trabecular separation (Tb. Sp), bone
volume fraction (BV/TV) and BMD were obtained from the in vivo
micro-CT scans. These results are shown in Table 5. The data ob-
tained indicated that Tb. Th, BV/TV, and BMD were significantly
decreased in diabetic control compared to the normal group.
Metformin, spirulina, and metformin þ spirulina treated groups
showed no significant difference in Tb. Th, Tb. N, Tb. Sp, BV/TV and
BMD compared to the diabetic control (Table 5).

Micro-computed tomography provides a three-dimensional
view of trabecular and cortical bone micro-architecture at a high
resolution. As a result, it is a benchmark technique for evaluating
skeletal geometry.55 The BV/TV, Tb.N, Tb.Th, and Tb.Sp parameters
are the bare minimum for describing trabecular bone micro-ar-
chitecture56 which is critical in determining bone quality and
strength.57 The amount of calcium and other minerals packed in a
segment of bone is determined by bone mineral density (BMD).
Results revealed that T2DM due to STZ-inductionwas accompanied
by shortfalls in trabecular bone microarchitecture in the femurs
and this was manifested in decreased BV/TV, Tb.N, Tb.Th, BMD and
increased Tb.Sp. The 3D images showed increased porosity
implying that STZ-induced T2DM reduced trabecular bone quality
and strength in rats. A decrease in BMD was also observed,
implying that the amount of calcium in the bone has decreased.
This matched the findings of serum bone assessments, which
revealed higher serum calcium levels, implying that calcium is
being lost from bone due to increased resorption, resulting in lower
calcium levels in the bone and thus lower BMD. There was no
significant change in the metformin treated group, suggesting that
these treatments did not improve bone quality and strength after
STZ-induction. Although trabecular parameters were not affected
by spirulina supplementation, the 3D image showed a regrowth in
the trabecular meshwork. This is in line with a study by Gupta
et al.53 which reported that spirulina supplementation contributed
to the intactness and integrity of the bone surface as well as the
bone strength. Spirulina may have assisted remineralization of
bones by decreasing resorption pits and stimulating bone
formation.53
3.5. 3-Point bend test

The three-point bending test was used to measure the structural
properties of bones and characterize the tissue in its intact form. As
shown in Table 6, the maximum force, maximum strength, and
elastic modulus were significantly reduced in femurs of diabetic
control rats as compared to normal rats. The metformin treated
group showed no significant difference in maximum force,



Fig. 1. Three-dimensional micro-CT images of trabecular microarchitecture of distal femur metaphysis after 12 weeks of treatment. G1: Normal control, G2: Diabetic control, G3:
metformin-treated group, G4: spirulina-treated group, G5: metformin þ spirulina-treated group.

Table 4
Serum 25-OH vitamin D, calcium, and phosphate levels after 12 weeks of treatment.

25-OH vitamin D (mmol/L) Calcium (mmol/L) Phosphate (mmol/L)

Normal Control 143.33 ± 4.18 2.51 ± 0.05 2.03 ± 0.06
Diabetic Control 26.67 ± 5.35$$$$ 2.7 ± 0.09$$$ 3.23 ± 0.14$$$$

Metformin 60.17 ± 7.36*** 2.75 ± 0.05 2.73 ± 0.03****
Spirulina 143.67 ± 3.72**** 2.35 ± 0.07**** 2.28 ± 0.02****
Metformin þ Spirulina 71.5 ± 29.24**** 2.65 ± 0.02 2.66 ± 0.03****

25-OH vitamin D, calcium, and phosphate levels for all groups (n ¼ 6) after 12 weeks of treatment. Data are presented as mean ± SEM when ***p < 0.001, ****p < 0.0001 vs.
diabetic control; $$$p < 0.001, $$$$p < 0.0001 vs. Normal.

Table 5
Trabecular thickness (Tb.Th), Trabecular number (Tb.N), Trabecular separation (Tb.Sp), Bone volume (BV/TV) and Bone mineral density (BMD) after 12 weeks of treatment.

Tb.Th (mm) Tb.N (1/mm) BV/TV (%) Tb.Sp (mm) BMD (g)

Normal Control 0.22 ± 0.02 3.89 ± 0.37 85.02 ± 3.22 0.09 ± 0.01 0.47 ± 0.21
Diabetic Control 0.12 ± 0.01$$$$ 3.03 ± 0.88 35.65 ± 8.96$$$ 0.22 ± 0.06 0.21 ± 0.06$$$

Metformin 0.11 ± 0.01 3.39 ± 1.75 35.99 ± 7.79 0.23 ± 0.17 0.19 ± 0.05
Spirulina 0.12 ± 0.03 3.39 ± 0.69 43.81 ± 26.63 0.18 ± 0.04 0.30 ± 0.02
Metformin þ Spirulina 0.13 ± 0.02 3.42 ± 0.59 45.44 ± 7.74 0.17 ± 0.02 0.19 ± 0.06

Mean Trabecular thickness (Tb.Th), Trabecular number (Tb.N), Trabecular separation (Tb.Sp), Bone volume (BV/TV) and Bone mineral density (BMD) for all groups (n¼ 6) after
12 weeks of treatment. Data are presented as mean ± SEM when $$$p < 0.001, $$$$p < 0.0001 vs. Normal.

