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Abstract 

 Loss of muscle proteins is a deleterious consequence of chronic kidney disease (CKD) that causes a decrease in muscle 

strength and function, and can lead to a reduction in quality of life and increased risk of morbidity and mortality. The effectiveness 

of current treatment strategies in preventing or reversing muscle protein losses is limited. The limitations largely stem from the 

systemic nature of diseases such as CKD, which stimulate skeletal muscle protein degradation pathways while simultaneously 

activating mechanisms that impair muscle protein synthesis and repair. Stimuli that initiate muscle protein loss include metabolic 

acidosis, insulin and IGF1 resistance, changes in hormones, cytokines, inflammatory processes and decreased appetite. A growing 

body of evidence suggests that signaling molecules secreted from muscle can enter the circulation and subsequently interact with 

recipient organs, including the kidneys, while conversely, pathological events in the kidney can adversely influence protein 

metabolism in skeletal muscle, demonstrating the existence of crosstalk between kidney and muscle. Together, these signals, 

whether direct or indirect, induce changes in the levels of regulatory and effector proteins via alterations in mRNAs, microRNAs   

and chromatin epigenetic responses. Advances in our understanding of the signals and processes that mediate muscle loss in CKD 

and other muscle wasting conditions will support future development of therapeutic strategies to reduce muscle loss.  Administration 

of granulocyte colony stimulating factor has an ameliorating role in regeneration of CKD induced skeletal muscle damage. 
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1. Introduction 

 There are different animal models available for 

induction of CKD. These models are important to understand 

the pathology of renal fibrosis and for the evaluation of new 

treatments. They include surgical, chemical and physical, 

genetic and in vitro models [1]. Whenever surgical models 

are considered, we cannot ignore the most popular model, the 

5/6 nephrectomy that mimics CKD in humans, by the 

removal of one whole kidney and two-thirds of other kidney. 

In this model, glomerulosclerosis phenomena appear in the 

first phase, followed by tubule interstitial fibrosis and tubular 

atrophy [2].  Another popular model is induction of interstitial 

fibrosis phenomena by unilateral ureteral obstruction. In this 

case there is advantage of using contralateral kidney as a 

control [3] However, these surgical techniques are often 

accompanied by high mortalities and require well trained 

surgeons [4-5]. CKD induction medication may sometimes 

be preferred because they are not as invasive as models that 

require certain surgical techniques and may simulate CKD as 

well. They include Cisplatin, folic acid exerting toxicity in 

renal tubule, streptozocin is a good marker for the simulation 

of diabetic nephropathy by tubular and glomerular 

impairment in type 1 diabetes and adriamycin [6]. Adenine-

induced CKD is also used by some researchers. Major 

mechanisms include inflammation, oxidative stress, 

programmed cell death and metabolic disorders. However, 

this usually requires at least 16 weeks of adenine 

administration [7].   

 Also, male patients with CKD may develop gonadal 

abnormalities that lead to impotence, reduced libido, 

decreased testicular size, impaired spermatogenesis and 

gynaecomastia [8-9]. Folic acid (FA) also known as vitamin 

B9 is a vital component of a healthy diet, being essential for 

numerous bodily functions and has a well-known role in 

prevention of neural tube defects. As some vitamins, FA 

could not be synthesized in mammalian cells and is delivered 

from exogenous sources including foods and intestinal micro 

biota. Animal liver and kidney, mushrooms, spinach, yeast, 

green leaves, and grasses are richest in folates according to 

the National Institute of Health in 2021 [10]. Deficiency of 

folate is common, with studies suggesting prevalence of 

deficiency as high as 85.5% as was shown in women between 

the ages of 16 and 49. Causes of folate deficiency range from 

diet and lifestyle, to pathological & pharmacological causes. 

