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Abstract 

 

Imbalance of pro-inflammatory cytokines and anti-inflammatory cytokines turns out to be the 

key regulator in the development process of pathological disorders. Molecules that target pro-

inflammatory cytokines have shown positive results in alleviating inflammatory disorders. 

Therefore, development of small molecule inhibitors particularly those derived from natural 

sources which targets key pro-inflammatory cytokines namely TNF-α, IL-6 and IL-1β may 

improve the current approach of treatment of chronic inflammatory condition. Literature 

reports reveal that Pseudomonas species and their metabolites have shown beneficial effects in 

attenuating inflammatory diseases. With this background, attempts were made to discover low 

molecular weight cytokine-inhibitory molecules from a Pseudomonas species, isolated from 

rhizospheric soil of groundnut plant. 

In Phase I, culture broth extract of Pseudomonas sp. ABS-36 (PCBE) was prepared in bulk. 

Then the pro-inflammatory cytokine inhibition potential of PCBE was evaluated by LPS-

induced in vitro model using RAW 267.4 cells. PCBE was found to inhibit the production of 

TNF-α, IL-6 and IL-1β by 88.67%, 94.15% and 63.76%, respectively at 500 μg/mL with IC50 

values of 73.66, 95.49 and 132.09 μg/mL respectively. Also, results of Griess assay revealed 

the protective role of PCBE in downregulating nitric oxide (NO) levels by 53.47% at 500 

μg/mL. The significant inhibition effect shown by PCBE motivated us to continue the 

evaluation of the chemical constituents responsible for the activity, through which anti-

inflammatory drug lead molecules could be discovered.  

Thus, in phase II, the chemical constituents of PCBE were isolated through chromatographic 

techniques. Around twenty compounds (1 – 20) were isolated in pure form. In phase III, the 

structure of all twenty compounds were elucidated using various spectroscopic methods. The 

compounds (1 – 20) were characterized as cyclic dipeptides namely cyclo(Val-Pro) (1), 

cyclo(Leu-Pro) (2), cyclo(Val-Leu) (3), cyclo(Phe-Pro) (4), cyclo(Val-Phe) (5), cyclo(Ile-Phe) 

(6), cyclo(Leu-Ile) (7), cyclo(Leu-Leu) (8), cyclo(Leu-Hydoxy-Pro) (9), cyclo(Pro-Tyr) (10), 

cyclo(Ala-Pro) (11), cyclo(Gly-Pro) (12), cyclo(Gly-Phe) (13), cyclo(Ala-Phe) (14), 

cyclo(Ala-Ile) (15), cyclo(Gly-Tyr)(16), cyclo(Ala-Tyr) (17), cyclo(Val-Tyr) (18), cyclo(Leu-

Tyr) (19) and cyclo(Ala-Ala) (20). This is the first report of isolation of cyclic dipeptides 1–3, 

5–8, 10, 11 and 13–20 from this source. 
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In Phase IV, the proline-based cyclic dipeptides 1, 2, 9-12 which were identified as the major 

metabolites secreted by Pseudomonas sp. ABS-36 were screened for their anti-inflammatory 

potential using in vitro LPS assays. The suppressive effect of all six compounds was found to 

be more effective against IL-1β secretions compared to TNF-α and IL-6 in ELISA assays with 

IC50 values ranging between 7.5 and 12.6 μg/mL. Also, the compounds exhibited significant 

reduction in the levels of IL-6 with IC50 values ranging from 7.8-18.0 μg/mL. Compounds, 

cyclo(Val-Pro) (1) and cyclo(Leu-Pro) (2) attenuated  TNF-α levels with IC50 values of 22.61 

and 22.85 μg/mL, respectively. Parallelly, cyclic dipeptides 1, 2, 9, 10, 11 and 12 also showed 

downregulation of NO levels by 38.8%, 40.8%, 55.2%, 60.7%, 53.5% and 31.0%, respectively 

with no cytotoxic activity on RAW 264.7 cells. Thus, proline based cyclic dipeptides were 

found to exhibit pan cytokine inhibition effect by downregulating major pro-inflammatory 

cytokines IL-1β, TNF-α and IL-6 when tested under various cell-based assays. 

In phase V, the effect of these six cyclic dipeptides 1, 2, 9, 10, 11 and 12 were then tested under 

acute in vivo model of renal inflammation using oxalate crystal induction. At 50 mg/kg oral 

dose, cyclo(Val-Pro) (1) demonstrated 57% reduction of plasma IL-1β protein expression and 

35.2% decline in blood urea nitrogen level. Further, compound 1 attenuated renal injury as 

depicted by significant reduction of mRNA expressions of IL-1β (P < 0.01) and kidney injury 

marker-1 (P < 0.001) and alleviation of histology of renal tissue. Compound cyclo(Val-Pro) 

(1) significantly downregulated mRNA gene expression of pro-inflammatory cytokines and 

protein expression of IL-1β at 100 µM in in vitro mechanistic study. 

On observing the beneficial role of cyclo(Val-Pro) (1) and cyclo(Leu-Hydroxy-Pro) (9) in 

attenuating oxalate-induced renal injury, they were further evaluated at different doses of 25, 

50 and 75 mg/kg doses under renal ischemic reperfusion model. Both the compound 

significantly lowered plasma IL-1β levels at 50 and 75 mg/kg dose with P<0.05. A significant 

downregulation of mRNA expression levels of pro-inflammatory cytokines (TNF-α, IL-6 and 

IL-1β) and kidney injury markers (KIM-1, NGAL, α-GST, π-GST) was observed at 75 mg/kg 

dose (P<0.05). Likewise, tubular injury index was significantly improved at 75 mg/kg doses. 

However, treatment with 25 mg/kg dose exhibited only marginal protection in attenuating 

ischemic injury. In vitro mechanistic study done using antimycin-induced ischemia in NRK-

52 E cell lines showed marked attenuation in cell survivability rate in MTT as well as Flow 

cytometry assays. Also significant reduction of pro-apoptotic protein Bax and elevation of anti-

apoptotic protein BCL2 were observed in cyclo(Val-Pro) (1) and cyclo(Leu-Hydroxy-Pro) (9) 

treated cells. 
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Further, the most effective compound cyclo(Val-Pro) (1) was tested in chronic renal injury 

model of unilateral ureter ligation (UUO) at 50 mg/kg body weight oral dose. Renal tissues 

were evaluated for the protein expression of fibrotic markers using western blot analysis. 

Cyclo(Val-Pro) (1) showed significant abrogation of renal fibrosis by lowering the expression 

of α-SMA, TGF-β and collagen-1. Histopathological studies using sirius staining also indicated 

the protective role of cyclo(Val-Pro) (1) in alleviating renal fibrosis. The in vitro mechanistic 

study done using TGF-β induced fibrotic model in NRK-49F cell lines, showed significant 

improvement in cell survivability rate. 

In conclusion, Pseudomonas sp. (ABS-36) has been identified as a new source for seventeen 

cyclic dipeptides 1-3, 5-8, 10, 11 and 13-20.  Pseudomonas sp. (ABS-36) has been found to 

secrete non-cytotoxic pan-cytokine inhibitory proline-based cyclic dipeptides (1, 2 and 9-12) 

exhibiting protective effect in oxalate-induced renal nephropathy. This is the first study which 

has explored the effect of cyclic dipeptides in renal inflammation. Further, cyclo(Val-Pro) (1), 

identified as the most active compound attenuating ischemic renal injury and renal fibrosis is 

reported as a newer anti-inflammatory lead. Further, pharmacokinetic studies are warranted to 

corroborate the efficacy of in vitro and in vivo studies. 
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Inflammation refers to the immune response of the host towards stimuli such as injury, 

pathogenic invasion, exposure to irradiation or any chemical substance. It involves series of 

cellular and molecular events that occur in a coordinated manner in order to mitigate the 

underlying pathophysiology to resolve inflammation. The events of inflammation can be 

summarised as follows (Chen et al. 2018). 

• Ligand binding to pattern recognition receptor (PRR) 

• Activation of signaling pathways 

• Release of inflammatory mediators 

• Recruitment of inflammatory effectors 

Recognition by PRRs: PRR involves toll-like receptor (TLR), C-type lectin receptor (CLR), 

retinoic acid inducible gene like receptor (RLR) and nod like receptor (NLR), expressed by 

both immune as well as non-immune cells. These receptors get activated upon exposure to 

pathogen associated molecular patterns (PAMPs) and damage associated molecular pattern 

(DAMPs), which further stimulate the intracellular signaling cascade (Chen et al. 2018). 

Signal transduction pathways: PRRs activate numerous signaling pathways such as NFκB, 

MAPK (ERK1/2, p38 MAPK, JNK), JAK/STAT which further effectuate the inflammation by 

releasing inflammatory mediators (Ashley et al. 2012, Mendes et al. 2018). 

Inflammatory mediators: These include cytokines, chemokines, adhesion molecules (ICAM, 

VCAM), prostaglandins, leukotrienes, histamine (Mendes et al. 2018). They serve as 

biomarker for early diagnosis of disease. Cytokines modulate inflammatory process by series 

of interactive reactions. Dysregulation of levels of pro-inflammatory cytokines (IL-6, TNF-α, 

IL-1β, IL-8, IL-12, Interferons) and anti-inflammatory cytokines (IL-4, IL-10, IL-11, TGF-β) 

can lead to devastating effects such as organ dysfunctioning, haemodynamic changes and 

ultimately leads to fatality (Ashley et al. 2012, Abdulkhaleq et al. 2018). 

Recruitment of inflammatory effector cells: The first cells to reach the site of inflammation are 

neutrophils, followed by monocytes, natural killer T-cells, T-lymphocytes, B-lymphocytes and 

mast cells (Ryan 1977). Monocytes get differentiated to macrophages and dendritic cells that 

are recruited to the site of inflammation via chemotaxis. Macrophages play crucial role in the 

inflammatory process by undergoing phagocytosis, presenting antigen to T-cell and mediating 

inflammation by the release of cytokines and various growth factors (Abdulkhaleq et al. 2018). 
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Resolution of inflammation is a well-orchestrated process whereby, chemokine gradient fades 

overtime. Release of chemicals such as lipoxin suppresses neutrophil recruitment (Brenner et 

al. 2003) and stimulation of Fas receptors mediated apoptosis of the affected cells (Serhan et 

al. 2005, Chen et al. 2018).  

Acute kidney injury (AKI) indicates abrupt decline in kidney function as a result of structural 

and functional impairment (Makris et al. 2016). It is associated with significant elevation in 

the levels of serum creatinine, blood urea nitrogen (BUN) and reduced glomerular filtration 

rate (Bagga et al. 2007).  AKI is a major risk factor for the development for chronic renal 

injury, cardiac complications and ultimately leading to mortality (Chawla et al. 2014). 

Inflammatory signals interfere with renal microcirculation activation, particularly endothelial 

cells and leukocytes sustain the production of tubular toxins (ROS) which results in the local 

amplification of pro-inflammatory factors and oxidative stress (Mihai et al. 2018). There is a 

growing evidence which suggests that pro-inflammatory cytokines play pathogenic role in the 

progression of AKI. These are produced as a consequence of activation of transcription factors 

(such as NFκB, HSP-1, HIF-1), which further stimulate chemokine production that recruit 

neutrophils, monocytes, etc., (Jang et al. 2009). Numerous findings have unveiled the 

beneficial effect of neutralization of pro-inflammatory cytokines in renal inflammatory 

disorders. Thus, targeting pro-inflammatory cytokines will be helpful to improve the currently 

available therapeutic intervention for the treatment of renal inflammation. 

Natural products particularly those derived from microbial origin have emerged out as 

prominent therapeutic candidates for the treatment of various disorders. Literature shows a 

myriad of secondary metabolites isolated from microbes exhibiting anticancerous, 

antiinflammatory, antidiabetic, antituberculosis, antimalarial, antifungal activities, etc. 

(Pandey 2019). Several species of Pseudomonas have shown to produce wide array of 

secondary metabolites and other proteins that exhibit pharmacological activity. Secondary 

metabolites released by P. fluorescens and P. aeruginosa have revealed antifungal activity 

(Altaee et al. 2017, Hameed et al. 2018). Metabolites of marine Pseudomonas sp. (N11) 

significantly attenuated neutrophil-mediated inflammatory disorders by inhibiting p38 MAP 

kinase, JNK, and calcium pathways (Yang et al. 2014). P. aeruginosa-derived secondary 

molecules such as pyocyanine, pyoverdins, phenazines pyochelin, paerucumarin, 

pseudoveridin have shown prominent biological activities (Hira et al. 2017). Report by Khan 

et al. and Hira et al. documented bioactive secondary metabolites isolated from P. aeruginosa, 

targeting specifically pro-inflammatory cytokines (Khan et al. 2015, Hira et al. 2016). 
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Therefore, Pseudomonas sp. turns out to be an interesting source for discovering drug leads. 

On observing the cytokine inhibition effect exhibited by the culture broth extract of 

Pseudomonas sp. ABS 36 strain in our preliminary study, it was selected for the exhaustive 

study to discover pro-inflammatory cytokine inhibitors for the treatment of renal inflammation. 

 

In the present research work, the culture broth extract of Pseudomonas sp., ABS 36 strain was 

assessed for the in vitro cytokine inhibitory capability. The metabolites of the culture broth 

extract were isolated, purified and their structures were characterized. Thereafter, the major 

pure compounds isolated from the culture broth extract were subjected for in vitro studies 

followed by extensive evaluation under acute renal inflammatory models. Further, the 

compound that exhibited highly potent anti-inflammatory activity was investigated for possible 

mechanistic pathway and was also tested for its efficiency in alleviating chronic renal 

inflammation. 

 

 

 

 

 

 



 

Chapter 2 

Literature Review 
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2.1.Inflammation 

Inflammation is a complex biological phenomenon initiated upon microbial invasion or any 

kind of injury and is associated with the release of inflammatory mediators such as cytokines, 

chemokines, prostaglandins, leukotrienes, vasoactive amines (Chen et al. 2018). Perturbations 

in the levels of proinflammatory cytokines (tumour necrosis factor-alpha (TNF-α), interleukin-

6 (IL-6) and interleukin-1beta (IL-1β)) and antiinflammatory cytokines (IL-1Ra, IL-4, IL-10, 

IL-13, TGF-β) lead to unresolved injury (Ashley et al. 2012) which further progresses towards 

the development of chronic inflammatory diseases like chronic obstructive pulmonary 

diseases, inflammatory bowel syndrome, atherosclerosis, Alzheimer disease, 

neuroinflammation, heart disease, renal inflammation., rheumatoid arthritis, cancer, etc. 

