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 Abstract 

Osteoporosis (O.P) is a metabolic bone disease characterized by bone mass 

loss and bone weakness. The cofactor in fatty acid beta-oxidation, L-

carnitine (L-C), has been found to regulate osteoblast activity. Therefore, 

this work aimed to investigate the potential defensive properties of L-C 

versus dexamethasone (DEXA) induced O.P, as well as the underlying 

mechanisms. Thirty female Wistar rats were divided randomly into three 

equal groups (n = 10). The control group: received saline throughout the 

study; the DEXA-treated group: received DEXA (7 mg/kg/week) I.M. for 

four successive weeks; the L-C + DEXA treated group:  received L-C (100 

mg/kg/day, orally) for two weeks followed by L-C+ DEXA for a further 

four successive weeks simultaneously in the same previous doses and 

routes. L-C treatment attenuated the decline in femur and body weights, 

calcium, osteoprotegerin (OPG), and total antioxidant capacity resulting 

from DEXA administration. In contrast, L-C ameliorated DEXA-induced 

elevation in alkaline phosphatase and oxidative stress. Furthermore, L-C 

reduced the expression of an apoptosis-related gene; caspase-3, however, 

augmented the expression of autophagy-related genes ATG-5 and Smad-1 

in rat bone. Histopathological findings further supported the protective 

effects of LC against DEXA-induced O.P. In conclusion, the current study 

findings demonstrated the protective effects of L-C on DEXA-induced O.P 

due to the reduction of oxidative stress, apoptosis, and increasing autophagy 

and smad-1 protein gene expression.  Consequently, L-C can be used as an 

additive in the treatment of O.P. 

Keywords: Apoptosis; Autophagy; Bone mineral density; Osteoporosis; 

Osteoprotoren; L-carnitine. 

 

1. Introduction  

Osteoporosis (O.P) is a chronic metabolic bone 

disease that primarily affects postmenopausal 

women and the elderly, and it presents a severe 

health risk (Castelo-Branco, 1998). Bone mass is 

determined by bone remodeling, which is mediated 

by osteoblastic and osteoclastic cells (Zhang et al., 

2009). However, remodeling activity is accelerated  

 in postmenopausal women, and production rates 

are slower than resorption, resulting in O.P 

(Clarke & Khosla, 2010). Several mechanisms 

influence bone remodeling, including the 

interaction of systemic hormones, cytokines, 

growth factors, and transcription factors in addition 

to the osteoblastic and osteoclastic cell lineages 

(Raisz, 2005). However, changes in reactive  
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oxygen species (ROS) and antioxidant systems 

appear to be involved in the pathophysiology of 

bone loss (Domazetovic et al., 2017). ROS induces 

apoptosis in osteoblasts and osteocytes, promoting 

osteoclastogenesis (Baek et al., 2010). Several 

studies have also revealed that osteoprotegerin 

(OPG), a soluble decoy receptor of receptor 

activator of nuclear-factor-kappa-Β (RANKL), 

negatively regulates osteoclast differentiation and 

bone resorption (Cawley et al., 2020).   

Different osteogenic signaling molecules, such as 

bone morphogenetic protein-2 (BMP2) and 

fibroblast growth factor-2 (FGF2), influence 

osteoblast differentiation (Jiang et al., 2015) and 

have been reported to be mediated by the activation 

of transcriptional factor; SMAD family members 

(Smad)-1, 5, and 8 upon ligand binding which is 

essential for BMP2-induced osteoblastic 

differentiation (Langenfeld et al., 2006; Ding et 

al., 2018). Particularly in highly differentiated cells 

like myocytes, osteocytes, and neurons, autophagy 

plays a critical role in maintaining cell homeostasis 

(Mizushima & Levine, 2010; Galati et al., 2019). 

The rate of autophagy accelerates under various 

stress circumstances to support the recycling of 

cytoplasmic components and cell viability (Li et al., 

2018). Approximately 20 members of the 

autophagy-related genes (ATG) family of highly 

conserved genes control autophagy (Montaseri et 

al., 2020). 

Current clinical agents that stimulate bone 

formation and/or inhibit bone resorption are 

effective in preventing and treating O.P. However, 

most of their side effects are too severe, such as 

increased risks of esophagitis, nausea, and 

abdominal pain (Abrahamsen, 2010), 

thromboembolic events, vaginal bleeding, and 

endometrial, breast, and ovarian cancers (Beral, 

2007; Liu et al., 2019). consequently, it is critical 

to investigate and create natural products that are 

useful in preventing or treating O.P while also 

interpreting their mechanisms of action. Therefore, 

finding new therapeutic strategies for 

postmenopausal O.P with fewer side effects is 

necessary. 