So, numerous countries have implemented strategies to 

increase folate intake with programs such as mandatory grain 
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fortification. The US Institute of Medicine and European 

Food Safety Authority suggest tolerable upper limit of folic 

acid to be 1000 µg.    Higher levels of intake may cause or 

exacerbate vitamin B12 deficiency related neurological 

damage [11]. High prolonged folic acid intakes have been 

linked to increased cancer risk and progression within certain 

patient groups and also to insulin resistance in children, 

interaction with epilepsy medications, masking vitamin B12 

deficiency & hepatotoxicity at high concentrations.  

 The Proposed mechanisms for this include folic acid 

enhancing DNA synthesis and replication within cells, while 

reducing the natural killer cell response to carcinogenic cells 

[12]. While a low dose of FA (usually less than 10 mg/day) 

is nutritionally beneficial, a high dose of FA (250 mg) is very 

toxic to the kidneys and causes damage mainly to the 

proximal tubular epithelial cells. Therefore, folic acid (FA) 

may be used as animal model of CKD [13]. FA is a vitamin 

and is not environmentally toxic. So, routine handling in 

laboratories does not have any hazards. Second, unlike 

ischemic surgery of kidney injury, of FA is administered as a 

simple intraperitoneal injection, which does not require 

surgery and animal friendly. Third, unlike the cadmium and 

cisplatin toxicity models, which induce multiple organ injury, 

the FA model mainly injures the kidney can simulate the 

clinical symptoms of human kidney disease without 

deleterious effects on other organs [14-15]. Folic acid can 

accumulate in larger amounts in the kidney than in other 

tissues because of the high content of folate receptors causing 

tubular obstruction by FA crystals and so acute kidney injury 

within 72 h of FA administration. If left untreated, acute 

damage occurs within 2 weeks with tubulointerstitial fibrosis 

becoming apparent between 3 and 4 weeks. Biochemical 

markers of renal impairment occur in parallel with renal 

fibrosis making this a particularly useful model for studying 

the consequences of CKD [16-19].  

 

2. Granulocyte-colony-stimulating factor 

 Granulocyte colony-stimulating factor (G-CSF) is a 

cytokine most well-known for maturation and mobilization of 

bone marrow neutrophils. So, it is used therapeutically to treat 

chemotherapy induced neutropenia, [20]. G-CSF acts by 

binding to its cognate cell surface receptor on target cells, 

causing the activation of intracellular signaling pathways 

mediating the proliferation, differentiation, function, and 

survival of cells in the neutrophil lineage. Studies in humans 

and mice demonstrate that GCSF also contributes to 

protecting the host against infection [21]. Human G-CSF is a 

glycoprotein located on chromosome 17 and encoded by 

CSF3 gene. However, this gene encodes two different 

products: G-CSFa contains 177 amino acids and G-CSFb 

contains 174 amino acids. The difference between the two 

types is that G-CSFa contains additional three residues after 

Leucine 35 (Valine-Serine-Glycine). The G-CSFb contains a 

glycosylation site on the oxygen known as O- linked 

glycosylation and this form is expressed in mammalian cells. 

It has been reported that G-CSFb obtains more biological 

activity (about 20 times more than G-CSFa), which makes it 

the source of commercial pharmaceutical products for G-CSF 

[22-23].  

 Granulocyte colony-stimulating factor acts as a 

powerful mobilizer of peripheral blood stem cells.  

Recombinant human G-CSF has been used to treat 

granulocytopenia and neutropenia after chemotherapy for 

cancer patients [23]. Food and Drug Administration (FDA) 

has approved G-CSF as a drug for its antiapoptotic and 

immune modulatory properties [24]. Granulocyte colony-

stimulating factor has also several effects outside the 

hematopoietic system [25]. The hematopoietic stem cells 

(HSCs) reside in the microenvironment of the bone marrow 

in a highly organized manner. It is composed of at least three 

different niches: endosteal, peri-sinusoidal and peri-

arteriolar. The endothelial and stromal cells occupy the 

perisinusoidal and peri-arteriolar niches, while macrophages 

and megakaryocytes occupy the perisinusoidal niche [26]. 