(Kumar et al. 2020). 

Inflammatory process is stimulated upon recognition of various pathogen associated molecular 

patterns (PAMPs) and disease associated molecular patterns (DAMPs) by soluble as well as 

membrane bound mediators that brings multiple factors into action. Release of inflammatory 

mediators via NFκB, inflammasomal, p38MAP kinase and JAK/STAT signaling pathways 

induces dilation of the blood vessels which increases blood supply, enhances vascular 

permeability and increases the expression of cell adhesion molecules (Mendes et al. 2018). 

Cytokines mediated conformational changes cause arrest and adhesion of neutrophils to 

endothelium, which then migrate through transendothelial region to the site of injury. 

Monocytes mature to form macrophages once they leave blood stream and enter tissues. Upon 

stimulation they produce various cytokines, complement proteins and oxidative stress that 

mediate inflammatory response (Abdulkhaleq et al. 2018). Pro-inflammatory and 

antiinflammatory cytokine levels affect the extent of tissue injury and resolution after injury. 

2.2.Acute kidney injury 

Acute kidney injury (AKI) involves rapid deterioration of renal morphology and excretory 

functions that lead to accumulation of nitrogenous waste and electrolyte imbalances (Mehta et 

al. 2007).  Dysregulation of kidney functioning results from ischemia, crystal nephropathy or 

sepsis, hypoxia, nephrotoxicity, consequently activating the inflammatory response, tubular 

obstruction, necroptosis and apoptosis. AKI is more prevalent amongst hospitalised inpatients, 

particularly those admitted in ICU (Makris et al. 2016). Kidney injury involves continuous 

decline in renal efficiency, increased risk of development of cardiovascular diseases and 

mortality. Based on etiologies AKI can be classified as prerenal characterised by azotaemia, 
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intrinsic kidney disease (involving acute tubular necrosis, glomerular nephritis, interstitial as 

well as vascular nephritis) and postrenal obstruction of urinary tract (Figure 2.2) (Fry et al. 

2006). Acute renal injury can be classified based on AKIN (Acute Kidney Injury Network) 

(Table 2.2.1) and RIFLE (Risk, Injury, Failure, Loss and End stage) criteria (Table 2.2.2) 

(McDaniel et al. 2015, Makris et al. 2016). 

 

Figure 2.2: Etiology of kidney disease (Fry et al. 2006) 

Table 2.2.1: Classification of AKI as per AKIN criteria  

Stages Serum Creatinine (Scr)  Urine output 

1 1.5- 2-fold increase by 0.3 mg/dL from 

baseline 

Less than 0.5 mL/kg/h for 6 

h 

2 2-3- fold increase from baseline Less than 0.5 mL/kg/h for 

12 h 

3 More than 3-fold increase from 

baseline or  ≥4.0 mg/dL with an acute 

rise of ≥0.5 mg/dL 

Less than 0.3 mL/kg/h for 

24 h or anuria for 12 h 

Ref: McDaniel et al. 2015 
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Table 2.2.2: Classification of AKI as per RIFLE criteria  

 

RIFLE 

Serum Creatinine (Scr) and 

Glomerular filtration rate (GFR) 

Urine output 

Risk 1.5-fold increase in serum creatinine or 

GFR reduced by >25% from baseline 

Less than 0.5 mL/kg/h for 6 

h 

Injury 2-fold increase in serum creatinine or 

GFR reduced by >50% from baseline 

Less than 0.5 mL/kg/h for 

12 h 

Failure 3-fold increase in serum creatinine or 

GFR reduced by >75% from baseline  

Less than 0.3 mL/kg/h for 

24 h or anuria for 12 h 

Loss Complete loss of function for more 

than 4 weeks 

 

End-stage 

kidney disease 

Complete loss of function for more 

than 3 months 

 

Ref: McDaniel et al. 2015 

Biomarkers of AKI includes serum creatinine, BUN levels, Kidney injury marker (KIM-1), 

neutrophil gelatinase associated lipocalin (NGAL), α-GST, π-GST, sodium hydrogen 

exchanger isoform 3 (NHE-3) (Trof et al. 2006). NGAL is markedly upregulated in injured 

epithelia to induce reepithelization and activate heme oxygenase-1 (Devrajan 2008). 

Expression level of KIM-1 significantly increased in proximal tubule following ischaemic and 

nephrotoxic drugs induced injury (Han et al. 2002). KIM-1 is a type-1 membrane protein that 

plays a crucial role in epithelial cell adhesion, growth and differentiation. α-GST and π-GST 

are cytoplasmic enzymes found in proximal and distal tubular epithelial cells and tubular injury 

results in their increased excretion (McMohan et al. 2010). NHE-3 is the most abundant sodium 

transporter present in apical membrane of proximal tubule, thin and thick ascending loop of 

Henle. Presence of NHE-3 in urine indicates tubular injury (Sole et al. 2011).   

Stimulation of various pattern recognition receptors (PPRs) such as TLR, CLR, NLR, RLR by 

pathogen associated molecular pattern (PAMPs) and damage associated molecular pattern 

(DAMPs) such as histones, HSP, HMGB-1 present on both immunologic and non-

immunologic cells triggers inflammatory signaling cascade (Rabb et al. 2016). Various 

cytokines and chemokines released as an outcome of stimulation of PRRs further lead to 

vascular (vascular dilation, increase in blood flow and vascular permeability) and cellular 
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events (recruitment of neutrophils and macrophages to the site of inflammation). These events 

amplify oxidative stress as well as local inflammatory responses (Ortega et al. 2010). 

Intracellular ATP rapidly degrades to hypoxanthines and xanthines under hypoxic condition, 

generating highly reactive superoxides and hydroxyl radicals.  Thereafter, these reactive 

species damage epithelial cell characterised by degraded actin cytoskeletal, loss of tubular 

brush border, polarity loss and ultimately advances towards apoptotic and necrotic cell death 

(Bonventre et al. 2011). Renal damage increases BUN levels, serum creatinine level and 

decreases glomerular filtration rate (GFR) (Bagga et al. 2007). 

AKI rapidly progresses to chronic kidney injury (CKI) with accelerated fall in GFR, persistent 

interstitial fibrosis, epigenetic modification, microvascular rarefaction and finally approaches 

end stage renal disease (ESRD) (Fiorentino et al. 2018). Renal injury can revert to normal by 

proliferation of tubular cells along with redeployment of Na+/K + ATPase and integrin to the 

apical side or there could be irreversible loss to kidney caused as a result of necroptosis and 

apoptosis of tubular epithelial cells (Wilson et al. 2000). 

Table 2.2.3: Drugs available for the treatment of kidney injury  

Antiapoptotic/ antinecrotic 

 

 

 

Caspase inhibitors 

Nonselective caspase inhibitors 

Selective caspases 3 and 7 inhibitors 

Selective caspase 1 inhibitors 

Minocycline 

Guanosine 

Pifithrin-α 

PARP inhibitor 

Anti-inflammatory Sphingosine 1 phosphate analog 

Adenosine 2A agonist 

α-MSH 

IL-10 

iNOS inhibitor 

Fibrate 

PPAR-γ agonist 

Minocycline 

Activated protein C 

Antisepsis  

 

Insulin 

Activated protein C 

Ethyl pyruvate 

Growth factor Recombinant erythropoietin 

Hepatocyte growth factor 

Vasodilator  

 

Carbon monoxide release compound and bilirubin 

Endothelin antagonist 

Fenoldopam, ANP 

Ref: (Jo et al. 2007) 
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2.3 Chronic Kidney Injury (CKI) is a major health problem affecting approximately 10–12% 

of the population worldwide and is 16th most leading cause of mortality worldwide. CKI is 

more prevalent in people >65 years of age, 50% of elderly population exhibit the signs of renal 

dysregulation, associated with high morbidity and mortality (Chen et al. 2018). CKI is a 

heterogenous disorder associated with increased risk of cardiovascular complications, 

hyperlipidemia, anemia and metabolic bone disorders, development of insulin resistance, end 

stage renal diseases (ESRD) and death (Romagnani et al. 2017, Raj et al. 2020). CKI can be 

characterised by persistent abnormality in renal histology or debilitated renal excretory 

function with glomerular filtration rate (GFR) of less than 60 mL/min/1.73 m2, atleast 30 mg 

albuminuria for 24 h, or renal injury markers with hematuria or polycystic or dysplastic kidneys 

for more than 3 months (Chen et al. 2019). 

2.4 Role of TNF-α in renal injury 

Role of TNF-α has been implicated in the pathogenesis of various renal disorders such as LPS-

induced acute renal failure, lupus nephritis, glomerulonephritis, cisplatin nephrotoxicity, 

kidney stones, renal insufficiency following a cardiac surgery (Meldrum et al. 1999). TNF-α, 

17kD polypeptide exerts its proinflammatory activity through TNFR1, TNFR2, p38 MAP 

kinase, NFκB and TNF transcription factors, consequently increasing its own levels as well as 

of other inflammatory mediators (IL-1β, TGF-β, IL-6) (Donnahoo et al. 1999).  

TNFR1-deficient and TNFR2-deficient mice have demonstrated protection against 

glomerulonephritis. TNF-α exerts its immunostimulatory activity by increasing the expression 

of MHC class 1 and class 2 adhesion molecules, ICAM, VCAM, E- selectin, MIF (macrophage 

migration inhibitory inhibition factor) that promotes rapid adhesion as well as recruitment of 

neutrophils in kidney (Khan et al. 2005). Neutralization of TNF-α by TNF-α antibodies and 

knockout of TNFR1 and 2 have shown significant protection in cisplatin induced 

nephrotoxicity (Ramesh et al. 2002) and crescentic glomerulonephritis (Khan et al. 2005, 

Timoshanko et al. 2003). Also, study by Mulay et al. showed that inhibition of TNFR signaling 

failed to induce chronic kidney disease with oxalate rich diet in TNFR1 and TNFR2 knockout 

mice. Inhibition of TNF-α reduced the expression of crystal adhesion molecules (annexin II 

and CD 44) in renal epithelial cells (Mulay et al. 2017).  

TNF-α intervene kidney injury by increasing levels of vasoconstrictive peptides (platelet 

activating factor (PAF), endothelin-1, prostaglandins) which lowers glomerular filtration rate 

or GFR, by inducing the expression of adhesion molecules like ICAM on mesangial cells and 
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E-selectin on glomerular endothelial cells which promotes rapid adhesion of neutrophils and 

macrophages or can directly exert cytotoxic action through apoptosis (Daemen et al. 1999). 

TNF-α mediates apoptosis by binding to Fas receptor or TNFR1 and interaction with TRADD 

(TNF receptor associated death domain) and FADD (Fas receptor associated death domain) 

triggers RIP (receptor interacting protein) which activates endonucleases to cleave DNA 

(Donnahoo et al. 1999). TNF-α arbitrated renal fibrosis by enhancing TGF-β, which 

contributes to glomerular sclerosis and fibrosis of interstitium by increasing extracellular 

matrix synthesis, myofibroblast proliferation, collagen deposition in unilateral obstruction 

model (Meldrum et al. 2007, Guo et al. 2001). Neutralisation of TNF-α with PEG-sTNFR1 

resulted in downregulation of NFκB, which further decreased TGF-β mediated inflammatory 

cascade (Therrien et al. 2012). 

2.5 Role of IL-1β in renal injury 

IL-1β is a pleiotropic cytokine which mediates its inflammatory response by acting on IL-1Rt1 

receptor present on nearly all types of cells. Elevated levels of IL-1β and IL-1R have been 

implicated in exacerbated proteinuria, reduction in creatinine clearance, progression of 

tubulostitial injury, crescent formation in human glomerulonephritis and mice lupus nephritis 

model (Tesch et al. 1997, MnIAs, N. E. 1995). IL-1β induces the expression of macrophage 

colony stimulating factor (M-CSF), PGE2, endothelin-1, adhesion molecules (ICAM, 

CD11a/CD18, CD11b/CD18, CD11c/CD18, VCAM) consequently increasing macrophage 

and neutrophil infiltration (Tesch et al. 1997, MnIAs, N. E. 1995, Tang et al. 1994). Treatment 

with IL-1 receptor antagonist (IL-1Ra) abrogated glomerular necrosis, crescent formation, 

reduced glomerular hypercellularity by inhibiting mesangial cell proliferation and prevented 

macrophage, T-cell infiltration (Lan et al. 1993). Neutralisation of IL-1β with soluble receptor 

type-1 (sIL-TRt1) resulted in alleviation of LPS mediated renal injury (Karkar et al. 1995). 

Upregulation of IL-1β and IL-1Rt1 has been observed in both glomerular and 

tubulointerstitium of diabetic patients and anti-IL-1β IgG upregulated mRNA expression levels 

of WT-1 and synaptopodin (podocyte markers), alleviated KIM-1 and NGAL (kidney injury 

markers) and downregulated fibrotic markers (α-SMA and collagen-1) (Lei et al. 2019). 

Findings of Haq et al. showed that IL-1 Ra and IL-1 knockout mice mitigated injury in renal 

ischemia reperfusion model by reducing polymorphonuclear leukocyte (PMN) infiltrations as 

a result of downregulation of CD11a/CD18 expression on leukocytes and ICAM-1 levels on 

endothelial cells (Haq et al. 1998).  Furthermore, IL-1β inhibition decreased MCP-1 
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(Monocytes chemotactic protein-1) and MIP-1 (Macrophage infiltration inhibitory protein) 

expressions (Furuichi et al. 2006). Also, IL-1R deficient mice attenuated calcium oxalate 

induced renal nephropathy (Mulay et al. 2012) and rhabdomyolysis induced renal injury 

(Komada et al. 2015). 