Human osteoblast functions and intracellular 

calcium signaling have been discovered to be 

promoted by L-carnitine (L-C), a mediator in fatty 

acid beta-oxidation and a carrier for acetyl groups 

through the mitochondrial membrane (Colucci et 

al., 2005; Pekala et al., 2011; Ferraretto et al., 

 2018). In rats, L-C was found to have antioxidant 

activity, which helped to prevent age-related 

mitochondrial dysfunction (Bernard et al., 2008). 

By improving mitochondrial performance, L-C 

may have a beneficial effect on high-energy-

demanding organs like bone and muscle 

(Marcovina et al., 2013). This study may aid in 

clarifying the mechanisms that underlie L-C's 

benefit on bone cells, allowing L-C to be used in 

the treatment of bone fragility in the elderly. 

2. Materials and Methods 

2.1. Animals 

Thirty female Wistar rats 33-35 weeks old, 

weighing 200-250 grams. were purchased from the 

Animal House at Sohag University's Faculty of 

Medicine and housed at a room temperature of 22-

28°C. All animals were fed a standard pellet diet 

and subjected to periodic light/dark cycles. In 

addition, they were given food and water ad 

libitum. The experimental protocol was approved 

by the Scientific Research Ethical Committee 

Faculty of Medicine Sohag University, Egypt, with 

approval No. 5/13/2021/01, according to the 

European Community guidelines (2010/63/EU) for 

the care and use of laboratory animals. 

2.2. Drugs and chemicals 

Dexamethasone (DEXA) was obtained from 

Biotech Pharmaceutical Co., Ltd. Egypt; 35 mg 

were dissolved in 25 mL saline (1.4 mg/ mL). 

While Sigma Aldrich Industry in England provided 

L-C. 1 g of L-C was dissolved in 10 mL distilled 

water (100 mg/ mL). The drugs were prepared on 

the same day of treatment. Serum levels of 

calcium, and alkaline phosphatase (ALP), were 

measured by kits obtained from Human 

Gesellschaft fur Biochemica und Diagnostica mbH. 

Germany. Serum level of inorganic phosphorous 

was measured using kits obtained from Spectrum 

Diagnostic Egyptian Company for Biotechnology 

(S.A.E), Egypt. Total antioxidant capacity (TAC) 

was measured utilizing kits purchased from 

Biodiagnostic Company Pharmaceutical Industries, 

Egypt. While ELISA kits for estimation of 

osteoprotegerin (OPG) were purchased from 

SinoGeneclon Biotech Co., Ltd. China.  

2.3. Experimental design  

The thirty Wistar rats were divided randomly into 

three groups, ten animals each. The first group  
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(control group): received 1 mL of distilled water 

orally as a vehicle daily for the entire experiment 

period. The second group (DEXA-treated group): 

For two weeks, rats were given saline 

intramuscularly (I.M.) once a week, then treated 

with DEXA (7 mg/kg) I.M which was dissolved in 

saline once a week for four sequential weeks. 

(Lucinda et al., 2010). The third group (L-C + 

DEXA treated group): received L-C 100 mg/kg/day 

orally (Moustafa & Boshra, 2011) for two weeks 

followed by L-C (100 mg/kg/day orally) and DEXA 

(7 mg/ kg /week I.M) simultaneously for a further 

four consecutive weeks.  

2.4. Sample extraction 

2.4.1. Preparation of serum 

The rats were euthanized by decapitation under 

diethyl ether, and blood from neck veins was taken 

in pre-labeled centrifuge tubes at the end of the 

experiment. The tubes were centrifuged for 15 

minutes at 3500 rpm in a Heraeus Sepatech 

centrifuge (Labofuge 200, DJB Lab care Co). 

Serum was isolated and preserved immediately at -

20 °C until analysis. 

2.4.2. Collection of bone samples 

Each animal's femurs and tibias were cautiously 

dissected and cleaned from adjacent muscles. The 

weight and length of the right femur were measured 

then covered with saline gauze to preserve their 

moisture and kept at -20 °C for bone mineral 

density (BMD) and bone mineral content (BMC) 

evaluation. The right tibia was weighted and 

immersed in liquid nitrogen and homogenized for 5 

min in frozen phosphate buffer saline (0.01 M, pH 

7.4;20% w/v) by Gals-Col, LLC USA motor-driven 

homogenizer followed by centrifugation at 10000 

r.p.m at -4 °C for 30 min and supernatant were 

collected for biochemical analysis. For 

histopathological evaluation, left femurs were 

rapidly fixed in 10% neutral buffered formaldehyde. 

The left tibias were submerged in liquid nitrogen 

and then maintained at -80 °C to isolate the RNA 

gene of caspase 3, Smad-1, and ATG-5.  

2.5. Estimation of Seedor index 

It was estimated by measuring the femur weight, in 

(mg) using digital balance, and its length in (mm) 

from the medial condyle to the femoral head using a 

digital caliper (Seedor et al., 1991). 