Bone marrow-derived mesenchymal stem cells are multi 

potent and capable of self-renewal. Also, they can move from 

the bone marrow into the circulation to support different 

tissues [27]. Hira et al. [28] reported that HSCs express 

specific protein called integrin α4β1 that mediate their 

adherence to bone marrow microenvironment via interaction 

with another protein expressed in bone marrow stromal cells 

called vascular cell adhesion molecule (VCAM1).  

 Following treatment of G-CSF, bone marrow 

neutrophils release specific proteases, such as matrix 

metalloproteinase 9 (MMP 9), neutrophil elastase and 

cathepsin G. These proteases cleave the interactions between 

C-X-C Motif Chemokine Ligand 12 (CXCL12) and 

chemokine receptor type 4 (CXCR4) and other factors that 

allow cells mobilization and release into circulation [29]. 

Cluster of differentiation 34 (CD34) is a Trans membrane 

glycoprotein first identified as a biomarker for hematopoietic 

stem cell progenitors. CD34 expression of these stem cells 

has been exploited for therapeutic purposes in various 

hematological disorders.  It has been also found expressed on 

early hematopoietic stem cells, progenitor cells, endothelial 

cells, embryonic fibroblasts and some cells in fetal and adult 

nervous tissue [30]. In last few decades, studies have revealed 

the presence of CD34 expression on other types of cells with 

non-hematopoietic origins, such as interstitial cells & muscle 

satellite cells. This transmembrane phosphorglycoprotein 

present at the cell surface in humans and various animal 

species functioning as an adhesion factor between cells [30]. 

CD34 can mediate the attachment of different stem cells to 

the extracellular matrix in the bone marrow or straight to the 

tissue by binding to L-selectin expressed on endothelial cells 

and involved in the recruitment of leukocytes to sites of 

inflammation and infection.  

 From a medical perspective, this protein is involved 

in the process of extracting and enriching hematopoietic stem 

cells in order to perform bone marrow transplantation [31]. 

The mobilization of HSCs from the BM involves the 

interaction between stromal cell derived factor-1 (SDF-1) –

CXCL 12- and CXCR4. SDF-1 is a chemokine protein that 

activates CXCR 4 that regulates stem cells migration and 

chemotaxis [32]. Many body cells can produce G-CSF after 

appropriate stimulation; cells from the monocyte and 

macrophage series are the most significant G-CSF source; 

however, normal cells of mesodermal origin can also produce 

G-CSF. G-CSF is present at low levels in healthy individuals 

and at increased levels in infections and inflammations. 

Normally, levels of circulating G-CSF are very low (<100 

pg/mL). Nevertheless, G-CSF levels can increase to 20 times 

baseline levels in conditions of stress resulting in a rapid 

increase of circulating neutrophils [33]. Some pre-clinical 

studies have highlighted the role of G-CSF in different 

organs. Pourtaji et al., [34] mentioned that G-CSF exerts its 
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beneficial effects on cardiac cell repair through either stem 

cell mobilization or direct angiogenesis promotion, so that 

their regeneration might serve as a novel target in cardiac 

remodeling prevention and congestive heart failure treatment.  

 Moreover, neuroprotective effects of G-CSF were 

observed in other studies triggered by inhibition of apoptosis, 

inflammation and stimulation of neurogenesis [35]. Multiple 

courses of G CSF, with or without stem or progenitor cell or 

growth factors (erythropoietin or growth hormone) infusion, 

might be associated with accelerated hepatic regeneration, 

improved liver function and survival [36]. The identification 

of the G-CSF receptor (G-CSFR) being expressed outside the 

hematopoietic system has revealed wider roles for G-CSF, 

particularly in tissue repair and regeneration. Skeletal muscle 

damage, including that following strenuous exercise, induces 

an elevation in plasma G-CSF, implicating it as a potential 

mediator of skeletal muscle repair [37]. The recombinant G-

CSF named filgrastim was first approved in 1991, and its 

value has evolving since 2015. It has been included on the 

World Health Organization (WHO) Model List of Essential 

Medicines which is defined as a list of medicines needed for 

a basic healthcare system & & includes most efficacious, safe 

& cost–effective medicines for priority conditions [38]. Some 

in vitro studies found that administration of G-CSF had 

anabolic effect on muscle, so that G-CSF can be a potential 

agent for treating patients with muscle loss and sarcopenia. 