Study by Masola et al. showed that blockade of IL-1β using human monoclonal antibody, 

canakinumab inhibited epithelial to mesenchymal transition (EMT) in renal epithelial cells 

(Masola et al. 2019).  IL-1β exerts profibrotic effect by inducing TGF-β synthesis, enhancing 

fibroblast proliferation, neutrophil diapedesis, increasing lymphocyte mediated cytokine 

synthesis and upregulation of fibrotic markers (collagen-1, fibronectin, α-SMA). Studies show 

that IL-1β is important for release of TGF-β and its downstream effect such as increased 

deposition of extracellular matrix protein and inhibiting molecules that degrades matrix protein 

(Fan et al. 2001).  

2.6 Role of IL-6 in renal injury 

IL-6, a proinflammatory cytokine, act mainly by binding to α-chain of membrane bound IL-6 

receptor (mbIL-6R) or soluble IL-6 receptor (sIL-6R). Ligand binding induces 

homodimerization of gp 130 (a membrane glycoprotein) and then, activates associated tyrosine 

kinase (JAK1, JAK2, Tyk 2) (Scheller et al. 2006, Su et al. 2017). Further, these kinases induce 

transcription of STAT 1 and STAT 3 and signaling via Ras/Raf cascade (Scheller et al. 2006, 

Su et al. 2017, Pecoits‐Filho et al. 2003). IL-6/IL-6R axis has been implicated in the 

pathogenesis of several renal inflammatory diseases (Nechemia-Arbely et al. 2008). Therefore, 

IL-6 acts as a major target for the development of therapeutic intervention for renal disorders. 

Therapies either target cytokine directly (clazakizumab, olokizumab) or alpha subunit of IL-

6R (tocilizumab, sarilumab) (Jones et al. 2015). IL-6 deficient mice exhibited resistance to 

mercuric chloride induced and ischemic reperfusion induced renal injury. IHC studies showed 

localisation of IL-6 in outer medulla of kidney (Nechemia-Arbely et al. 2008, Kielar et al. 

2005). 

Horii et al. evaluated the involvement of IL-6 in mesangial glomerulonephritis. In their findings 

they observed that rIL-6 stimulated mesangial cell growth in in vitro and urine samples of 

glomerulonephritis patients showed significant elevation of IL-6 (Horii et al. 1989). 

Furthermore, Il-6 inhibition in Lupus nephritis halted B-cell proliferation by downregulating 

CD5 expression (Garaud et al. 2009), reduced mesangial volume, proteinuria and improved 

GFR (Jones et al. 2015, Horii et al. 1989, Kiberd et al. 1993). Human and murine evidences 
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also suggested IL-6 as the key cytokine involved in Ang-II mediated downstream signaling of 

chronic kidney disease (Zhang et al. 2012). Ang-II enhances fibrosis by elevating signaling 

response of tubular epithelial cells to TGF-β. IL-6 augments TGF-β1 receptor trafficking to 

non-lipid raft pools. Thus, aggravating its fibrotic response (Zhang et al. 2005). 

Table 2.6: Therapies targeting pro-inflammatory cytokines  

Drug Target Indications 

Etanercept  TNFR2 Arthritis, psoriasis, spondylitis 

Infliximab IgG/k mAb Arthritis, psoriasis, spondylitis, 

Ulcerative colitis, Crohn’s disease 

Adalimumab IgG1/k mAb Arthritis, psoriasis, spondylitis, 

Ulcerative colitis, Crohn’s disease 

Certolizumab PEGylated Fab fragment Crohn’s disease, Arthritis, Spondylitis 

Golimumab IgG1/k mAb Arthritis, Spondylitis, Ulcerative colitis 

XPro1595, XENP345 sTNF inhibitor - 

R1antTNF, DMS5540, 

TROS, ATROSAB 

TNFR1 antagonist - 

Tocilizumab 

 

 

 

 

REGN88 (SAR153191) 

 

ALX-0061 

IL-6 receptor-specific 

mAb targeting soluble and 

membrane-bound 

interleukin-6 receptor 

Castleman's disease, Juvenile 

idiopathic arthritis, Rheumatoid 

arthritis, Relapsing polychondritis, 

Ankylosing spondylitis, Type II 

diabetes 

Rheumatoid arthritis, ankylosing 

spondylitis 

Rheumatoid arthritis 

CDP6038 (Olokizumab) 

CNTO136 (Sirukumab) 

CNTO328 (cCLB, 

Siltuximab) 

 

 

ALD518 (BMS-945429) 

 

 

C326 

IL-6 specific mAb 

targeting IL-6 

Rheumatoid arthritis 

Rheumatoid arthritis 

Castleman's disease Multiple myeloma, 

anticancer 

Rheumatoid arthritis, Non-small cell 

lung-cancer-related fatigue and 

cachexia 

Crohn’s disease 
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FE301 Soluble gp130-Fc fusion 

protein targeting IL-6/sIL-

6R 

Crohn's disease 

Tofacitinib, Ruxolitinib, 

Baricitinib (INCB-28050), 

GLPG-0634, AC430 

Targeting Janus kinases 

(JAKs) downstream of 

gp130/IL6ST 

Rheumatoid arthritis 

Canakinumab 

ACZ885 

anti-IL-1β Type 1 Diabetes, Schnitzler Syndrome 

 Rheumatoid arthritis 

Anakinra (Kineret) IL-1ra Type 1 Diabetes, Chronic kidney 

disease, arthritis,  

Rilonacept (IL-1 Trap) Type 1 Diabetes, autoinflammatory 

syndrome 

Ref: (Fischer et al. 2015, Zhang 2011, Jones et al. 2015) 

2.7 Role of TGF-β in renal injury 

TGF-β is a pleotropic cytokine, which is present ubiquitously and plays prominent role in cell 

development, differentiation, tissue repair as well as maintaining the homeostasis of cell. TGF-

β superfamily comprises TGF-β, activin, BMPs, growth and differentiation factors (Bottinger 

2007). TGF-β exists in three isoforms (1,2 and 3), which are synthesized as inactive form bound 

to latent TGF-β binding protein (Lan 2011). The most abundant isoform found in mammals is 

TGF-β1. Key regulatory step in TGF-β activity is the stimulation besides transcription of TGF-

β.  TGF-β receptor includes two families of protein receptor type I (TβRI) and type II (TβRII). 

TGF-β binding to TβRII actuates heteromeric complex formation with type 1 receptor. 

Resulting complex phosphorylates serine and threonine residues of TβRI and TβRI kinase 

further phosphorylates R-Smads (small mothers against decapentaplegic) which activates 

canonical Smad 2/3 pathway. Phosphorylated R-Smads forms complex with Smad 4 and 

translocates to nucleus to control transcription of the target gene. Other non-canonical 

pathways through which TGF-β modulates the expression of target genes includes mitogen-

activated protein kinases (MAPKs) (extracellular regulated kinases (ERKs), p38, Jun kinase, 

small GTP binding proteins (Ras, Rho1, Rac 1, cdc 42) and integrin-linked kinase (ILK) 

(Bottinger 2007).  

TGF-β acts at multiple levels in renal injury such as glomerular, tubulointerstitial and vascular. 

TGF-β overexpression has been observed in glomerulosclerosis and tubulointerstitial renal 

fibrosis. TGF-β promotes glomerulosclerosis by initiating thickening of glomerular basement 
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membrane through hypertrophy and matrix synthesis while apoptosis mediated detachment of 

podocytes from basement membrane. (López-Hernández et al. 2012, Schnaper et al, 2009). 

TGF-β mediates fibrosis by upregulating the production of matrix proteins, decreasing their 

degradation and by promoting transformation of tubular epithelial cells to fibroblast (Lan 

2011).  

TGF-β induces epithelial-to-mesenchymal transition by stimulating epithelial cells to lose tight 

junctions, adherens junction, apical basal polarity and acquire migratory activity with more 

expression of α-SMA and extra cellular matrix proteases like MMP-2 and MMP-9. TGF-β 

inhibited cyclin kinase dependent mitosis and IL-1β secretions in cultured tubular epithelial 

and mesenchymal cells (Biernacka et al. 2011, Schnaper et al, 2009). Findings suggests that 

TGF-β upregulates α-SMA through Rho A activation and vimentin expression through ZEB-

1, ZEB-2 induction (Wendt et al. 2009). Also, TGF-β induced collagen synthesis by altering 

miR-192 levels in UUO (Chung et al. 2010). Neutralization of TGF-β with antibodies (1D11, 

α-T), oligonucleotides, TGF-β, soluble TβRII or receptor kinase inhibitors effectively 

abrogated renal fibrosis (Miyajima et al. 2000, Fukasawa et al. 2004, Liang X et al. 2016). 

Together these reports suggest putative role of TGF-β in effectuating renal fibrosis. 

2.8 Models of Renal Injury 

2.8.1 Sodium oxalate induced crystal nephropathy model in mice 

Idiopathic renal stone affect about 8% population globally, 72% patient retain calcium oxalate 

while 14.7% have phosphate oxalate, while small portion of struvite, uric acid, and cysteine 

are also observed as renal stones. Monohydrate form of calcium oxalate dominantly retains in 

renal parenchyma as compared to dihydrate form due its physiochemical properties (Bilbault, 

Héloïse et al. 2016). Supersaturation of urine with mineral metabolites or insoluble drugs leads 

to crystal deposition and this accumulation and retention under the influence of environmental 

factors or pH influence nephrocalcinosis (Khan et al. 2016, Tattevin et al. 2013). Crystal 

nephropathy is divided into 3 types based on crystal retention region in urinary system (Type1) 

vascular crystal embolism causing renal ischemia (Type2) supersaturation of crystal extra and 

intratubular damaging tubular epithelial cells (TECs) (Type 3) accumulation of crystals in 

collecting duct cause obstructive nephropathy (Mulay et al. 2017). Adherence of oxalate 

crystals to tubular region is also governed by osteopontin (OPN) and Tamm-Horsfall protein 

(THP) which is abundantly expressed by tubular cells (Khan et al 1997). 
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Accumulated crystals in renal tubules behave as dangerous foreign particles for localized 

epithelial cells and trigger inflammatory pathway through NACHT, LRR and PYD domains-

containing protein (NLRP)3 inflammasome. NALP3 along with ASC activate caspase-1 

resulting in maturation of IL-1β and IL-18 in macrophages and dendritic cells. Cytokine and 

chemokine drive migration of phagocytic immune cells towards interstitial compartment to 

clean crystal granuloma through phagocytosis (Mulay et al. 2017, Mulay et al. 2014). 

Cellular observation says that tubular cells start internalizing crystals (<10 μm) in order to be 

digested by lysosomes causing release of free calcium in cytosol inducing necrosis, overload 

of calcium destabilizes lysosome membrane, triggering necroptosis and generation of reactive 

oxygen sepsis (ROS) which is a key feature of acute kidney injury (AKI) (Tan et al. 1972, Liu 

et al. 2014, Huang et al. 2015). Damage-associated molecular patterns (DAMPs) released 

through necroptosis (ATP, histones, mitochondrial DNA, uric acid, etc) damage neighbouring 

tubular cells amplifing tubular damage (Allam et al. 2014). Chronic activation of innate 

immunity in renal parenchyma through NLRP3/ IL-1β /IL-18 axis cause loss of nephron, and 

effect kidney performance (Ludwig-Portugall I et al. 2016). 

Along with immune cells crystal granuloma activate fibroblast to secrete extra cellular matrix 

(collagen 1&3) to fill damaged epithelial cells and stimulate TGF- β to amplify the situation 

through Smad pathway results end stage renal failure followed by fibrotic kidney (Ludwig-

Portugall I et al. 2016). 

Markers of kidney fibrosis are serum creatinine, albuminuria, and low glomerular filtration rate 

(GFR) and persistence of these markers are characterized as chronic kidney disease (CKD) 

(Zhong et al. 2017). Crystal nephropathy model in rodents is induced through administration 

of glyoxylate, ethylene glycol, sodium oxalate, hydroxy-L-proline, ammonium oxalate or 

oxalate rich diet which gets metabolised into oxalate and retain in renal tubules (Khan et al 

1997). 

2.8.2 Ischemic reperfusion renal injury model  

Acute kidney injury (AKI) arises through multiple abnormalities like hypo perfusion 

(prerenal), structural deformities to renal parenchyma (intrinsic renal), obstructive nephropathy 

(post renal) followed by hypoxia which leads to morbidity and mortality. Ischemia/reperfusion 

injury (IRI) is prerenal arterial obstruction of blood supply followed by refurbishment of blood 

and restoration of oxygen (Malek et al. 2015). IRI can be manifested through sepsis induced 
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hypotension, vasoconstrictive drugs, trauma, kidney transplant, renal losses, congestive heart 

failure (Sharfuddin et al. 2011). 

Hypoxia interrupts the electron transport in mitochondria leading to decline in ATP production 

with cellular morphology disruption especially in proximal convoluted tubules (PCT). ATP 

dependent sodium-potassium pumps, calcium pumps, sodium–hydrogen exchanger pumps, 

fails to maintain haemostasis of sodium, calcium, hydrogen in PCT causing hyperosmolarity, 

leading to water influx in cytoplasm which results in cell swelling and tubular atrophy, invasion 

of immune cells, membrane disruption (Wu et al. 2018, Nauta et al. 1991). Restoration of blood 

supply triggers enzymatic action of xanthine oxidase to catalyze hypoxanthine to xanthine and 

later into uric acid leading to generation of hydrogen peroxide (H2O2) along with superoxides 

(O2•-), thus producing oxidative stress burden following initiation of cytokine cascade with 

expression of adhesion molecule ICAM-1 and P-selectin (Lee et al. 2014). 

Necrosis of epithelial cell during IRI is supported by ROS, cell swelling, membrane 

disintegration, oxidative stress and mitochondrial dysfuntioning (Linkermann A et al. 2013) 

IRI activate apoptotic pathway intrinsically through procaspase-9 which is governed by BCL2 

family while procaspase-8 via extrinsic pathway and death receptors (FAS and FADD) located 

on cell surface (Bonegio et al. 2002, Guo et al. 2004). Enhanced ROS and NF-κB transcription 

factor during IRI also encourage phosphorylation of RIPK3 which significantly induces 

necroptosis (Wong et al. 2010). 