Table 6
Maximum force, maximum stress and young modulus after 12 weeks of treatment.

Maximum force (N) Maximum stress (GPa) Young Modulus (GPa)

Normal Control 181.71 ± 29.44 14.53 ± 2.98 2.64 ± 0.71
Diabetic Control 68.43 ± 3.56$$$$ 5.17 ± 0.54$$$$ 1.05 ± 0.23$$$$

Metformin 86.43 ± 4.36 6.59 ± 0.86 1.12 ± 0.15
Spirulina 140.17 ± 5.01**** 10.73 ± 1.69*** 1.79 ± 0.20*
Metformin þ Spirulina 120.24 ± 8.33**** 8.68 ± 1.4* 1.49 ± 0.13

Mean Maximum force, maximum stress, and young modulus for all groups (n ¼ 6) after 12 weeks of treatment. Data are presented as mean ± SEM where *p < 0.05,
***p < 0.001, ****p < 0.0001 vs. diabetic; $$$p < 0.001, vs. Normal.
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maximum strength, and elastic modulus. The spirulina and
metforminþ spirulina treated groups showed a significant increase
in maximum force and maximum stress compared to the diabetic
control. Young modulus was significantly increased in the spirulina
treated group while the metformin þ spirulina group showed no
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significant difference (Table 6).
In the diabetic control, parameters such as ultimate load

(maximum force), stiffness (maximum stress), and energy to frac-
ture (Young modulus), which are indicators of structural properties
of bones and characterize the tissue in its intact form,46 were lower,



Fig. 2. Histomorphology of femur. a. H & E staining of trabecular bone of femur after 12 weeks of treatment. G1: Normal control, G2: Diabetic control, G3: Metformin-treated group,
G4: spirulina-treated group, G5: Metformin þ spirulina-treated group (40x magnification). b. Quantitative numbers of osteocytes in G1: Normal control, G2: Diabetic control, G3:
Metformin-treated group, G4: spirulina-treated group, G5: Metformin þ spirulina-treated group. Data are presented as the mean ± SEM when ***p < 0.001, ****p < 0.0001 vs.
diabetic control.
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implying a reduction in bone structural strength and stiffness.47

This supports the findings of the serum bone assessment, which
suggest that STZ-induced T2DM is associated with decreased
osteogenesis and osteoblastic activity, which would increase
resorption and reduce bone stiffness and strength in diabetic con-
trol rats. Metformin supplementation however did not improve the
reduction in bone structural strength and stiffness. The maximum
force, maximum stress, and youngmodulus of the spirulina-treated
groups, on the other hand, were increased. This backs up the
findings from the bone serum analysis, which showed that spir-
ulina increased osteogenesis and osteoblastic activity by raising
serum 25-OH vitamin D levels. As a result, serum calcium and
phosphorus levels were lowered, and bone strength and stiffness
were improved.
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3.6. Histomorphology of the femur

H&E staining revealed a dense and regular meshwork of
trabecular bone, a high number of osteocytes and osteoblasts in the
femurs of normal non-diabetic rats (G1). By contrast, the trabecular
bone in the femurs of rats in the diabetic control group (G2) and
metformin treated group (G3) showed reduced osteocyte and
osteoblast numbers with loss of trabecular bone. The spirulina (G5)
and metformin þ spirulina (G5) treated groups were associated
with restoration of the structure of the trabecular bone and an
increase in osteocyte counts, however, only the spirulina treated
group showed a significant increase in osteoblast number
(Fig. 2a þb).

The femurs in the diabetic control groupwere characterized by a
reduction in osteocyte and osteoblast numbers. Osteoblasts are



Fig. 3. Relative gene expression of OCN and TRAP5b Gene expression levels were normalized against the geometric mean of three housekeeping genes (GAPDH, b-actin and g-
actin). All data are presented as mean (±) standard error mean (SEM) using StatPlus. The data were statistically analyzed by two-way ANOVA followed by Tukey's HSD test.
***p < 0.001.
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bone forming cells and osteocytes are developed osteoblasts
implanted within the bonematrix during the growth phase of bone
remodeling.48 According to Tatsumi et al.,49 experimental
destruction of osteocytes is characterized by a significant increase
in bone resorption, decreased bone formation and trabecular bone
loss. This was in line with current study which showed decreased
osteocyte numbers and thinner trabecular bone in the diabetic
control group. Maycas et al.,50 reported a pro-apoptotic effect
(promotes apoptosis) of high glucose level on osteocytic cells which
suggests that STZ-induced hyperglycemia could have promoted
osteocyte apoptosis which led to reduced osteocyte number and
trabecular bone loss observed in the diabetic control group.
Shanbhogue et al.59 reported that hyperglycemia impacts bone by
affecting osteoblast differentiation which in turn reduced the
quality of bone matrix implying that hyperglycemia due to STZ
inductionmay be responsible for the decreased osteoblast numbers
in the diabetic control group.