Also, there is growing evidence for G-CSF treatment of 

skeletal muscle myopathies [37-39].   

 

References 

 

[1] A. Nogueira, M.J. Pires, P.A. Oliveira. (2017). 

Pathophysiological mechanisms of renal fibrosis: a 

review of animal models and therapeutic strategies. 

In vivo.  31(1): 1-22. 

[2] R.J. Adam, A.C. Williams, A.J. Kriegel. (2022). 

Comparison of the surgical resection and infarct 5/6 

nephrectomy rat models of chronic kidney disease. 

American Journal of Physiology-Renal Physiology.  

322(6): F639-F654. 

[3] D. Claramunt, H. Gil-Peña, R. Fuente, O. 

Hernández-Frías, F. Santos. (2015). Animal models 

of pediatric chronic kidney disease. Is adenine 

intake an appropriate model? nefrologia.  35(6): 

517-522. 

[4] O. Ham, W. Jin, L. Lei, H.H. Huang, K. Tsuji, M. 

Huang, J. Roh, A. Rosenzweig, H.A.J. Lu. (2018). 

Pathological cardiac remodeling occurs early in 

CKD mice from unilateral urinary obstruction, and 

is attenuated by Enalapril. Scientific Reports.  8(1): 

1-17. 

[5] J.E. Kieswich, J. Chen, S. Alliouachene, P.W. 

Caton, K. McCafferty, C. Thiemermann, M.M. 

Yaqoob. (2018). A novel model of reno-cardiac 

syndrome in the C57BL/6 mouse strain. BMC 

nephrology.  19(1): 1-12. 

[6] G.R. Estrela, L.C. Freitas-Lima, A. Budu, A.C.d. 

Arruda, M.S. Perilhão, R.A. Fock, J. Barrera-

Chimal, R.C. Araújo. (2021). Chronic kidney 

disease induced by cisplatin, folic acid and renal 

ischemia reperfusion induces anemia and promotes 

GATA-2 activation in mice. Biomedicines.  9(7): 

769. 

[7] V. Diwan, L. Brown, G.C. Gobe. (2018). Adenine‐

induced chronic kidney disease in rats. Nephrology.  

23(1): 5-11. 

[8] M.M. Edey. (2017). Male sexual dysfunction and 

chronic kidney disease. Frontiers in Medicine.  4: 

32. 

[9] Q. Yang, S. Su, N. Luo, G. Cao. (2023). Adenine-

induced animal model of chronic kidney disease: 

current applications and future perspectives. Renal 

Failure.  46(1): 2336128. 

[10] Y. Shulpekova, V. Nechaev, S. Kardasheva, A. 

Sedova, A. Kurbatova, E. Bueverova, A. Kopylov, 

K. Malsagova, J.C. Dlamini, V. Ivashkin. (2021). 

The concept of folic acid in health and disease. 

Molecules.  26(12): 3731. 

[11] K. Patel, A. Sobczyńska-Malefora. (2017). The 

adverse effects of an excessive folic acid intake. 

European journal of clinical nutrition.  71(2): 159-

163. 

[12] K.E. Christensen, L.G. Mikael, K.-Y. Leung, N. 

Lévesque, L. Deng, Q. Wu, O.V. Malysheva, A. 

Best, M.A. Caudill, N.D. Greene. (2015). High folic 

acid consumption leads to pseudo-MTHFR 

deficiency, altered lipid metabolism, and liver injury 

in mice. The American journal of clinical nutrition.  

101(3): 646-658. 

[13] L.J. Yan. (2021). Folic acid‐induced animal model 

of kidney disease. Animal models and experimental 

medicine.  4(4): 329-342. 

[14] P. Rattanasinganchan, K. Sopitthummakhun, K. 

Doi, X. Hu, D.M. Payne, T. Pisitkun, A. 