Necroptic tubular epithelial cells (TECs) rapidly trigger innate immunity resulting in secretion 

of   pro-inflammatory cytokines (IL-6, IL-1β and TNF-α) and chemokines (IL-8, C5a which 

regulate infiltration of neutrophils and macrophages to eliminate cell debris (Thurman et al. 

2007, De Vries et al. 2003). Increased expression of TLR-4 and TLR-2 was also observed in 

IRI which worsen the situation via mediating production of inflammatory cytokines and 

chemokines (Wolfs et al. 2002). 

Activated macrophage secreting TGF-β1 during IRI leads to activation of fibroblasts to 

proliferate and migrate towards the damaged region and secrete extracellular matrix 

(collagen1/3, fibronectin, α-SMA) and restore the function. Prolonged damage induces 

excessive proliferation of fibroblasts ultimately leading to extensive fibrosis with dense tissue 

scar formation and leading to incomplete recovery finally progressing towards end stage renal 

failure (Ghaly Ahmed et al. 2010). 
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2.8.3 Unilateral ureter obstruction model 

Obstructive nephropathy (ON) is a clinical problem which arises due to obstruction in urine 

flow leading to hydronephrosis and consequently damage of renal parenchymal (Ucero, Alvaro 

et al. 2010). Obstruction deformities common in children are ureterovesical junction 

obstruction, urethral atresia, posterior urethral valves while in adults acquire obstruction 

through nephrolithiasis, prostatic obstruction and ureteral strictures (Ravanan et al. 2007, Abou 

El-Ghar et al. 2008). 

Obstructive nephropathy increases hydrostatic pressure in renal tubules causing stretching of 

tubular cells, increased mechanical stress on tubular cells resulting in apoptosis and increased 

expression of pre-apoptotic factors along with enhanced renin angiotensin system (RAS), 

oxidative stress, and endothelin-1 (Chevalier et al. 2010, Ucero et al. 2014, Sinha et al. 2012, 

Kahn et al. 1997). Obstructive nephropathy induced tubular atrophy and oxidative stress 

stimulate several cytokines which advocate transcription of NF-κβ. Orchestrated infiltration of 

neutrophils, macrophage and NF-κβ enforce translation of pro-inflammatory cytokines (IL-1β, 

IL-6, TNF- α) adhesion molecules (VCAM, ICAM, selectin) and several chemokines (MCP-

1, IL-8, RANTES) (Abbas et al. 2018, Grande et al. 2010). 

Cytokine-driven infiltration of macrophage and dendritic cells into interstitial region encourage 

fibroblast activation and proliferation, resulting in interstitial fibrosis. Chronic obstruction 

nephropathy induces RAS system which aggravates fibrosis by eliciting TGF-β/Smad signaling 

and Wnt/β-catenin pathway (Chevalier et al. 2009, Hosseinian et al. 2017). Along with other 

destructive phenomena generation of reactive oxygen species (ROS), depletion of ATP, 

mitochondrial damage, ischemia and hypoxia contribute in obstructive nephropathy (Blondin 

et al. 1975). 

In addition to inflammation and interstitial fibrosis, epithelial tubular cells, and endothelial 

cells acquire mesenchymal phenotype through epithelial–mesenchymal transition (EMT). 

Along with other epithelial cells, pericytes also undergo myofibroblast transition and starts 

migrating towards interstitium to secrete extracellular matrix (collagen, α-smooth muscle actin) 

(Chevalier et al. 2009).  

Surgical obstruction is a most common method used for unilateral ureteral obstruction (UUO) 

model in rodents. UUO induced CKD developed in rodents in 1-2 weeks and severe renal 
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parenchymal damage with interstitial fibrosis and tubular atrophy was noticed due to 

hydronephrosis. Neonates show more damage to UUO than adults with progressive reduction 

in glomerular filtration rate and renal blood flow observed within 24 h (Vaughan et al. 2004). 

UUO model preferred to unravel different biomarkers which sequentially interplay in 

progression of chronic kidney disease. 

2.9 Pseudomonas 

Pseudomonas comprises a myriad of more than 60 species of gamma proteobacteria with 

widespread occurrence in environment like soil, water, plant surface and animals. 

Pseudomonas species have attracted great deal of attraction because of its remarkable 

ecological and metabolic diversity, capability to produce enormous array of structurally diverse 

secondary metabolites exhibiting wide ranging biological activities, biochemical versatility and 

simplicity of the condition required for their growth (Gross et al. 2009, Palleroni 2015). 

Pseudomonads are capable of producing siderophores (complexing agents that increases 

availability of inorganic Fe 3+) (pyoverdins, pyochelins, paerucumarin), cyclic lipopeptides, 

numerous non-ribosomally derived peptides, phytotoxins and polyketides (Budzikiewicz 

1993). 

Pyoverdins are yellow-green fluorescent and strain specific siderophores which acquire Fe (III) 

ions from the environment that serve as intercellular signaling to control gene expression. It 

comprises a dihydroxy-quinoline chromophore attached to 6–12 amino acids peptide chain and 

a dicarboxylic acid or its amide (Gross et al. 2009, Palleroni 2015, Budzikiewicz 1993). 

Pyochelins are condensation product of cysteine and salicylic acid, which act as tetravalent 

ligand for iron complexation. Compounds pseudomonine contains salicylic acid and two 

heterocyclic amino acid molecules. Secondary metabolites produced by Pseudomonas species 

play vital role in defence against competitors and predators, virulence and nutrient acquisition 

(Gross et al. 2009, Hira et al. 2017). Findings of Mezaache-Aich et al., revealed antimicrobial 

potential of secondary metabolites isolated from Pseudomonas species against all pathogenic 

fungi and bacteria like  Bacillus subtilis and Paracoccus paratrophus (Mezaache-Aich et al. 

2016). 

Literature on the secondary metabolites produced by Pseudomonas species are described in 

Table 2.9 and Figure 2.9. 
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Table 2.9: Secondary metabolites produced by Pseudomonas species 

S. 

No. 

Compound Producer Biological Activity 

1 Pyochelin, Paerucumarin, 

Pseudoveridin 

P. aeruginosa - 

2 Safracin P. fluorescens A2-2 Antitumor 

3 Tabtoxin P. synringae - 

4 Pyrrolnitrin P. fluorescens,  

P. aurantiaca BL915, 

Pseudomonas species 

Antifungal, 

Antimycotic 

5 Indole-3-acetic acid Pseudomonas species - 

6 Syringofactin P. synringae - 

7 Orfamides P. fluorescens - 

8 Polyketide and Fatty acids 

Mupirocin (Pseudomonic acid) 

2,4-Diacetylphloroglucinol 

(DAPG) 

2,5-Dialkylresorcinols 

 

P. fluorescens NCIMB 

10586 

P. fluorescens 

 

P. aurantiaca BL915 

 

Antibacterial 

Antibacterial/ 

Antihelmentic 

 

Antibacterial/ 

Antifungal 

9 Cyclic Lipopeptides 

Syringomycin, Syringopeptin 

Arthrofactin 

Massetolides 

 

Putisolvin 

P. synringae 

Pseudomonas species 

MIS38 

P. fluorescens SS101, 

Pseudomonas species 

MF-30 

P. putida PCL 1445 

 

- 

- 

- 

 

- 

10 Pseudomonine P. fluorescens AH2 

P. fluorescens WCS374 

P. entomophila L48 

- 

11 Cyclic peptide polyketides 

Syringolin, Coronatine 

Pyoluteorin 

 

P. synringae 

 

- 
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Pederin 

P. aeruginosa, P. 

fluorescens Pf-5, 

Pseudomonas species 

M18 

Pseudomonas species  

 

Cytotoxic 

12 Rhizoxins P. fluorescens Pf-5 - 

13 Phenazines: 

 

Pyocyanin (5-N-methyl-1-

hydroxyphenazine) 

Phenazine-1-carboxylic acid, 2-

hydroxyphenazine-1-carboxylic 

acid and Phenazine-1-

carboxamide 

1-Hydroxypenazine, Phenazine-

1-carboxylic acid 

 

 

phenazine-1-carboxylic acid 

2,8-dihydroxyphenazine 

P. chlororaphis, P. 

fluorescens, P. 

aeruginosa 

P. aeruginosa 

 

P. chlororaphis, P. 

fluorescens 

 

 

 

Pseudomonas species 

strain ICTB-745 

Pseudomonas aurantiaca 

PB-St2 

Antibiotic/ 

Antitumor/ 

Antiparasitic 

- 

 

Antifungal 

 

 

 

Insecticidal 

 

 

Anticancer, 

Antifungal (Mehnaz 

et al. 2013) 

14 Quinolone P. aeruginosa Antibacterial 

15 Hydrogen cyanide (HCN)/ 

Prussic acid 

Pseudomonas species Inhibitor of 

cytochrome c 

oxidase and other 

mettaloproteins 

16 2,4,6-trihydroxyacetophenone 

(THA) 

P. brassicacearum Antifungal 

17 Aldoxime dehydratase P. cholororaphis Involved in carbon-

nitrogen triple bond 

synthesis 

18 Rhamnolipids 

Rhamnolipid 1 
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Rhamnolipid 2 Pseudomonas species 

strain ICTB-745 

Antifeedant/ 

Insecticidal 

19 Cyclo(L-Leu-L-Pro) P. aeruginosa Antiinflammatory 

20 Cyclo(L-Pro- 

L-Tyr) 

P. fluorescens Inhibition of TNF-α 

21 Cyclic dipeptides P. fluorescens Antifungal 

22 Proline-based cyclic dipeptides, 

cyclo(Gly-L-Pro), cyclo(L-Pro-

L-Phe), cyclo(trans-4-hydroxy-

L-Pro-L-Phe) and cyclo(trans-4-

hydroxy-L-Pro-L-Leu) 

P. aeruginosa Inhibition of TNF-α 
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Figure 2.9 Structure of secondary metabolites produced by various Pseudomonas species 
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Pseudomonas aeruginosa 

Pseudomonas aeruginosa is an opportunistic human pathogen that can be found ubiquitously 

in nature. It is mainly a gram negative, rod shaped soil bacterium with 1-5 μm length and 0.5-

1.0 µm width, which produces an enormous spectrum of proteins and secondary metabolites. 

It utilizes aerobic respiration for its metabolism and anaerobically uses nitrates and other 

electron acceptors. It breaks down polycyclic aromatic hydrocarbons and produces lectins, 

rhamnolipids, phenazines, quinolones and hydrogen cyanide (Lindeberg et al. 2008). 

Secondary metabolites of P. aeruginosa and their biological effects 

Secondary metabolites produced by P. aeruginosa stimulates host’s specific as well as non-

specific defence mechanisms. Several findings of in vivo and in vitro studies revealed that heat-

killed P. aeruginosa or bacterial lyophilizate inhibits immune responses in vivo as well as in 

vitro. Furthermore, exoproteins such as alkaline proteases and elastase are inhibited T-

lymphocyte and natural killer cell functions (Ulmer et al. 1990). Pyocyanine (N-methyl-1-

hydroxyphenazine) is a blue phenazine pigment of 210.23 g mol-1 molecular weight, typically 

characterized as virulence factor of P. aeruginosa, exhibited both immune-stimulatory as well 

as inhibitory effects. Ulmer, et al.  and his colleagues found that pyocyanine at low 

concentrations of less than 0.1 μg/ml enhanced the proliferation of B and T-lymphocytes and 

also augmented the secretion of antibodies by B-lymphocytes (Ulmer et al. 1990). Also, study 

on murine macrophages, demonstrated downregulation of TNF-α, IL-1β and nitric oxide levels 

upon treatment with pyocyanine (Marreiro de Sales-Neto et al. 2019). Thus, pointing towards 

its positive role in immunosuppressant activity. Further, experiment by Laxmi et al. focussing 

on the extraction, characterization and study of the biological activity of the P. aeruginosa 

BTRY1 derived pyocyanin revealed the antioxidant potential with no cytotoxicity on L929 

fibroblast cell line and human red blood cells (Laxmi et al. 2016). Other derivatives of 

phenazines isolated from P. aeruginosa like 1-hydroxyphenazine and phenazine-1-carboxylic 

acid showed their effect by modulating oxidative pathway (Denning et al.2003). 

P. aeruginosa mediates communication among bacteria about population size or behavioural 

transformation from symbiosis to virulence by producing small diffusible molecules known as 

quorum sensing signal molecules (QSSM), chemically recognised as N-acylhomoserine 

lactones (AHL) and quinolones comprising N-(3-oxododecanoyl)-L-homoserine lactone (3- 

oxo-C12-HSL) and N-butanoyl-L-homoserine lactone (C4-HSL), two major AHL’s and N-(3- 

oxohexanoyl)-L- homoserine lactone (3-oxo-C6-HSL) and N-hexanoyl-L-homo- serine 

lactone (C6-HSL) as two minor AHL’s along with 2-heptyl-3-hydroxy-4 (1H)-quinolone 

(PQS) (Hooi, DS et al. 2004). In an experimental model of LPS stimulated RAW264.7 
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macrophages, 3-oxo-C12-HSL at 50 μM concentration suppressed TNF-α levels and 

substantially increased anti-inflammatory cytokine IL-10 without affecting the cell viability 

(Glucksam-Galnoy, 2013). Findings also showed that P. aeruginosa derived 3-oxo-C12-HSL 

modulated host immune system by aggravating proliferation of T-lymphocytes and 

upregulating TLR2/TLR4 expression along with the significant reduction of TNF-α (Bao et al. 

2017). Moreover, 3-oxo-C12-HSL treatment impaired the regulation of NFκB and suppressed 

NFκB mediated cytokine release (Kravchenko VV et al. 2008) and inhibited degranulation as 

well as mediator release from primary mast cells (Khambati et al. 2017). Altogether these 

studies revealed antiinflammatory potential of P. aeruginosa derived QSSM.  