 

 

 
𝑺𝒆𝒆𝒅𝒐𝒓 𝑰𝒏𝒅𝒆𝒙 = 

𝐹𝑒𝑚𝑢𝑟 𝑊𝑒𝑖𝑔ℎ𝑡 (𝑚𝑔)

𝐹𝑒𝑚𝑢𝑟 𝑙𝑒𝑛𝑔𝑡ℎ (𝑚𝑚)
 

2.6. Biochemical examination 

2.6.1. Calcium and phosphorus 

concentration 

Diagnostic chemical kits were used to estimate 

calcium and phosphorous serum concentrations 

using Spectrophotometer (5010) Robert Riele 

GmbH & Co KG, Berlin Germany. They were 

employed in accordance with the manufacturer's 

guidelines, and the absorbance variations were 

calculated at 546 nm and 340 nm, respectively, as 

reported by Daly & Ertingshausen (1972) and 

Barnett et al. (1976). 

2.6.2. Alkaline phosphatase (ALP) activity 

Diagnostic biochemical analyses were utilized for 

the assessment of of ALP serum activity in 

accordance with the manufacturer 

recommendations which are based on the ability of 

ALP to convert the para-Nitrophenyl phosphate (p-

NPP) to para-nitrophenol at alkaline pH and the 

alteration of absorption of the colored product was 

assessed at a wavelength of 405 nm. 

2.6.3. Estimation of bone lipid peroxidation 

and nitric oxide (NO) levels 

MDA and NO levels in bone were determined by a 

colorimetric method according to Ohkawa et al. 

(1979) and Montgomery (1961), respectively. 

MDA assessment depends on the reaction of a 

chromogenic reagent, N-methyl-2- phenylindole to 

MDA to generate a stable chromophore, with the 

alterations of absorbance measured at 534 nm. The 

method of NO depends on the formation of nitrous 

acid diazotize sulphanilamide combined with N-(1-

naphthyl) ethylenediamine in the presence of nitrite 

and acid environment. At 540 nm, changes in 

absorbance were evaluated.  

2.6.4. Bone total antioxidant capacity (TAC) 

status 

TAC status in the bone homogenate was 

determined colorimetrically by an enzymatic 

reaction according to manufacturer instructions. 

TAC is calculated by combining the sample's 

antioxidants with a known amount of exogenous 

hydrogen peroxide (H2O2). An enzymatic reaction  

manufacturers' recommendations, template cDNA 
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involved in the conversion of 3,5 dichloro–2–

hydroxy benzenesulfonate to a colorful product 

that measures the remaining H2O2 (Koracevic 

et al., 2001). 

2.6.5. Osteoprotegerin (OPG) 

The ELISA (enzyme-linked immunosorbent test) 

kits were applied to detect OPG concentration in 

bone tissue. It was measured in accordance with the 

manufacturer's specifications. The following is a 

brief description of the method: Pipette 50 µl of the 

standard or a sample that has been diluted five times 

into the testing standard and sample wells., 

followed by incubation for 30 minutes at 37°C. The 

procedure was recurring five times at 30-second 

intervals. Each well received 50 µl of Horseradish 

Peroxidase (HRP-conjugate reagent), followed by 

chromogen solutions A and B, and finally a stop 

solution. Microplate reader Stat fax 2600 was used 

to calculate absorbance at 450 nm (Awareness 

Technologies, Palm City, USA) (Samelson et al., 

2008). 

2.7. Bone mineral density (BMD) and 

bone mineral content (BMC) evaluation   

Each right femur is kept at -20 °C. The bones were 

moistened after being defrosted at room temperature 

and immersed in a saline solution for measuring 

BMD and BMC using a Norland XR 46, version 

3.9.6/2.3.1 (USA) dual-energy x-ray absorptiometry 

instrument fitted with specific software for small 

animal examinations. The experimental animals' 

femurs were scanned with a resolution of 1.0 x1.0 

mm and a scan speed of 60 mm/s.   

2.8. Estimation of Caspase-3, Smad-1, 

and ATG-5 gene expression with Real 

time-quantitative PCR (RT-qPCR) 

analysis 

The left tibia was dissected and quickly frozen in 

liquid nitrogen, and the bone tissues were crushed 

into a powder with a pestle to preserve the RNA. 

Following the manufacturer guidelines, the whole 

RNA was isolated from bone tissue using the 

RNeasy Mini Kit (Qiagen, USA). A 

spectrophotometer (Biotech Nanodrop, USA) was 

used to assess the purity and amount of the RNA 

fraction in each sample. According to the  

was constructed applying a High-Capacity cDNA. 