Although metformin reduced the high glucose level associated
with STZ -induction, reduced osteocyte number was still observed
in the metformin treated group. According to Jager et al.,9 and Vaes
et al.,10 long-term metformin treatment increases the risk of
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vitamin B12 deficiency, which may indirectly increase osteoclasto-
genesis through its effect on MMA and homocysteine levels.
Increased homocysteine levels may also lead to osteocyte
apoptosis.51 Vitamin B12 has been shown to have a significant effect
on osteoblast proliferation in vitro as vitamin B12 stimulation in-
creases alkaline phosphatase activity in osteoblastic cells.60 This
may explain the decreased osteocyte and osteoblast numbers in the
metformin treated group. Increased osteocyte numbers were
observed in the spirulina treated groups. The spirulina treated
groups showed increased osteocyte and osteoblast numbers. This
could be because of the hypoglycemic effect of spirulina. Reduction
in the glucose level may have prevented osteocyte apoptosis and
improved osteoblast differentiation thereby increasing osteocyte
and osteoblast numbers. Spirulina may also be preventing vitamin
B12 deficiency associated with metformin usage. According to Cho
et al.,58 spirulina contains a moderate amount of vitamin B12 which
may be replenishing its levels when spirulina is used in combina-
tion with metformin thereby stimulating osteoblast proliferation
and preventing osteocyte apoptosis. Although
metformin þ spirulina supplementation significantly increased
osteocyte number, it did not affect osteoblast number.
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3.7. Gene expression

There was no significant change in the expression of OCN and
TRAP5b in metformin and metformin þ spirulina when compared
to diabetic control groups. Spirulina treatment significantly
increased the expression of OCN but there was no significant
change on the expression of TRAP5b when compared to the dia-
betic control group. These results are shown in Fig. 3.

According to Huang et al.,61 the most specific marker for oste-
oblastic activity is osteocalcin. OCN expression is suppressed by
chronic hyperglycemia62 and blood glucose levels in mice are
positively associated with bone marrow-induced osteoblast death
and negatively associated with bone OCN expression.63 Reduced
expression of OCN was observed in the diabetic control group
suggesting that there was a reduction in osteoblastic activity
because of hyperglycemia due to STZ-induction. According to
Suzuki et al.,64 T2DM patients exhibited higher levels of tartrate-
resistant acid phosphatase in their blood, indicating increased
osteoclast activity. Similarly, increased TRAP5b expression was
observed in the diabetic control group. According to in vitro
research, hyperglycaemia predisposes patients to increased osteo-
clast development.65 suggesting that hyperglycemia due to STZ-
induction may be responsible for increased TRAP5b expression in
diabetic control group. Metformin and metformin þ spirulina
treated groups showed no significant change in the expression of
OCN and TRAP5b compared to diabetic control. Increased expres-
sion of OCN was observed in STZ-induced T2DM rats treated with
spirulina only. This finding suggests that spirulina increased oste-
oblastic activity in diabetic rats, subsequently increases bone for-
mation. This result corresponds to the results obtained from the
histology assessment where we observed increased osteoblast
numbers in the spirulina treated group. However, spirulina sup-
plementation showed no change in the expression of TRAP5b,
suggesting that spirulina supplementation did not affect osteoclast
activity.

The presence of chromium, phycocyanin, and a high fiber con-
tent in spirulina may be responsible for its hypoglycemic effect.
Chromium may have reduced blood glucose levels by increasing
insulin receptors' glucose-lowering activity, causing GLUT-4 to
bring more glucose into the cell. Spirulina's high fiber content and
production of polypeptides from protein digestion may have low-
ered plasma glucose by interfering with glucose absorption. Spir-
ulina contains ß-carotene, which may have contributed to its
hepatoprotective properties and protect ß-cells from free radical
damage. Spirulina's hypoglycemic properties, as well as its ability to
raise serum 25 OH vitamin D, may explain its bone-protective
properties, as it promotes bone formation as evidenced by
increased osteoblast number and OCN expression. In STZ-induced
T2DM rats, this would result in lower serum calcium and phos-
phate levels, resulting in increased bone structural strength and
stiffness.

4. Conclusions

In STZ-induced diabetic rats, spirulina improved bone forma-
tion, which resulted in improved bone strength and stiffness.
Increased expression of OCN, increased osteocyte/osteoblast
numbers, and lower serum calcium and phosphorus levels were all
evidence of this. This suggests that spirulina may be able to prevent
T2DM-related brittle bone, lowering the risk of fracture.
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