Exotoxin-A, a major extracellular product of P. aeruginosa lowered TNF-α levels by 90% at 

100 ng/ml along with the reduction in the levels of IL-1β, IL-1α and IFN-γ. Also, exotoxin -A 

release suppressed lymphocyte proliferation (Staugas et al. 1992). Report by Rupesh et al., on 

marine bacteria in the Bay of Bengal near Andaman and Nicobar Island, identified as P. 

aeruginosa demonstrated decline in proliferation of LPS induced Peripheral Blood 

Mononuclear cells (PBMCs) by crude ethyl acetate extract of P. aeruginosa with IC 50 of 12 

μg/ml (Rupesh et al. 2012). Similar study by Rukaiyya Khan et al. on ethyl acetate extract of 

P. aeruginosa attenuated mRNA expression levels of TNF-α in lipopolysaccharide stimulated 

RAW macrophages (Khan et al. 2015). Hoque and his colleague’s work identified 

Pseudomonas aeruginosa FARP72 as a potential source of secondary metabolites with 

antibacterial property (Hoque et al. 2019). 

Jarvis and Johnson first reported the isolation of potential anionic biosurfactants rhamnolipids 

from P. aeruginosa in 1949 (Jarvis and Johnson 1949). In another study, Mono- and di-

rhamnolipids isolated from P. aeruginosa MR01 showed potent cytotoxic action against MCF 

cancer cell lines with IC50 values of 25.87 μg/ml and 31.00 μg/ml. Also, mRNA levels of tumor 

regulating p53 gene significantly upregulated upon treatment with 30 μg/ml concentration of 

rhamnolipids. Thus, demonstrating significant potential to be used as natural therapeutic 

anticancer agent (Rahimi et al. 2019). 

Therefore, literature findings indicated vast capability of P. aeruginosa to produce secondary 

metabolites of biological importance.   

2.10 Cyclic dipeptides 

Cyclic dipeptides also known as 2,5-diketopiperazine, or piperazine-2,5-dione consists of a six- 

membered ring containing two amide linkages where the two nitrogen atoms and the two 

carbonyls are at opposite positions in the ring. Cyclic dipeptides demonstrate inherent property 
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of chemical and enzymatic stability, and structural and conformational specificity (Hernandez 

Padilla et al. 2017). 

 

Figure 2.10.1: Basic structure of cyclic dipeptides 

Cyclo (His-Pro) is reported to be endogenously present in brain, GIT, prostate and body fluids, 

derived from the metabolism of thyroid releasing hormone (Prasad et al. 1995). Numerous 

studies have demonstrated neuroprotective role of Cyclo (His-Pro) mediating its action through 

Nrf2-NFκB pathway. It stimulates Nrf2, a transcription factor that upregulates the expression 

of antioxidants (HO-1), along with the suppression of iNOS, gp91 phox, 47 phox gene and 

NFκB activity (Grottelli et al. 2016, Belleza et al. 2014). Cyclo (His-Pro) also showed 

protection to hypoxic PC-12 cells by activating p38 MAPK and mitigating phosphorylation of 

ERK1/2, protein kinase C (Minelli et al. 2006). 

Several findings reveal the pharmaceutical potential of cyclic dipeptides, particularly the ones 

originated from microbes. P. aeruginosa PAO1 derived cyclic dipeptides Cyclo (L-Pro- L-

Tyr), cyclo(L-Pro-L-Phe), cyclo(L-Pro-L-Val) showed antiproliferative capacity by preventing 

phosphorylation of akt and S6k kinases (Hernandez et al. 2017). Cyclo (L-Pro-D-Val), cyclo 

(L-Pro-L-Tyr) isolated from Bacillus sp. HC001 and cyclo (L-Pro-D-Leu) from Piscicoccus 

sp. 12L081 effectively ameliorated LPS induced expression of HMGB-1 in sepsis (Lee et al. 

2016). While in another experiment, these cyclic dipeptides inhibited LPS-induced adhesion 

and migration of leukocytes across endothelial cells (Kang et al. 2016). Cyclic dipeptides 

isolated from Streptomyces sp. namely cyclo(L-Pro-L-Val), cyclo(L-lle-D-Pro), cyclo(L-Leu-

L-Pro) and cyclo(D-Pro-L-Phe) significantly attenuated the levels of inflammatory mediators 

(TNF-α and IL-6) (Nalli et al. 2017). 

Cyclo (Gly-Pro) showed protection in paw edema model by attenuating nociceptive behaviour 

and inflammatory responses (Ferro et al. 2015). Cyclic dipeptides originated from 

Achromobacter species demonstrated antiinflammatory potential by augmenting the 

expression of antiinflammatory cytokines IL-10 and IL-4 (Deepa et al. 2015). Khan et al. 

showed the isolation of proline based cyclic dipeptides from Pseudomonas aeruginosa ABS-
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36 strain with vast antiinflammatory capability that significantly abrogated the levels of TNF-

α. Furthermore, the pharmacological activity shown by cyclic dipeptides has been summarised 

in Table 2.10 

 

Table 2.10: Pharmacological profile of cyclic dipeptides 

S.no Cyclic dipeptide Source Biological activity Reference 

1. Cyclo(Leu-Pro) Brevibacillus 

laterosporus 

Antimicrobial Khaled et al. 

2017 

2. Penicimutide 

Cyclo(L-Val-L-Pro), 

Cyclo(L-Ile-L-Pro), 

Cyclo(L-Leu-L-Pro), 

Cyclo(L-Phe-L-Pro) 

Penicillium 

purpurogenum 

G59 

Cytotoxicity against HeLa 

cells 

Wang et al. 

2016 

3.  Cyclo(his-pro) - CNS stimulant Wilber 1995 

4. cyclic-L-proline-L-

alanine dipeptide 

- Treatment of skin wounds 

esp burns 

Chen et al. 

2016 

5. Cyclo(L-Pro–L-Leu) Pseudomonas 

putida MCCC 

1A00316 

Nematicidal activity Zhai et al. 

2019 

6. Cyclo(Gly-Pro) - Antinociceptive 

antiinflammatory 

Ferro et al. 

2015 

7. Cyclo(Gly-L-Pro), 

Cyclo(L-Pro-L-Phe), 

Cyclo(trans-4-hydroxy-

L-Pro-L-Phe) 

Cyclo(trans-4-hydroxy-

L-Pro-L-Leu) 

Pseudomonas 

aeruginosa ABS-

36 

Antiinflammatory Khan et al. 

2015 

8. Cyclo(L-Pro-L-Tyr) 

Cyclo(D-Pro-L-Tyr) 

Streptomyces sp. 

strain 22-4 

Antibacterial Wattana-

Amorn et al. 

2016 

9. 14-hydroxycyclopeptine Aspergillus sp. 

SCSIOW2 

Reduced NO production Zhou et al. 

2016 

10. Cycloprolylglycine - Antihypoxic, nootropic, 

and anxiolytic effects 

Kolyasnikov

a et al. 2015 

11. Cyclo(valine-valine) - Cholera treatment Vikram et 

al.2014 
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12. Cyclo(Leu-Gly) - Blocked haloperidol-

induced dopamine receptor 

supersensitivity 

Bhargawa et 

al 1980 

13. Cyclo(L-Pro-L-Phe) Seaweed aflatoxin 

c-f-3 

Phosphodiesterase 

inhibitors 

Jin et al. 

2013 

14. cis-cyclo(L-Val-L-Pro)  

cis-cyclo(L-Phe-L-Pro) 

Lactobacillus 

plantarum LBP-

K10 

Antifungal 

Inhibited proliferation of 

Influenza A virus 

Kwak et al. 

2014 

Kwak et al. 

2013 

15. Cyclo(D-Tyr-D-Phe) 

Cyclo(L-Leu-D-Arg) 

Cyclo(D-Pro-L-Leu), 

Cyclo(D-Pro-L-Met) 

Cyclo(D-Pro-L-Phe) 

Cyclo(L-Pro-L-Met) 

Bacillus sp. N 

strain  

Antioxidant 

Antibacterial 

Anticancer 

Antifungal 

Antimycobacterial 

Kumar et al. 

2014 

Nishanth et 

al. 2014a 

Nishanth et 

al. 2014b 

16. Cyclo(13,15-dichloro-L-

Pro-L-Tyr) 

- Antiinflammatory Saleki et al. 

2013 

17. Cyclo(His-Gly)  

Cyclo(His-Ala) 

- Anticancer  Kilian et al. 

2013 

18. Cycloprolylglycine - Neuroprotective 

Nootropic 

anxiolytic 

Kolisnikova 

et al. 2012 

19. 1-demethylhyalodendrin 

tetrasulfide 

brevicompanine B. 

- Antimalarial Pérez-Picaso 

et al. 2012 

20. Cyclo(L-Cys-L-Leu) - Antioxidants Furukawa et 

al. 2012 

21. Cyclo(His-Pro) - Antidiabetic Ra et al. 

2012 

22. Cyclo(L-Leu-L-Tyr) - Protection in Postischemic 

myocardial dysfunction 

Mitsui-

Saitoh et al. 

2011 

23. Plinabulin - Antimicrotubular agent Yamazakiet 

al. 2011 

24. Cyclo(Phe-Pro) - Cholera treatment Bina et al. 

2010 
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25. Cyclo(Pro-4-hydroxy-

Leu) 

Coprinus 

plicatilis 

Anticancer Zhao et al. 

2018 

26. Cyclo(L-Pro-D-Val) (1), 

Cyclo(L-Pro-L-Tyr) (2) 

and Cyclo(L-Pro-D-

Leu) (3) 

1 and 2 

isolated from 

Bacillus sp. 

HC001 

3 from 

Piscicoccus 

sp. 

12L081 

Modulates Secretory Group 

IIA Phospholipase A2 

Antiinflammatory activity 

 

Anti-Endothelial cell 

protein C receptor (EPCR) 

shedding agent 

Inhibitory effect on 

HMGB1 induced sepsis 

Choi et al. 

2016 

Kang et al. 

2016 

Jeong et al. 

2016 

Lee et al. 

2016a 

Lee et al. 

2016b 

27. Cyclo (Phenylalanyl-

Leucyl)  

Cyclo (Leucyl-Leucyl)  

Thermoactinomyc

es sp. imbas-22 

Antibacterial 

Antifungal 

Bratchkov et 

al. 2017 

28. Petrocidin A Streptomyces sp. 

SBT348 

Anticancer Cheng et al. 

2017 

29. Cyclo(L-4-OH-Pro- 

L-Leu), 

 Cyclo(L-Tyr-L-Pro), 

Cyclo(L-Phe-L-Pro), 

Cyclo(L-Leu-L-Pro) 

Paludifilum 

halophilum 

Antimicrobial Dammak et 

al. 2017 

30. Cyclo-(L-Pro-D-Leu) Streptomyces 

xiamenensis 

MCCC 1A01570 

Anticancer Lin et al. 

2018 

31. Cyclo(L-Pro-D-Ile) 

Cyclo(L-Pro-L-Phe) 

E. coli GZ-34 Antimicrobial   Song et al. 

2018 

32. Cyclo (Pro-DOPA) Streptomyces sp. 

8812 

Antibacterial, Antifungal 

Antiproliferative 

Antioxidant 

Solecka et 

al. 2018 

33. Cyclo(L-Ala-L-Ala) 

Cyclo(L-Ala-D-Ala) 

- Poly (ADP-ribose) 

polymerase inhibitors 

Nilov et al. 

2018 

34. Cyclo(His-Pro) - Treatment of 

neurodegenerative diseases  

Grottelli et 

al. 2016 
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35. Cyclo (L-Pro-L-Tyr) 

Cyclo(L-Pro-L-Phe), 

Cyclo(L-Pro-L-Val) 

Pseudomonas 

aeruginosa PAO1 

Antiproliferative Hernández-

Padilla et al. 

2017 

36.  Cyclo(L-Pro-L-Val) 

Cyclo(L-lle-D-Pro) 

Cyclo(L-Leu-L-Pro) 

Cyclo(D-Pro-L-Phe) 

Streptomyces sp Antiinflammatory Nalli et al. 

2017 

37. Arylidene N-

alkoxydiketopiperazine 

- Antitumor Tian et al. 

2016 

38. Curromycin A Streptomyces 

strain RAI364 

Anticancer Hayakawa et 

al. 2016 

39. Cyclo (L-Pro-L-Tyr) 

Cyclo (L-Pro-L-Phe) 

Pseudonocardia 

endophytica 

VUK-10 

Antimicrobial 

Anticancer 

Mangamuri 

et al. 2016 

40. Cyclo(Pro-Tyr) 

Cyclo(Val-Pro)  

Cyclo(Pro-Met)  

Pseudomonas 

aurantiaca 

Antifungal Mehnaz et 

al. 2013 

41. Cyclo(Val-Pro) 

Cyclo(Gly-Phe) 

Cyclo(Phe -Tyr) 

Cyclo(Leu-Tyr) 

Cyclo(Val-Leu) 

Streptomyces 

kunmingensis 

Anticancer Wei et al. 

2017 

42. Cyclo(Val-Pro) Asperigillus 

oryzae 

Nigrospora 

species 

Cytotoxic on HCT-116 cell 

lines 

Shaaban et 

al. 2014 

Chen et al. 

2012 

43. Cyclo(L-4-hydroxy- 

Pro-L-Ser) 

Placental extract Treatment of contact 

hypersensitivity 

Kim et al. 

2010 

 



 

Chapter 3 

Objectives and Plan of Work 
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Objectives 

Inflammation refers to complex biological process involving series of events that are triggered 

upon exposure to antigens or any kind of cellular injury and is associated with the release of 

various cytokines, chemokines, prostaglandins, leukotrienes etc. Cytokines play a putative role 

in the development of acute and chronic inflammation. Generally, inflammation is reverted 

once insult is removed, but the dysregulated levels of pro-inflammatory cytokines and anti-

inflammatory cytokines lead to the progression of inflammation to chronic diseases. Thus, 

drugs intervening pro-inflammatory cytokines could be a potential target for curing renal 

inflammatory diseases. 

Literature review on Pseudomonas strain suggests its tremendous potential to secrete numerous 

secondary metabolites and other molecules that exhibit diverse pharmacological roles such as 

antifungal, anti-inflammatory, antiproliferative, antioxidant, etc. Based on the literature report 

(Khan SR et al. 2015), Pseudomonas sp., ABS 36 strain, isolated from rhizospheric soil was 

selected for the study to develop small molecular moieties that targets pro-inflammatory 

cytokines. Currently there exists an unmet demand for novel entities that specifically target 

these major pro-inflammatory cytokines (TNF-α, IL-1β and IL-6). Small molecular weight 

natural compounds particularly from microbes have shown tendency to be used as 

pharmaceutical aid not only because of their biological activity but their possibility of chemical 

syntheses. In view of these results, an extensive chemical evaluation was planned on 

Pseudomonas sp., ABS 36 strain to isolate and characterize the metabolites, followed by in 

vitro and in vivo bio investigation of isolated compounds in renal injury models targeting pro-

inflammatory cytokines.  