Reverse Transcription Kit (Thermo Scientific 

Fisher, USA). Table 1 shows the nucleotide 

sequences of the forward and reverses primers. The 

amplification was carried out on an Applied 

Biosystems 7500 device (USA). Following a 5-

minute denaturation at 95°C, 40 cycles of 

denaturation at 95°C for 20 seconds, annealing at 

60°C for 30 seconds, and extension at 72°C for 

another 30 seconds were performed. The relative 

fold changes in gene expression were computed 

using the 2−ΔΔ CT comparative method, with the 

target gene expression levels normalized to β-actin 

as a housekeeping gene (Schmittgen & Livak, 

2008). 

2.9. Histopathological Examination 

Femurs were immediately fixed in 10% neutral 

buffered formaldehyde for 24 hours. The bones 

were gradually decalcified by soaking them in 5% 

nitric acid until they softened. Upgrading alcohol 

concentrations (50 % to 100 %) was used to dry the 

bones before they were implanted in Paraffin. The 

femoral diaphysis was sliced into 4 μm thick 

longitudinal sections parallel to the long axis of the 

bones. Deparaffinization in two changes of xylene 

(20 minutes each) before rehydration in 

downgraded alcohol (100% through 50%) was 

done. The slices were rinsed with water and then 

stained with Mayer's hematoxylin and eosin (H&E 

stain). Finally, the sections were mounted using 

DPX (Dibutylphthalate Polystyrene Xylene) 

reagent and then inspected using the Olympus 

(model CX21) Japan Light microscope (Suvarna 

et al., 2018).  

2.10. Statistical analysis 

The commercially available statistical analysis 

software (IBM-SPSS version 25.0) was used for 

data evaluation.  The graphs were formed using 

GraphPad Prism software version 9. 3. 1 (471) 

(GraphPad Software, LLC, San Diego, CA, USA). 

The Shapiro–Wilk test was used to determine 

whether data were normally distributed. Variables 

were summarized as mean ± standard error of the 

mean (SEM). For multiple comparisons, a one-way 

ANOVA was employed, followed by Tukey's post 

hoc test. The differences were considered 

significant if p < 0.05.  
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Table 1: Forward and reverse primer sequences for target genes 

Gene (Primer sequence) 5′–3′ 

 

Product size/bp 

Caspase-3 Forward: CAGAGCTGGACTGCGGTATTGA 

Reverse: AGCATGGCGCAAAGTGACG  

NM_012922.2  

172 

Smad-1 Forward: TCAATAGAGGAGATGTTCAAGCAGT 

Reverse: AAACCATCCACCAACACGCT  

NM_013130.3        

133 

ATG- 5 Forward: TTGAATATGAAGGCACACCACTGAA 

Reverse: GCATCCTTAGATGGAGAGTGCAGA 

NM_001014250.1   

151 

Beta-actin Forward: GTCCACCCGCGAGTACAAC 

Reverse: GGATGCCTCTCTTGCTCTGG 

NM_ 031144.3 

260 
 

3. Results 

3.1. Effect on femur and body weights 

According to Table 2, there is a substantial 

decrease (P<0.001) in femur weight after four 

weeks of DEXA treatment compared to the control. 

Nevertheless, simultaneous administration of L-C 

(L-C +DEXA) significantly elevated (P<0.001) the 

weight of the femur compared to the DEXA group. 

In contrast, DEXA administration induced a 

substantial reduction (P=0.01) in body weight 

compared to the control group, and concomitant L-

C administration significantly increased (P=0.035) 

body weight compared to the DEXA-treated group.  

3.2. Seedor Index 

DEXA treated group exhibited a marked decrease 

(P<0.001) in Seedor index compared to the control 

group. additionally, the supplementation of L-C to 

DEXA induced a significant elevation (P<0.001) in 

the Seedor index compared to the DEXA treated 

group as depicted in Table 2. 

3.3. Effect on serum calcium and 

phosphorous levels 

As illustrated in Table 3, DEXA treatment for four 

weeks led to significantly decreased calcium and 

elevated phosphorous levels (P < 0.001). However, 

L-C administration caused a significant increase in 

calcium and a reduction (P < 0.001) in phosphorous 

concentrations compared to the DEXA group. 

3.4. Effect on serum alkaline phosphatase 

(ALP) activity 

Table 3 shows that DEXA administration 

encouraged a considerable elevation ((P< 0.001) of 

ALP activity, on the contrary, L-C administration 

 
concomitant to DEXA ameliorated this effect and 

induced a significant decrease (P < 0.001) in ALP 

activity. 

3.5. Effect on MDA and NO concentrations 

As depicted in Table 4, DEXA administration 

induced a valuable elevation (P< 0.001) in bone 

tissue concentrations of MDA and NO in 

comparison to the control group. In contrast, rats 

supplemented with L-C in addition to the DEXA 

(L-C+ DEXA) group demonstrated a substantial 

decrease in MDA (P<0.0001) and NO (p=0.012) 

compared to the DEXA-treated group. 