Leelahavanichkul. (2016). A folic acid-induced rat 

model of renal injury to identify biomarkers of 

tubulointerstitial fibrosis from urinary exosomes. 

Asian Biomedicine.  10(5): 491-502. 

[15] O.E. Aparicio-Trejo, L.M. Reyes-Fermín, A. 

Briones-Herrera, E. Tapia, J.C. León-Contreras, R. 

Hernández-Pando, L.G. Sánchez-Lozada, J. 

Pedraza-Chaverri. (2019). Protective effects of N-

acetyl-cysteine in mitochondria bioenergetics, 

oxidative stress, dynamics and S-glutathionylation 

alterations in acute kidney damage induced by folic 

acid. Free Radical Biology and Medicine.  130: 379-

396. 

[16] F.H. Nazki, A.S. Sameer, B.A. Ganaie. (2014). 

Folate: metabolism, genes, polymorphisms and the 

associated diseases. Gene.  533(1): 11-20. 

[17] O. Sadeghi-Alavijeh, M. Tadayyon, B. Caplin. 

(2017). Chronic kidney disease-associated 

cardiovascular disease: scope and limitations of 

animal models. Cardiovascular Endocrinology & 

Metabolism.  6(4): 120-127. 

[18] K. Jiang, T.A. Ponzo, H. Tang, P.K. Mishra, S.I. 

Macura, L.O. Lerman. (2018). Multiparametric MRI 

detects longitudinal evolution of folic acid-induced 

nephropathy in mice. American Journal of 

Physiology-Renal Physiology.  315(5): F1252-

F1260. 

[19] O.E. Aparicio-Trejo, S.H. Avila-Rojas, E. Tapia, P. 

Rojas-Morales, J.C. León-Contreras, E. Martínez-

Klimova, R. Hernández-Pando, L.G. Sánchez-

Lozada, J. Pedraza-Chaverri. (2020). Chronic 

impairment of mitochondrial bioenergetics and β-



IJCBS, 24(10) (2023): 1598-1601 
 

Ahmed et al., 2023    1601 
 

oxidation promotes experimental AKI-to-CKD 

transition induced by folic acid. Free Radical 

Biology and Medicine.  154: 18-32. 

[20] I. Karagiannidis, E. Salataj, E.S.A. Egal, E.J. 

Beswick. (2021). G-CSF in tumors: Aggressiveness, 

tumor microenvironment and immune cell 

regulation. Cytokine.  142: 155479. 

[21] K.R. Martin, H.L. Wong, V. Witko-Sarsat, I.P. 

Wicks. (2021). In G-CSF–a double edge sword in 

neutrophil mediated immunity, Seminars in 

Immunology. Elsevier. 101516. 

[22] M. Aapro, J. Bohlius, D.A. Cameron, L. Dal Lago, 

J.P. Donnelly, N. Kearney, G. Lyman, R. Pettengell, 

V. Tjan-Heijnen, J. Walewski. (2011). 2010 update 

of EORTC guidelines for the use of granulocyte-

colony stimulating factor to reduce the incidence of 

chemotherapy-induced febrile neutropenia in adult 

patients with lymphoproliferative disorders and 

solid tumours. European journal of cancer.  47(1): 8-

32. 

[23] L. Liu, Y. Liu, X. Yan, C. Zhou, X. Xiong. (2020). 

The role of granulocyte colony‑stimulating factor in 

breast cancer development: a review. Molecular 

medicine reports.  21(5): 2019-2029. 

[24] J. Modi, J. Menzie-Suderam, H. Xu, P. Trujillo, K. 

Medley, M.L. Marshall, R. Tao, H. Prentice, J.-Y. 

Wu. (2020). Mode of action of granulocyte-colony 

stimulating factor (G-CSF) as a novel therapy for 

stroke in a mouse model. Journal of biomedical 

science.  27: 1-19. 

[25] N. Nicola. (1990). Granulocyte colony-stimulating 

factor. Immunology series.  49: 77-109. 