➢ Evaluation of pro-inflammatory cytokine inhibitory potential of culture broth extract 

of Pseudomonas sp., ABS-36. 

➢ Isolation and characterization of secondary metabolites from the culture broth extract 

of Pseudomonas sp., ABS-36. 

➢ In vitro assays on isolated compounds to identify pro-inflammatory cytokine inhibitors 

targeting IL-1β, TNF-α and IL-6. 

➢ In vivo assays of potential compounds using various renal injury model. 
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Plan of work 

The set objectives were implemented through the following phases: 

Phase 1: Evaluation of pro-inflammatory cytokine inhibitory potential of culture broth extract 

(PCBE) of Pseudomonas sp., ABS-36 through in vitro assay. 

• Testing of pro-inflammatory cytokines (TNF-α, IL-1β and IL-6) inhibition effect of 

PCBE by ELISA and effect on cell viability of LPS stimulated RAW 264.7 cells 

• Testing the effect of PCBE on NO production 

Phase 2: Isolation of secondary metabolites from PCBE using various chromatographic 

techniques. 

Phase 3: Characterization of secondary metabolites obtained from PCBE using various 

spectroscopic techniques. 

Phase 4: In vitro screening of major compounds to identify pro-inflammatory cytokine 

inhibitors targeting IL-1β, TNF-α and IL-6. 

• Testing of pro-inflammatory cytokines (TNF-α, IL-1β and Il-6) inhibition effect of 

major compounds by ELISA 

• Testing the effect of major compounds on NO production 

• Testing of cytotoxicity of major compounds 

Phase 5: In vivo testing of the potential compounds for treatment of renal injury in various 

acute and chronic renal injury models 

• Evaluation under oxalate induced renal nephropathy model and elaborating the 

mechanism of action of compound exhibiting prominent protection in in vivo model 

• Evaluation under renal ischemic reperfusion model and elaborating the mechanism of 

action of compound exhibiting prominent protection in in vivo model using antimycin-

induced in vitro ischemic model 

• Evaluation under chronic renal injury model of unilateral ureteral obstruction and 

elaborating the mechanism of action of compound exhibiting prominent protection in 

in vivo model using TGF-β-induced in vitro fibrotic model 

 



 

Chapter 4 

Materials and Methods 
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4.1 General 

Reagents of analytical and molecular biology grade were used to carry out the study. Mouse 

RAW 264.7 cell lines, rat NRK-52E kidney epithelial cell lines and rat NRK 49F kidney 

fibroblast cell lines were obtained from NCCS, Pune, India for carrying out in vitro studies. 

The Pseudomonas culture broth extract (PCBE), isolated compounds and standard 

prednisolone were dissolved in DMSO and added directly to the culture media with final 

concentration not exceeding 0.1%. Animals (C57/BL6 male mice, 6-8 weeks) were procured 

from Sai Nath agencies, Hyderabad, India, to carry out the in vivo study. Table 4.1a and 4.1b 

lists the chemicals and instruments used in the course of study. 

Table 4.1a: Chemicals and reagents used in the study 

Chemicals Make 

Dulbecco modified eagle media (DMEM), Fetal bovine 

serum (FBS), Antibiotic solution, Diethyl pyrocarbonate 

(DEPC) water, Dimethyl sulfoxide (DMSO), [3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] 

(MTT reagent), Sodium oxalate crystals, N,N,N′,N′-

Tetramethylethylenediamine (TEMED), mountant media, 

King’s B media 

Himedia Laboratories, India 

Organic solvents (Ethyl acetate, isopropanol, methanol, 

chloroform and acetone) 

Finar Limited, India 

LPS (E. coli serotype 0111:B4), Bay-117082, Tween 20, 

Bicinchoninic acid and copper sulphate for protein 

quantification, RIPA lysis buffer, TMB substrate, BCA kit 

for protein estimation, XTT reagent kit, hematoxylin and 

eosin staining, Sirius red staining, Primers for TNF-α, IL-1β, 

IL-6 and GAPDH 

Sigma-Aldrich, MO, USA 

Glycine, Tris HCL, Ammonium per sulphate, Xylene and 

Acrylamide/Bisacrylamide 

SRL (Sisco research laboratories) 

Chemicals, India 

Paraffin Wax SD chemicals, India 

Silica gel  100–210 or 40–50 μm, Kanto 

Chemical, Japan 

Silica gel 60 F254 glass plate 1.05715.0001, Merck, USA 

Calcium oxalate  Alpha Aesar, USA 

3 color prestained protein ladder (10-250kDa) Puregene (Genetix), India 
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ELISA kits for TNF-α, IL-1β and IL-6 estimations R & D Biotech India Private Ltd. 

(India) 

Methylcellulose 4000 CPS S. D. Fine-chem Ltd. Mumbai, India 

SYBR Green PCR Master TB green advantage qPCR Premix, 

Takara, USA 

Trizol reagent, verso cDNA synthesis kit Thermo Scientific, USA 

PVDF membrane BIO-RAD, laboratories, USA 

Primary antibody for Caspase-1, IL-1β, NFκB, TGF-β, α-

SMA, collagenase-1, β-actin, Bax, BCL 2, Horseradish 

peroxidase conjugated secondary antibodies 

Biotechne brand, USA 

Kit for the estimation of BUN levels (AUTOSPAN Liquid 

Gold Urea) 

Arkray Healthcare Pvt. Ltd., India 
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Table 4.1b: Instruments used in the study 

 

4.2 Preparation of culture broth 

Pseudomonas bacteria was isolated from rhizospheric soil of groundnut crop. The isolated 

colony was identified as Pseudomonas species based on the yellow fluorescence observed 

under UV in King’s B media. Also, the bacteria exhibited blue green zone, when cultivated in 

King’s A media which is a characteristic feature of pyocyanin producing Pseudomonas. 

Further, strain identification was done by comparing 16s rDNA sequencing and registered as 

Instruments Model/Make 

 

Multiplate reader  Spectromax M4, California, USA 

IR Jasco FT/IR-4200, Maryland, US 

MS  LCMS-2020, Shimadzu, Japan 

HPLC LC-8A, Shimadzu, Japan equipped with an 

ODS column (Inertsil ODS-3, 25 cm×4.6mm 

i.d., GL Sciences, Japan) 

NMR  JNM-AL300, JEOL, Japan 

Rotary evaporator Buchi R-210, Switzerland 

Centrifuge Thermo Scientific, USA 

Real time thermal cyclers  iCycleriQ apparatus with iCycler Optical 

System software (version 3.1), BIO-RAD 

Laboratories, USA 

Enhanced Chemiluminescence detection system 

(FUSION FX) 

Vilber Lourmat, France 

Microtome Jinhua YIDI Medical Appliance CO. Ltd. 

Microscope Leica microsystems 

Nano drop spectrophotometer Eppendorf, Germany 

ImageJ software 1.53a NIH, USA 

Graph pad prism 8 GraphPad Software, Inc, San Diego, CA 

Western blot apparatus BIO-RAD Laboratories, USA 

Isoflurane chamber E-Z anaesthesia systems, Braintree 

scientific, Inc, MA, USA 

Flow Cytometer Becton, Dickinson and company, Franklin 

lake, NJ 
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ABS-36 strain (GenBank Accession No. KT625586). Identified strain of Pseudomonas was 

then cultivated in King’s B media. 

Twenty litres of King's B media (comprising proteose peptone, dipotassium hydrogen 

phosphate, magnesium sulphate heptahydrate and agar) was inoculated with Pseudomonas sp. 

ABS-36 strain pre-culture and allowed to grow at 30 °C for seven days. After 7 days of 

incubation, small quantity of ethyl acetate (EtOAc) was added to the culture broth to stop the 

growth. The culture broth was centrifuged at 10,000 rpm for 10 min to separate the supernatant 

and precipitate. The supernatant was then extracted with EtOAc three times using separating 

funnel. The collected EtOAc layer was filtered, pooled and evaporated under reduced pressure 

to yield a dry culture broth extract (PCBE) (13.0 g). 

4.3 In vitro studies on culture broth 

PCBE was tested for its antiinflammatory efficacy using in vitro model of LPS-induced RAW 

264.7 cell lines. The concentration of pro-inflammatory cytokines (IL-1β, TNF-α and IL-6) 

were estimated using ELISA assays. The NO levels were estimated using Griess reagent. MTT 

assay for assessing cell viability was also carried out in order to determine the toxicity of PCBE 

on RAW cells. 

4.3.1 Cell viability studies on LPS stimulated RAW 264.7 cell lines 

MTT assay was carried out to determine the cytotoxic effect of PCBE on LPS stimulated cells. 

It is based on the reduction of yellow coloured water soluble MTT reagent (3-[4,5-

dimethylthiazole-2-yl]-2,5-diphenyltetrazolium bromide) to purple coloured formazan crystal 

by mitochondrial succinate dehydrogenases. Then, the crystals so formed are dissolved in 

DMSO and percentage of cell viability is calculated based on absorbance obtained 

spectrophotometrically (Mosmann et al. 1983, Kim et al. 2019). 

RAW 264.7 cells were seeded and allowed to grow in 96-well plate. Then, the cells were pre-

treated with the tested concentrations (500, 250, 100, 50, 25, 12.5 µg/mL) of PCBE for 24 h 

followed by LPS priming. Then, 50 µL of MTT reagent (5 mg/mL dissolved in phosphate 

buffer saline) was added to each well and allowed to incubate at 37 °C. After 3 h of incubation, 

the whole media was removed and 100 µL of DMSO was added. Thereafter, absorbance was 

noted at 570 nm using spectromax multiplate reader. Cell viability was calculated using the 

equation {100- [(1-T/C) *100]}, where T is the absorbance of PCBE treated group and C is the 
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absorbance of LPS control group. Further IC50 was determined by plotting Logarithmic value 

of the concentration Vs. % Inhibition graph (Van Meerloo et al. 2011). 

 

4.3.2 Measurement of IL-1β production using ELISA studies  

RAW cells were pre-treated with 500, 250, 100, 50, 25, 12.5 µg/mL concentration of PCBE 

for one hour, followed by priming with 1 μg/mL LPS. After four hours of LPS induction, cells 

were stimulated with 250 µg/mL calcium oxalate crystals. The supernatant was collected after 

24 h of incubation with LPS to carry out IL-1β estimation using commercially available ELISA 

kits (Mulay et al. 2013, Kumar et al. 2019). Briefly, ELISA plates were coated with capture 

antibody and kept overnight. Following day, plates were blocked using 5% BSA after thorough 

washing with PBST. After one hour of incubation, again washings were given, samples and 

standard drug were added to the plate. Then, the samples were removed after two hours of 

incubation and detection antibody was added for 2 h subsequent to washings. Streptavidin-

HRP was added to the plate after extensive washings, followed by the addition of TMB 

solution. Reaction was stopped by adding 2N H2SO4 solution. Subsequently, absorbance was 

recorded at 450 nm and 540 nm using spectrophotometer (R and D systems 2020). 

4.3.3 Estimation of TNF-α and IL-6 levels using ELISA 

RAW 264.7 mouse macrophages were grown in complete DMEM media supplemented with 

9% FBS and 1% antibiotic solution in a humidified chamber at 37 °C and 5% CO2. Cells were 

passaged on every 2-3 days to maintain logarithmic growth. Cells were then plated in 96-well 

plate at a density of 10,000 cells per well and allowed to incubate in complete DMEM media 

for 24 h. Further, the media was removed, thorough washings were given using PBS and 

incomplete DMEM media with 1% antibiotic solution. Thereafter, cells were treated with 

different concentrations of PCBE (500, 250, 100, 50, 25, 12.5 µg/mL) for 1 h, followed by 

stimulation using LPS (1 μg/mL). After 24 h of LPS stimulation, the supernatant was collected, 

centrifuged and used for carrying out ELISA assays for TNF-α and IL-6 estimations as per the 

manufacturer’s protocol (Zhang et al. 2008, Bhardwaj et al. 2020). 

4.3.4 Determination of NO levels 

RAW 264.7 macrophages were cultured in 96-well plate and treated with the pre-determined 

concentrations of PCBE, followed by LPS stimulation. Supernatant was collected after 24 h of 

induction and then mixed with equal proportion (100µL) of Griess reagent (1% sulfanilamide 
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and 0.1% naphthylethylenediamine dihydrochloride in 2.5% phosphoric acid). After 10 min of 

incubation at room temperature absorbance was measured at 540 nm using multiplate reader 

(Sun et al. 2003, Adnan et al. 2018). 

4.4 Isolation and characterisation of secondary metabolites from PCBE 

4.4.1 Isolation of compounds from PCBE  

PCBE was subjected for column chromatography on silica gel (100-210 m) and eluted with 

EtOAc–MeOH gradient to give fractions 1–7. Fraction 6 (eluted with EtOAc–MeOH (50:1), 

which exhibited multiple spots under TLC was first selected for purification. It was 

rechromatographed over silica gel (40-50 m) eluting with CHCl3–acetone followed by 

acetone–MeOH gradient. The fraction eluted with CHCl3–acetone (6:1) afforded compound 1 

(21 mg) and compound 2 (15 mg) as pure amorphous solid. The fraction eluted with CHCl3--

acetone (1:3) was purified by HPLC on an ODS column (solvent, CH3CN–H2O (1:4) 

containing 0.03% TFA, flow 0.5 mL/min, detection 215 nm) to give compound 3 (5.1 mg), 

compound 4 (7.2 mg), compound 5 (5.5 mg), compound 6 (2.2 mg), compound 7 (2.4 mg) and 

compound 8 (3.2 mg). The fraction eluted with acetone was separated by preparative TLC 

(developing solvent, CHCl3–MeOH (95:5)) to afford pure compound 9 (11 mg), compound 10 

(19 mg), compound 11 (20 mg). The fraction eluted with acetone–MeOH (8:2) was 

rechromatographed over silica gel (40-50 m) elution of column with CHCl3–acetone gradient 

yielded sub-fractions A (eluted with CHCl3–acetone (20:1)), B (eluted with CHCl3–acetone 

(20:1.5)), C (eluted with CHCl3–acetone (20:2)), and D (eluted with CHCl3–acetone (20:3)).  