3.6. Effect on the concentration of total 

antioxidant (TAC) status 

Compared to the control groups, DEXA treatment 

resulted in a substantial reduction (p < 0.0001) in 

bone TAC levels. In contrast to DEX-treated 

groups, L-C administration along with DEXA 

demonstrated a substantial elevation (p < 0.0001) 

in TAC levels, as depicted in Figure 1. 

3.7. Effect on osteoprotegerin (OPG) 

concentration 

According to Figure 2, DEXA supplementation 

brought a marked decrease (P < 0.0001) in the bone 

concentration of OPG compared to the control 

group. In contrast, administration of L-C in 

addition to the DEXA (L-C+ DEXA) group 

demonstrated a significant elevation in OPG 

(P<0.0001) compared to the DEXA-treated group. 

3. 8. Measurement of BMD and BMC by 

Dual-energy X-ray absorptiometry 

Compared to the control group, the administration 

of DEXA to the experimental group resulted in a  

https://www.ncbi.nlm.nih.gov/blast/Blast.cgi?QUERY=NM_012922.2&PAGE=Nucleotides&PROGRAM=blastn&MEGABLAST=on&BLAST_PROGRAMS=megaBlast&PAGE_TYPE=BlastSearch&SHOW_DEFAULTS=on
https://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=1937904213
https://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=62079230
https://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=402744873
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Table 2. Effect of L-C administration on femur weight, body weight, and seedor index in DEXA-induced 

osteoporosis in Wistar rats. 

Groups Control DEXA L-C + DEXA 

Femur weight (mg) 1080.30 ±29.83 

 

663.40±21.83 

(P=0.000) a 

980.40±31.27 

(P=0.000) b 

Body weight (g) 247.98 ±7.24 209.10 ±5.07  

(P=0.01) a 

242.80 ± 4.94 

(P=0.035) b 

Seedor Index 

 

31.04±0.87 19.37±0.63 

(P=0.000) a 

28.21±0.78 

(P=0.000) b 

Values were demonstrated as the mean ± SEM (n = 10). values were analyzed by one-way ANOVA, then a post hoc 

analysis. P < 0.05 was established as significant. a significant vs. control, b significant vs. DEXA group. L-C: L-Carnitine. 

DEXA: dexamethasone. 

Table 3. Effect of L-C administration on serum calcium, phosphorous, and alkaline phosphatase (ALP) 

levels in DEXA-induced osteoporosis in Wistar rats. 

Groups  Control DEXA L-C + DEXA 

Serum calcium 

(mg/dl) 

10.95±0.07 8.05±0.14 

(P=0.000) a 

10.23±0.23 

(P=0.000) b 

Serum phosphorous 

(mg/dl) 

6.54±0.08 8.77±0.20 

(P=0.000) a 

7.11±0.14 

(P=0.000) b 

Serum ALP  

(U/L) 

160.90±4.38 350.40± 8.82  

(P=0.000) a 

179.90±2.92  

(P=0.000) b 

Values were demonstrated as the mean ± SEM (n = 10). values were analyzed by one-way ANOVA, then a post hoc 

analysis. P < 0.05 was established as significant. a significant vs. control, b significant vs. DEXA group. L-C: L-Carnitine. 

DEXA: dexamethasone. 

Table 4. Effect of L-C administration on MDA and NO in DEXA-induced osteoporosis in Wistar rats. 

 Control DEXA L-C + DEXA 

Bone MDA 

(nmol/ml) 

363.04 ±8.78 470.69 ±14.45 

(P=0.000) a 

400.69 ±5.50 

(P=0.000) b 

Bone NO 

(µmol/L) 

193. 26 ±5.08 233.83 ±5.18 

(P=0.000) a 

210.54 ±5.69 

(P=0.012) b 

Values were demonstrated as the mean ± SEM (n = 10). values were analyzed by one-way ANOVA, then a post hoc 

analysis. P < 0.05 was established as significant. a significant vs. control, b significant vs. DEXA group. L-C: L-Carnitine. 

DEXA: dexamethasone. MDA: malondialdehyde. NO: nitric oxide. 
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Figure 1. Effect of L-C administration on bone total antioxidant capacity status (TAC) in DEXA-induced 

osteoporosis in Wistar rats. Values were demonstrated as the mean ± SEM (n = 10). values were analyzed by 

one-way ANOVA, then Tukey's post hoc analysis. P < 0.001 was established as significant. DEXA. L-C: L-

Carnitine. DEXA: dexamethasone. 
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Figure 2. Effect of L-C administration on the bone concentration of osteoprotegerin (OPG) in DEXA-induced 

osteoporosis in Wistar rats. Values were demonstrated as the mean ± SEM (n = 10). values were analyzed by 

one-way ANOVA, then Tukey's post hoc analysis. P < 0.001 was established as significant. DEXA. L-C: L-

Carnitine. DEXA: dexamethasone. 

substantial decrease (P<0.0001) in both BMD and 

BMC. Moreover, the addition of L-C (L-C + 

DEXA) resulted in a valuable rise (P<0.0001) in 

both previous measures compared to the DEXA 

treated group as shown in Figures 3 and 4. 