[26] G.M. Crane, E. Jeffery, S.J. Morrison. (2017). Adult 

haematopoietic stem cell niches. Nature Reviews 

Immunology.  17(9): 573-590. 

[27] M. Elhusseiny, A. EL HAFEZ, E. Mihi, K. Abbas, 

N.F. Abo Hassan. (2023). Comparative between the 

Effect of Bone Marrow-Derived Mesenchymal Stem 

Cells and Mobilized Bone Marrow-Derived Stem 

Cells on Experimentally-Induced Acute Kidney 

Injury in Adult Male Albino Rat (Histological, 

Immunohistochemical and Biochemical Study). 

Egyptian Journal of Histology.  46(4): 1545-1562. 

[28] V.V. Hira, C.J. Van Noorden, H.E. Carraway, J.P. 

Maciejewski, R.J. Molenaar. (2017). Novel 

therapeutic strategies to target leukemic cells that 

hijack compartmentalized continuous hematopoietic 

stem cell niches. Biochimica et Biophysica Acta 

(BBA)-Reviews on Cancer.  1868(1): 183-198. 

[29] S.G. Kwon, I. Park, Y.W. Kwon, T.W. Lee, G.T. 

Park, J.H. Kim. (2019). Role of stem cell 

mobilization in the treatment of ischemic diseases. 

Archives of pharmacal research.  42: 224-231. 

[30] P. Radu, M. Zurzu, V. Paic, M. Bratucu, D. Garofil, 

A. Tigora, V. Georgescu, V. Prunoiu, C. Pasnicu, F. 

Popa. (2023). CD34—Structure, functions and 

relationship with cancer stem cells. Medicina.  

59(5): 938. 

[31] L.E. Sidney, M.J. Branch, S.E. Dunphy, H.S. Dua, 

A. Hopkinson. (2014). Concise review: evidence for 

CD34 as a common marker for diverse progenitors. 

Stem cells.  32(6): 1380-1389. 

[32] J. Kim, N.K. Kim, S.R. Park, B.H. Choi. (2019). 

GM-CSF enhances mobilization of bone marrow 

mesenchymal stem cells via a CXCR4-medicated 

mechanism. Tissue engineering and regenerative 

medicine.  16: 59-68. 

[33] M. Glogauer, L. Goldman, A.I. Schafer. (2012): 

Disorders of phagocyte function, in goldman's cecil 

Medicine (Twenty fourth edition). Philadelphia: 

W.B. Saunders. 1111-1118. 

[34] A. Pourtaji, V. Jahani, S.M. Moallem, A. Karimani, 

A.H. Mohammadpour. (2019). Application of G-

CSF in congestive heart failure treatment. Current 

Cardiology Reviews.  15(2): 83-90. 

[35] V. Rahi, S. Jamwal, P. Kumar. (2021). 

Neuroprotection through G-CSF: recent advances 

and future viewpoints. Pharmacological Reports.  

73(2): 372-385. 

[36] A. Colli, M. Fraquelli, D. Prati, G. Casazza. (2023). 

Granulocyte colony‐stimulating factor with or 

without stem or progenitor cell or growth factors 

infusion for people with compensated or 

decompensated advanced chronic liver disease. 

Cochrane Database of Systematic Reviews. (6). 

[37] C.R. Wright, A.C. Ward, A.P. Russell. (2017). 

Granulocyte colony‐stimulating factor and its 

potential application for skeletal muscle repair and 

regeneration. Mediators of inflammation.  2017(1): 

7517350. 

[38] P. Cornes, A. Krendyukov. (2019). The evolution of 

value with filgrastim in oncology. Future Oncology.  

15(13): 1525-1533. 

[39] M. Ohashi, K. Okubo, S. Mizuno, M. Yoda, H. 

Shirasawa, K. Chiba, K. Horiuchi, M. Matsumoto, 

M. Nakamura. (2018). Granulocyte-colony 

stimulating factor enhances load-induced muscle 

hypertrophy in mice. Biochemical and biophysical 

research communications.  506(4): 944-949. 

 

 

 