Sub-fraction A was suspended in MeOH and the insoluble part was subjected to HPLC 

(solvent, MeOH–H2O (2:3) containing 0.03% TFA) to afford compound 12 (9.4 mg) and 

compound 13 (1.0 mg). The MeOH-soluble part was also separated by HPLC (solvent, MeOH–

H2O (2:3) containing 0.03% TFA) to afford compound 12 (10 mg), compound 13 (8.5 mg), 

compound 14 (6.3 mg), compound 6 (2.2 mg) and compound 15 (0.9 mg). HPLC separation 

(solvent, MeOH–H2O (1:2) containing 0.03% TFA) of the sub-fraction B yielded compound 

16 (2.4 mg), compound 17 (2.0 mg), compound 18 (6.1 mg) and compound 19 (1.9 mg). HPLC 

separation (solvent, MeOH–H2O (1:2) containing 0.03% TFA) of the sub-fraction C yielded 

compound 20 (2.1 mg). HPLC purification (solvent, MeOH–H2O (1:2) containing 0.03% TFA) 

of the sub-fraction D yielded compound 16 (2.2 mg), compound 17 (7.0 mg) and compound 

13 (7.0 mg). Fraction 7 (eluted with EtOAc-MeOH (30:1–10:1)) of the initial silica gel column 

yielded additional amount (15 mg) of compound 12. 
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4.4.2 Characterization of the isolated compounds 

All the isolated compounds 1 – 20 were subjected for spectral analysis. Compound 1 was 

subjected for elaborative analysis (IR, 1H NMR, 13C NMR, DEPT and MS) and was 

characterised as cis-Cyclo(L-Val-L-Pro). 1H NMR and 13C NMR of compounds 1 – 20 were 

measured by dissolving in either CD3OD or CDCl3. Compounds 1 – 20 were identified as cis-

cyclo(L-Val-L-Pro) (1), cis-cyclo(Leu-Pro) (2), cis-cyclo(Val-Leu) (3), trans-cyclo(Phe-Pro) 

(4), cis-cyclo(Val-Phe) (5), cis-cyclo(Ile-Phe) (6), cis-cyclo(Leu-Ile) (7), cis-cyclo(Leu-Leu) 

(8), cis-cyclo(Leu-hydroxy-Pro) (9), cis-cyclo(Pro-Tyr) (10), cis-cyclo(Ala-Pro) (11), 

cyclo(Gly-Pro) (12), cyclo(Gly-Phe) (13), cis-cyclo(Ala-Phe) (14), cis-cyclo(Ala-Ile) (15), 

cyclo(Gly-Tyr) (16), cis-cyclo(Ala-Tyr) (17), cis-cyclo(Val-Tyr) (18), cis-cyclo(Leu-Tyr) 

(19), cis-cyclo(Ala-Ala) (20), respectively.  

cis-Cyclo(L-Val-L-Pro) (1) 

1H NMR (400 MHz, CDCl3) δ: 6.03 (1H, brs, NH), 4.10 (1H, t, J=7.5 Hz, H-6), 3.95 (1H, brs, 

H-3), 3.70-3.53 (2H, m, H-9), 2.67-2.63 (1H, m, H-10), 2.41-2.36 (1H, m, H-7a), 2.10-1.89 

(3H, m, H-7b, -8), 1.09 (3H, d, J=6.9 Hz, H-11), 0.93 (3H, d, J=6.9 Hz, H-12). 13C NMR (100 

MHz, CDCl3) δ: 170.9 (C-5), 165.0 (C-2), 60.4 (C-3), 58.8 (C-6), 45.2 (C-9), 28.5 (C-10), 28.4 

(C-7), 22.4 (C-8), 19.3 (C-12), 16.1 (C-11). 

cis-Cyclo(Leu-Pro) (2) 

1 H NMR (300 MHz, CDCl3) δ: 6.70 (1H, brs, NH), 4.12 (1H, t, J=7.9 Hz, H-6), 4.02 (1H, dd, 

J=9.0, 3.3 Hz, H-3), 3.66-3.50 (2H, m, H-9), 2.40-2.29 (1H, m, H-7a), 2.19-1.75 (5H, m, H-

7b, H-8, H-10a, H-11), 1.54 (1H, ddd, J=14.3, 9.0, 5.1 Hz, H-10b), 1.00 (3H, d, J=6.6 Hz, H-

12), 0.95 (d, J=6.3 Hz, H-13). 13C NMR (75 MHz, CDCl3) δ: 172.4 (C-5), 166.2 (C-2), 58.9 

(C-6), 53.3 (C-3), 45.4 (C-9), 38.4 (C-10), 28.0 (C-7), 24.5 (C-11), 23.2 (C-12), 22.7 (C-8), 

21.2 (C-13). 

cis-Cyclo(Val-Leu) (3) 

1H NMR (300 MHz, CD3OD) δ: 3.94 (1H, dd, J=8.6, 4.4 Hz, H-6), 3.77 (1H, brd, J=3.3 Hz, 

H-3), 2.27-2.16 (1H, m, H-11), 1.93-1.80 (1H, m, H-8), 1.80-1.69 (1H, m, H-7a), 1.64-1.54 

(1H, m, H-7b), 1.04 (3H, d, J=7.0 Hz, H-12), 0.97-0.93 (9H, m, H-9, -10, -13). 13C NMR (75 

MHz, CD3OD) δ: 171.3 (C-2), 169.7 (C-5), 61.5 (C-3), 54.3 (C-6), 46.0 (C-7), 33.7 (C-11), 

25.3 (C-8), 23.6 (C-9), 21.8 (C-10), 19.3 (C-12), 17.8 (C-13). 
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trans-Cyclo(Phe-Pro) (4) 

1H NMR (300 MHz, CD3OD) δ: 7.31-7.15 (5H, m, H-9–13), 4.19 (1H, t, J=4.8 Hz, H-6), 3.58-

3.48 (1H, m, H-16a), 3.36-3.26 (1H, m, H-16b), 3.18 (1H, dd, J=13.5, 4.8 Hz, H-7a), 2.98 (1H, 

dd, J=13.5, 4.8 Hz, H-7b), 2.59 (1H, dd, J=10.2, 6.0 Hz, H-3), 2.08-1.99 (1H, m, H-14a), 1.96-

1.85 (1H, m, H-15a), 1.71-1.52 (2H, m, H-14b, -15). 13C NMR (75 MHz, CD3OD) δ: 171.3 (C-

2), 167.4 (C-5), 136.7 (C-8), 131.3 (C-9, -13), 129.6 (C-10, -12), 128.5 (C-11), 59.7 (C-6), 59.1 

(C-3), 46.1 (C-16), 41.0 (C-7), 29.8 (C-14), 22.5 (C-15). 

1H NMR (300 MHz, CDCl3) δ: 7.33-7.18 (5H, m, H-9–13), 6.92 (1H, brs, NH), 4.27 (1H, dd, 

9.5, 4.0 Hz, H-6), 3.69- 3.58 (1H, m, H-16a), 3.48-3.35 (1H, m, H-16b), 3.18 (1H, dd, J=13.6, 

5.9 Hz, H-7a), 3.07 (1H, dd, J=13.6, 4.2 Hz, H-7b), 2.92 (1H,dd, J=10.4, 6.4 Hz, H-3), 2.21-

2.11 (1H, m, H-14a), 1.99-1.86 (1H, m, H-15a), 1.85-1.59 (2H, m, H-14b, -15b). 13C NMR (75 

MHz, CDCl3) δ: 169.7 (C-2), 164.9 (C-5), 135.1 (C-8), 129.9 (C-9, -13), 128.7 (C-10, -12), 

127.5 (C-11), 58.8 (C-6), 57.7 (C-3), 45.1 (C-16), 40.3 (C-7), 28.8 (C-14), 21.6 (C-15).   

cis-Cyclo(Val-Phe) (5)  

1H NMR (300 MHz, CD3OD) δ: 7.18-7.31 (5H, m, H-9–13), 4.31 (1H, ddd, J=4.8, 4.8, 1.8 Hz, 

H-6), 3.63 (1H, dd, J=4.5, 1.5 Hz, H-3), 3.23 (1H, dd, J=13.8, 5.1 Hz, H-7a), 3.02 (1H, dd, 

J=13.8, 4.8, H-7b), 1.70-1.57 (1H, m, H-14), 0.78 (3H, d, J=7.3 Hz, H-15), 0.41 (3H, d, J=7.0 

Hz, H-16). 13C NMR (75 MHz, CD3OD) δ: 169.4 (C-2, -5), 137.0 (C-8), 131.5 (C-9,13),129.6 

(C-10, 12), 128.2 (C-11), 61.3 (C-6), 57.3 (C-3), 40.1 (C-7), 33.3 (C-14), 19.1 (C-16), 17.1 (C-

15). 

cis-Cyclo(Ile-Phe) (6)  

1H NMR (300 MHz, CD3OD) δ: 7.30-7.18 (5H, m, H-9–13), 4.32 (1H, ddd, J=4.8, 4.8, 1.5 Hz, 

H-6), 3.71 (1H, dd, J=4.1, 1.8 Hz, H-3), 3.26 (1H, dd, J=13.9, 4.9 Hz, H-7a), 2.99 (1H, dd, 

J=13.9, 4.8 Hz, H-7b), 1.49-1.35 (1H, m, H-14), 0.71 (3H, d, J=7.3 Hz, H-17), 0.66 (3H, t, 

J=6.2 Hz, H-16), 0.82-0.56 (2H, m, H-15). 13C NMR (75 MHz, CD3OD) δ: 169.4, 169.2 (C-2, 

-5), 137.0 (C-8), 131.7 (C-9, -13), 129.5 (C-10, -12), 128.2 (C-11), 60.8 (C-3), 57.2 (C-6), 39.8 

(C-14), 39.7 (C-7), 24.7 (C-15), 15.2 (C-17), 12.0 (C-16). 

cis-Cyclo(Leu-Ile) (7) 

1H NMR (300 MHz, CD3OD) δ: 3.93 (1H, ddd, J=9.2, 4.4, 1.1 Hz, H-6), 3.84 (1H, dd, J=4.3, 

1.1 Hz, H-3), 1.96-1.69 (3H, m, H-7, -11), 1.64-1.46 (2H, m, H-8, -12a), 1.29-1.16 (1H, m, H-
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12b), 1.02 (3H, d, J=7.0 Hz, H-14), 0.96 (3H, d, J=6.6 Hz, H-9), 0.94 (3H, d, J=6.2 Hz, H-10), 

0.94 (3H, t, J=7.3 Hz, H-13). 13C NMR (75 MHz, CD3OD) δ: 171.2 (C-5), 169.6 (C-2), 60.9 

(C-3), 54.3 (C-6), 45.8 (C-7), 40.5 (C-11), 25.9 (C-12), 25.3 (C-8), 23.6 (C-9), 21.9 (C-10), 

15.7 (C-14), 12.1 (C-13). 

cis-Cyclo(Leu-Leu) (8) 

1H NMR (300 MHz, CD3OD) δ: 3.90 (2H, dd, J=8.8, 4.8 Hz, H-3,-6), 1.90-1.76 (2H, m, H-8, 

-12), 1.75-1.55 (4H, m, H-7, -11), 0.97 (6H, d, J=6.6 Hz, H-9, -13), 0.95 (6H, d, J=6.6 Hz, H-

10, -14). 13C NMR (75 MHz, CD3OD) δ: 171.2 (C-2, -5), 54.7 (C-3, -6), 45.9 (C-7, -11), 25.3 

(C-8, -12), 23.6 (C-9, -13), 21.9 (C-10, -14) 

cis-Cyclo(Leu-hydroxy-Pro) (9) 

1H NMR (300 MHz, CD3OD) δ: 4.54-4.42 (2H, m, H-6, -8), 4.17-4.14 (1H, dd, J=3.3, 8.4 Hz, 

H-3), 3.65 (1H, dd, J=12.8, 4.5 Hz, H-9a), 3.43 (1H, d, J=12.8 Hz, H-9b), 2.27 (1H, dd, J=13.3, 

6.5 Hz, H-7a), 2.08 (1H, ddd, J=13.3, 11.2, 6.6 Hz, H-7b), 1.94-1.85 (2H, m, H-10a, -11), 1.53-

1.48 (1H, m, H-10b), 0.95 (3H, d, J=6.3 Hz, H-12), 0.95 (3H, d, J=6.3 Hz, H-13). 13C NMR 

(75 MHz, CD3OD) δ: 171.6 (C-5), 167.6 (C-2), 67.7 (C-8), 57.3 (C-6), 53.8 (C-9), 53.2 (C-3), 

38.0 (C-10), 36.8 (C-7), 24.4 (C-11), 22.0 (C-12), 20.9 (C-13).  

cis-Cyclo(Pro-Tyr) (10) 

1H NMR (300 MHz, CDCl3) δ: 7.52 (1H, brs, C-11-OH), 7.05 (2H, d, J= 8.3 Hz, H-9, -13), 

6.78 (2H, d, J=8.3 Hz, H-10, -12), 6.14 (1H, brs, H-1), 4.23 (1H, m, H-3), 4.08 (1H, t, J=7.8 

Hz, H-6), 3.70-3.50 (2H, m, H-16), 3.43 (1H, dd, J=14.4, 3.6 Hz, H-7a), 2.80 (1H, dd, J=9.5, 

4.8 Hz, H-7b), 2.39-2.26 (1H, m, H-14a), 2.06-1.80 (3H, m, H-14b, H-15). 13C NMR (75 MHz, 

CDCl3) δ: 169.7 (C-2), 165.2 (C-5), 155.7 (C-8), 130.3 (C-9, -13), 126.6 (C-11), 116.0 (C-10, 

-12), 59.1 (C-3), 56.3 (C-6), 45.4 (C-16), 35.9 (C-7), 28.3 (C-14), 22.4 (C-15). 

cis-Cyclo(Ala-Pro) (11)  

1H NMR (300 MHz, CDCl3) δ: 6.94 (1H, brs, H-4), 4.18-4.08 (2H, m, H-3, -6), 3.64-3.50 (2H, 

m, H-9), 2.41-2.29 (1H, m, H-7a), 2.20-1.73 (3H, m, H-7b, -8), 1.48 (3H, d, J=6.9 Hz, H-10). 