3.9. Effect on caspase-3 gene expression 

As shown in Figure 5, DEXA administration for 

four weeks resulted in significant advancement in 

caspase-3 mRNA expression (P < 0.0001) 

compared to the control group. Nevertheless, 

simultaneous administration of L-C with DEXA (L- 

C+ DEXA) gave rise to a significant restoration (P  

 = 0.028) of caspase-3 mRNA expression levels 

compared to the DEXA group. 

3.10. Effect on Smad-1 gene expression 

Figure 6 demonstrates that in comparison to 

DEXA treated group, the mRNA expression of 

Smad-1 decreased, with a statistically significant 

difference (P<0.0001). However, the mRNA 

expression of Smad-1 was statistically significantly 

increased (P<0.0001) after simultaneous treatment 

with L-C (L-C +DEXA) compared to the DEXA-

treated group.  
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Figure 3. Effect of L-C administration on bone mineral density (BMD) in DEXA-induced osteoporosis in 

Wistar rats. Values were demonstrated as the mean ± SEM (n = 10). values were analyzed by one-way 

ANOVA, then Tukey's post hoc analysis. P < 0.001 was established as significant. DEXA. L-C: L-Carnitine. 

DEXA: dexamethasone. 
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Figure 4. Effect of L-C administration on bone mineral content (BMC) in DEXA-induced osteoporosis in 

Wistar rats. Values were demonstrated as the mean ± SEM (n = 10). values were analyzed by one-way 

ANOVA, then Tukey's post hoc analysis. P < 0.001 was established as significant. DEXA. L-C: L-Carnitine. 

DEXA: dexamethasone. 
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Figure 5. Effect of L-C administration on Caspase-3 gene expression in DEXA-induced osteoporosis in Wistar 

rats. Values were demonstrated as the mean ± SEM (n = 10). values were analyzed by one-way ANOVA, then 

Tukey's post hoc analysis. P < 0.05 was established as significant. DEXA. L-C: L-Carnitine. DEXA: 

dexamethasone. 
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Figure 6. Effect of L-C administration on Smad-1 gene expression in DEXA-induced osteoporosis in Wistar rats. 

Values were demonstrated as the mean ± SEM (n = 10). values were analyzed by one-way ANOVA, then Tukey's 

post hoc analysis. P < 0.001 was established as significant. DEXA. L-C: L-Carnitine. DEXA: dexamethasone. 

3.11. Effect on autophagy-related gene 

(ATG) expression 

DEXA therapy resulted in a substantial decrease 

(P<0.0001) in ATG mRNA gene expression as 

compared to the control groups. However, in 

compression to DEX-treated groups, L-C 

administration in conjunction with DEXA resulted 

in significant advancement in the previously 

mentioned mRNA gene expression (P<0.0001), as   

 depicted in Figure 7. 

3.12. Histopathological results 

In the control group, the bone demonstrated 

unremarkable changes with abundant bone 

trabeculae (Figures 8 A & B). The bone was 

compacted and lamellated in thickness. They are 

relatively similar in shape and size. In bone 

trabeculae, several distributed functioning  
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Figure 7. Effect of L-C administration on autophagy-related genes (ATG) expression in DEXA-induced osteoporosis in 

Wistar rats. Values were demonstrated as the mean ± SEM (n = 10). values were analyzed by one-way ANOVA, then 

Tukey's post hoc analysis. P < 0.001 was established as significant. DEXA. L-C: L-Carnitine. DEXA: dexamethasone. 

Figure 8. Effect of L-C administration on bone histopathology in DEXA-induced osteoporosis in Wistar rats. 

A & B: photomicrographs of the femur of the control group revealed lamellated deep eosinophilic and thick bone 

trabeculae (blue arrows) with many osteocytes (yellow arrows). The trabeculae of bone were isolated by bone marrow 

(long black arrows) and a small number of fat cells (short black arrows). 

C & D: photomicrographs of DEXA-treated rats (osteoporotic rats). The bone exhibited thin and pale eosinophilic 

trabeculae (blue arrows) associated with a small number of osteocytes (yellow arrows), broad bone marrow spaces (long 

black arrows) with abundant fat cell aggregates (short black arrows).  

E & F: photomicrographs of femurs of (L-C+ DEXA) treated rats showed thick trabeculae (blue arrows), less extended 

bone marrow spaces (long black arrows), less fat cell aggregates (short black arrows), and more osteocytes (yellow 

arrows). H&E-stained section x 400 magnification. 
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osteocytes were observed. The hematopoietic cells 

in the bone marrow were preserved and not 

extended. The DEXA-treated group (osteoporotic 

rats) demonstrated bone resorption features 

(Figures 8 C & D). The bone appeared with pale 

color trabeculae, thin and asymmetrical in shape. 

The number of osteocytes was reduced, and the 

trabeculae were isolated by broadened bone marrow 

area, with an increased number of fat cells forming 

small aggregates.  

L-C+DEXA treated group demonstrated relatively 

similar histological changes (Figures 8 E & F). The 

trabeculae of the bone are pale in color and thicker 

than the DEXA-treated group. The osteocytes are 

relatively increased in number. The spaces of the 

bone marrow are comparatively decreased and 

associated with fewer fat cells than the DEXA-

treated group.  

4. Discussion 

The majority of approved O.P therapies do not 

significantly reduce fracture risk and have 

numerous adverse effects (Papaioannou et al., 

2007). Consequently, this study investigates novel 

target pathways unaffected by traditional 

medication, the L-C protective effects in response to 

DEXA-induced O.P in female Wistar rats in 

addition to investigating the role of autophagy, 

apoptosis, and oxidative stress, in the pathogenesis 

of O.P as well as the outcome of L-C.  

The study findings demonstrated that DEXA 

administration led to a significant reduction in body 

weight, femur weight, and Seedor index, where 

administration of L-C before DEXA restored these 

parameters more or less near the control group 

values, which is consistent with the findings of 

(Filippopoulou et al., 2021).  Seedor index is a bone 

density indicator; the higher the value, the denser 

the bone (Mendes et al., 2006). Some researchers 

attributed these effects to decreased cortical bone 

volume after DEXA treatment (Filippopoulou et 

al., 2021). Additional factors contributing to weight 

loss include appetite suppression and muscle 

atrophy, which limit protein synthesis and initiate 

protein breakdown (Wu et al., 2018). On the 

contrary, L-C administration produced a gain in 

body weight compared to the DEXA treated group 

and this is in harmony with Mirzapor et al. (2016) 

who explained their result through L-C induction of 

the oxidation of long-chain fatty acids and the 

increased level of acetyl coenzyme A in 

mitochondria, which increases the use of the protein 

 diet by animals (Mirzapor et al., 2016). OPG is a 

soluble glycoprotein that interferes with RANKL-

RANK binding, reducing osteoclast maturation and 

indirectly inhibiting bone resorption activity (Guo 

et al., 2021). In the present study, after comparison 

to the control group, 7 mg/kg/week of DEXA 

treatment for four successive weeks led to a 

considerable decrease in serum calcium, femoral 

BMD, BMC, and OPG with a substantial elevation 

in phosphorous and ALP levels, however, L-C 

supplementation ameliorated these effects. The 

histopathology of rat femurs also validated these 

findings, revealing thin and asymmetrical bone 

trabeculae, reduced numbers of osteocytes, and 

broadened bone marrow area compared to the 

control group, where L-C ameliorated these 

findings. These findings are compatible with earlier 

studies (Cibulka et al., 2007; Hooshmand et al., 

2008; Marcovina et al., 2013; Hozayen et al., 

2016; Hachemi et al., 2018; Ahmed et al., 2022).  

Hachemi et al. (2018) attributed these effects to 

GIT and renal disturbance of calcium absorption by 

DEXA administration. In addition, DEXA induced 

free radical production resulting in hyperoxidant 

stress on osteoblast cells reducing their number and 

function (El-Shenawy et al., 2013). Moreover, the 

decrease in BMD and BMC can be attributed to 

DEXA via RANKL induction and reduction of 

OPG level (Rauner et al., 2011). In addition, 

Canalis & Delany (2005) attributed the previous 

findings to the inhibition of fibronectin and 

collagen productions along with stimulating 

collagenase synthesis after DEXA treatment which 

contributes to the decreased bone growth and thus 

decreased BMD and BMC.  In contrast, Ferraretto 

and his colleagues demonstrated the ability of L-C 

to elevate calcium levels in vitro culture on human 

osteoblast-like cells (hOBs) and explained their 

result by two distinct pathways; the influx of 

calcium via the plasma membrane channels and a 

calcium discharge from internal stores (Ferraretto 

et al., 2018).    

Furthermore, when compared to the control group, 

DEX treatment resulted in a significant elevation in 

oxidative stress markers such as MDA and NO as 

well as a significant reduction in TAC status. 

However, when compared to the osteoporotic 

group, L-C administration significantly improved 

the preceding parameters, which aligns with 

(Murad, 2016; Terruzzi et al., 2019). 

Multiple studies have found a strong relationship  

between oxidative stress and the development of 

O.P (Polidori et al., 2001). The negative impact of  
Smad promotes signal transduction in TGF-β and 

BMP signaling pathways, which regulate both 
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DEX on oxidative stress may be due to the 

downregulation of the mRNA expression of CuZn-

SOD and GSH-Px (Lv et al., 2018). Agidigbi & 

Kim (2019) reported that DEXA could induce 

osteoclast formation by stimulating mitochondrial 

dysfunction and elevating ROS production. On the 

other hand, the antioxidant effect of L-C is 

enhanced by its metal chelating capabilities of Fe+2 

and Cu+2 (Surai, 2015). It also protects 

mitochondrial integrity in stressful situations and 

suppresses the generation of ROS (Sekine, 2017). 

In addition, Surai (2015) illustrated that L-

Carnitine's antioxidant action is mediated by redox 

signaling, which involves Nrf2 and PPAR 

activation and NF-B suppression, resulting in 

increased synthesis of antioxidant enzymes (SOD, 

GSH-Px, GR, GST, CAT).  

Caspase 3 is involved in several biochemical 

apoptotic pathways, including the cleavage of 

nuclear and cytoplasmic substrates, chromatin 

condensation, DNA fragmentation, and the 

formation of apoptotic bodies (Salvesen & Dixit, 

1997; Oruc et al., 2012; Pu et al., 2017).  

The present study revealed that L-C ameliorated the 

apoptosis induced by DEXA treatment as indicated 

by the inhibition of caspase-3 gene expression, 

supported by the results of (Oruc et al., 2012; 

Moosavi et al., 2016; Deng et al., 2019; Kelek et 

al., 2019).  

Deng et al. (2019) attributed the previous impacts 

via the DEXA-induced PI3K/AKT suppression and 

activation of GSK-3β in osteoblasts signaling 

pathway causing apoptosis (Deng et al., 2019). The 

ameliorating effect of L-C against apoptosis was 

detected in testicular tissues (Eid, 2016). L-C 

inhibits apoptosis via diminishing DEXA-induced 

oxidative stress, cytochrome c, and preserving 

cellular membranes by eliminating acetyl groups 

and free CoA (Fritz & Arrigoni-Martelli, 1993; 

Bodaghi-Namileh et al., 2018).   

Autophagy promotes cell viability and survival by 

reducing the risk of deleterious protein aggregation. 

(Mameli et al., 2022). Autophagy may contribute to 

osteoporosis as it is involved in osteoblast survival 

and inhibiting oxidative stress-mediated osteoblast 

apoptosis (Li et al., 2017). In contrast, the 

inactivation of autophagy attenuates OPG-mediated 

osteoclast differentiation inhibition through the 

AMPK/mTOR/p70S6K signaling pathway (Tong et 

al., 2020). 

osteoblast and osteoclast properties, and plays an 

essential role in bone remodeling regulation (Zou 

et al., 2021). Smad-1 deletion was found to 

increase P16 expression and shorten osteoblast's 

lifespan inducing osteoporosis (Kua et al., 2012).   

In the current work, DEXA reduced autophagic 

markers, as evidenced by a decrease in ATG-5 in 

addition, it decreased the Smad-1 gene expression 

when compared to the control group. The co-

administration of LC+ DEXA stimulated the ATG-

5 and Smad-1 protein expression, which are 

consistent with (Tong et al., 2020; Tripathi et al., 

2022). Jamali-Raeufy and colleagues found that a 

single dose of lipopolysaccharide decreased 

autophagic biomarkers such as the LC3 II/LC3 I 

ratio and becline-1, which was recovered by acetyl-

L-C in a dose-dependent mechanism (Jamali-

Raeufy et al., 2021). These results were postulated 

by the L-C initiation of Calcium/calmodulin-

dependent protein kinase II (CaMKII) and 

extracellular signal-regulated kinase (ERKs/AKT) 

cascade by inducing the expression of osteogenic 

genes (Terruzzi et al., 2019). In addition, L-C can 

enhance the mitochondrial SOD synthesis while 

lowering ROS levels in osteoblasts, serving as a 

second messenger in gene down-regulation (Atashi 

et al., 2015). Moreover, L-C encourages the 

mRNA of ATG-1, lysosomal biogenesis-related 

genes, and phosphorylation of Bcl2 which is 

involved in the regulation of autophagy (Qiao et 

al., 2021).  

These observations may be explained autophagy's 

capability to reduce ROS accumulation by 

facilitating the clearance of damaged mitochondria 

and activating antioxidant defense processes 

(Sadeghi et al., 2020). 

5. Conclusion 

According to the results of the present study, 

DEXA can cause O.P via various pathways, 

involving free radical accumulation, OPG pathway, 

apoptosis, smad-1 transcriptional factor, and 

autophagy. Furthermore, when combined with 

DEXA, L-C therapy demonstrated a significant 

protective effect and preserved bone mass. 

In conclusion, L-C administration could be used as 

an adjunct in the management of osteoporotic 

bones, enhancing bone quality by stimulating 

autophagy and counteracting apoptosis and 

oxidative stress. 
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