13C NMR (75 MHz, CDCl3) δ: 170.5 (C-5), 166.4 (C-2), 59.2 (C-6), 51.1 (C-3), 45.4 (C-9), 

28.1 (C-8), 22.7 (C-7), 15.9 (C-10). 

Cyclo(Gly-Pro) (12) 
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1H NMR (300 MHz, CD3OD ) δ: 4.23 (1H, t, J=7.1 Hz, H-6), 4.10 (1H, d, J=16.9 Hz, H-3a), 

3.73 (1H, d, J=16.9 Hz, H-3b), 3.61-3.44 (2H, m, H-9), 2.39-2.22 (1H, m, H-7a), 2.08-1.85 

(3H, m, H-7b, -8). 13C NMR (75 MHz, CD3OD) δ: 172.0 (C-5), 166.5 (C-2), 59.9 (C-6), 47.0 

(C-3), 46.3 (C-9), 29.4 (C-8), 23.3 (C-7). 

Cyclo(Gly-Phe) (13) 

1H NMR (300 MHz, CD3OD) δ: 7.31-7.18 (5H, m, H- 9-13), 4.22 (1H, dd, J=4.6, 4.0 Hz, H-

6), 3.41 (1H, d, J=17.6 Hz, H-3a), 3.24 (1H, dd, J=13.5, 4.0 Hz, H-7a), 2.98 (1H, dd, J=13.5, 

4.6 Hz, H-7b), 2.61 (1H, d, J=17.6 Hz, H-3b). 13C NMR (75 MHz, CD3OD) δ: 170.0 (C-2), 

168.7 (C-5), 136.4 (C-8), 131.5 (C-9, 13), 129.6 (C-10, 12), 128.5 (C-11), 57.5 (C-6), 44.6 (C-

3), 40.9 (C-7).  

cis-Cyclo(Ala-Phe) (14) 

1H NMR (300 MHz, CD3OD) δ: 7.33-7.17 (5H, m, H- 9–13), 4.30 (1H, dd, J=7.1, 3.6 Hz, H-

6), 3.74 (1H, qd, J=7.1, 1.1 Hz, H-3), 3.27 (1H, dd, J=13.8, 3.6 Hz, H-7a), 2.95 (1H, dd, J=13.8, 

4.8 Hz, H-7b), 0.50 (3H, d, J=7.0 Hz, H-14). 13C NMR (75 MHz, CD3OD) δ: 170.0 (C-5), 

168.7 (C-2), 136.6 (C-8), 131.8 (C-9, 13), 129.5 (C-10, 12), 128.3 (C-11), 57.4 (C-6), 51.7 (C-

3), 40.3 (C-7), 20.4 (C-14). 

cis-Cyclo(Ala-Ile) (15) 

1H NMR (300 MHz, CD3OD) δ: 4.02 (1H, qd, J=7.0, 1.5 Hz, H-6), 3.90 (1H, dd, J=3.3, 1.2 

Hz, H-3), 2.02-1.88 (1H, m, H-8), 1.58-1.44 (1H, m, H-9a), 1.43 (3H, d, J=6.9 Hz, H-7), 1.32- 

1.16 (1H, m, H-9b), 1.01 (3H, d, J=7.3 Hz, H-11), 0.94 (3H, t, J=7.3 Hz, H-10). 

Cyclo(Gly-Tyr) (16) 

1H NMR (300 MHz, CD3OD) δ: 7.01 (2H, d, J=8.6 Hz, H-9, -13), 6.71 (2H, d, J=8.6 Hz, H-

10, -12), 4.15 (1H, dd, J=4.2, 3.6 Hz, H-6), 3.41 (1H, d, J=17.7 Hz, H-3a), 3.14 (1H, dd, J=13.9, 

3.6 Hz, H-7a), 2.87 (1H, dd, J=13.9, 4.2 Hz, H-7b), 2.63 (1H, d, J=17.7 Hz, H-3b). 13C NMR 

(75 MHz, CD3OD) δ: 170.3 (C-2), 168.8 (C-5), 158.2 (C-11), 132.5 (C-9, -13), 126.6 (C-8), 

116.3 (C-10, -12), 57.7 (C-6), 44.7 (C-3), 40.1 (C-7). 

cis-Cyclo(Ala-Tyr) (17) 

1H NMR (300 MHz, CD3OD) δ: 7.00 (2H, d, J=8.4 Hz, H-9, -13), 6.71 (2H, d, J=8.4 Hz, H-

10, -12), 4.25-4.20 (1H, m, H-6), 3.75 (1H, qd, J=7.1, 1.1 Hz, H-3), 3.18 (1H, dd, J=13.7, 3.7 

Hz, H-7a), 2.84 (1H, dd, J=13.7, 4.7 Hz, H-7b), 0.58 (3H, d, J=7.0 Hz, H-14). 13C NMR (75 
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MHz, CD3OD) δ: 170.7 (C-2), 168.7 (C-5), 158.0 (C-11), 132.8 (C-9, 13), 127.0 (C-8), 116.3 

(C-10, 12), 57.6 (C-6), 51.7 (C-3), 39.5 (C-7), 20.4 (C-14). 

cis-Cyclo(Val-Tyr) (18) 

1H NMR (300 MHz, CD3OD) δ: 7.02 (2H, d, J=8.4 Hz, H-9, -13), 6.69 (2H, d, J=8.4 Hz, H-

10, -12), 4.25- 4.21 (1H, m, H-6), 3.62 (1H, dd, J=4.6, 1.4 Hz, H-3), 3.14 (1H, dd, J=13.9, 3.9 

Hz, H-7a), 2.92 (1H, dd, J=13.9, 4.8 Hz, H-7b), 1.70-1.58 (1H, m, H-14), 0.81 (3H, d, J=7.0 

Hz, H-16), 0.47 (3H, d, J=6.6 Hz, H-15). 13C NMR (75 MHz, CD3OD) δ: 169.6 (C-5), 169.4 

(C-2), 157.9 (C-11), 132.4 (C-9, 13), 127.6 (C-8), 116.3 (C-10, 12), 61.3 (C-3), 57.5 (C-6), 

39.3 (C-7), 33.3 (C-14), 19.2 (C-16), 17.2 (C-15). 

cis-Cyclo(Leu-Tyr) (19) 

1H NMR (300 MHz, CD3OD) δ: 6.98(2H,d, J= 8.4 Hz, H-9, 13), 6.70 (2H, d, J=8.4 Hz, H-10, 

12), 4.23 (1H, dd, J=4.8, 3.7 Hz, H-6), 3.64 (1H, dd, J=10.2, 4.3 Hz, H-3), 3.19 (1H, dd, J=13.9, 

3.7 Hz, H-7a), 2.81 (1H, dd, J=13.9, 4.8 Hz, H-7b), 1.49-1.34 (1H, m, H-15), 0.92-0.82 (1H, 

m, H-14a), 0.74 (3H, d, J=6.5 Hz, H-16), 0.14-0.03 (1H, m, H-14b). 13C NMR (75 MHz, 

CD3OD) δ: 170.7 (C-5), 169.1 (C-2), 158.1 (C-11), 132.8 (C-9, -13), 127.1 (C-8), 116.4 (C-10, 

-12), 57.6 (C-6), 54.1 (C-3), 45.2 (C-14), 39.4 (C-7), 24.7 (C-15), 23.4 (C-16), 21.3 (C-17). 

cis-Cyclo(Ala-Ala) (20) 

1H NMR (300 MHz, CD3OD) δ: 4.02 (2H, q, J=6.9 Hz, H-3, -6), 1.42 (6H, d, J=6.9 Hz, H-7, -

8). 13C NMR (75 MHz, CD3OD) δ: 171.5 (C-2, -5), 51.8 (C-3, -6), 20.0 (C-7, -8). 

4.5 In vitro studies on isolated compounds 

Compounds cyclo(Val-Pro) (1), cyclo(Leu-Pro) (2), cyclo(Leu-hydroxy-Pro) (9), cyclo(Pro-

Tyr) (10), cyclo(Ala-Pro) (11), cyclo(Gly-Pro) (12) were tested at varying concentrations (3, 

10, 30 and 100 μM) for their potential to inhibit pro-inflammatory cytokines using RAW 264.7 

macrophage cell lines. Cells were grown in complete DMEM media augmented with 10% FBS 

and 1% antibiotic solution at 37 °C in a humidified atmosphere. Cells were passaged after 

confluency is attained and 10,000 cells were seeded in 96-well plate for carrying out cell 

viability assay, ELISA studies and NO estimation. 

4.5.1 Cell viability assay on LPS stimulated RAW 264.7 cell lines 

Rapid colorimetric MTT assay was used to assess the effect of compounds on cell viability. 

Cyclic dipeptides 1, 2, 9-12 were added to 96-well plate at different concentrations, followed 
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by LPS stimulation. MTT reagent of 50 μL volume of 5 mg/mL concentration was added to 

each well and incubated at room temperature for 3 h. DMSO of 100 μL was added after the 

removal of whole media. Absorbance was measured spectrophotometrically at 570 nm using 

multiplate reader (Mosmann et al. 1983, Kim et al. 2019). 

4.5.2 ELISA assay for the estimation of TNF-α, IL-6 and IL-1β 

RAW 264.7 cells were incubated for one hour with different concentrations of cyclic dipeptides 

(1, 2, 9-12) i.e. 3 μM, 10 μM, 30 μM and 100 μM. Cells were then stimulated using 1 μg/mL 

LPS for TNF-α and LPS + 250 μM calcium oxalate crystals for IL-1β estimations. Cell free 

supernatant was collected after 24 h of stimulation and was subjected to ELISA studies using 

commercially available ELISA kits as per manufacturer’s instruction (R and D systems 2020) 

and absorbance was noted at 450 nm and 540 nm using spectrophotometer (Zhang et al. 2008, 

Mulay et al. 2013). 

4.5.3 Measurement of NO levels using Griess assay  

Nitrite levels were determined using Griess reagent. Nitrite present in the sample reacts with 

sulphanilic acid under acidic conditions to form diazonium salts which further couples with 1-

napthyl amine to give water soluble pink color azo dye which can be detected 

spectrophotometrically at 540 nm. 

RAW cells were pretreated with different concentrations of isolated compounds as per the 

experimental protocol, followed by LPS incubation for 24 h. The supernatant of 100 µL volume 

was then mixed with equal volume of griess reagent and incubated at 37 °C for 10 min. Then 

the absorbance was recorded spectrophotometrically at 540 nm (Sun et al. 2003, Adnan et al. 

2018). 

4.6 In vivo evaluation of isolated compounds 

All in vivo studies were carried out as per the standard protocols approved by Institutional 

Animal Ethics Committee, BITS-Pilani, Hyderabad Campus with approval number BITS-

Hyd/IAEC/2017/10. Animals were maintained in a 12-h dark and light cycle with standard diet 

and water ad libitum throughout the study. Anti-inflammatory efficacy of isolated compounds 

was tested in acute (calcium oxalate induced renal nephropathy and renal ischemic reperfusion 

model) as well as chronic model (Unilateral ureteral obstruction model) of renal injury. 
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4.6.1 Calcium oxalate induced renal nephropathy model 

Cyclic dipeptides 1, 2, 9-12 were tested for their pro-inflammatory cytokine inhibiting potential 

using oxalate induced mouse model of renal nephropathy. Briefly, study was carried out in 

male C57/BL6 mice with weight ranging from 20-25g. Animals were divided into eight 

different groups (n = 6 in each group) as described in below table: 

Table 4.2: Animal grouping in calcium oxalate induced renal nephropathy model 

Groups Treatment 

Group 1 Normal Control 

Group 2 Disease Control (Oxalate Treated) 

Group 3 Cyclo(Val-Pro) (1)  

Group 4 Cyclo (Leu-Pro) (2)  

Group 5 Cyclo (Leu-Hydroxy-Pro) (9) 

Group 6 Cyclo (Pro-Tyr) (10) 

Group 7 Cyclo (Pro-Ala) (11) 

Group 8 Cyclo (Gly-Pro) (12) 

 

Test compounds were prepared as suspension in methylcellulose and Tween 20 mixture in 9:1 

ratio. Mice were kept on overnight fasting with free access to water before the administration 

of cyclic dipeptides. Compounds were administered at 50 mg/kg using oral gavage (dose 

volume of 10 mL/kg). After one hour of compound administration, 75 mg/kg sodium oxalate 

solution was injected through intraperitoneal route. Immediately after giving oxalate, mice 

were fed with normal diet and water was replaced with 3% w/v sodium oxalate water. Mice 

were sacrificed to harvest the plasma and kidney tissue samples after 24 h of sodium oxalate 

administration for further evaluation (Mulay et al. 2016, Ahil et al. 2019). 

4.6.1.1 ELISA and BUN estimations 

Plasma isolated from the collected blood samples were estimated for IL-1β levels and blood 

urea nitrogen levels (BUN) using commercially available kits (Tabacco et al. 1979, Ragab et 

al. 2014). In BUN estimations, working reagent was prepared by mixing equal amount of 

reagent 1 (O-phthalaldehyde) and reagent 2 (NED reagent) provided in the kit and from this 

100 μL was added to each well containing 10 μL of sample or standard. Absorbance was 

recorded at 505 nm using multiplate reader (Arkray Healthcare Pvt. Ltd., India). 
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4.6.1.2 RTPCR study for estimating inflammatory and kidney injury markers 

RTPCR studies were carried out in order to study the gene expression of inflammatory markers 

(TNF-α, IL-6 and IL-1β) and kidney injury marker (KIM-1). Total RNA was isolated from 

renal tissue using trizol reagent. Quantification and purity analysis were carried out using nano 

drop spectrophotometer. The absorbance ratio 260/280 and 260/230 were recorded. The 

260/280 ratio ~2.0 and 260/230 ratio between 2.0-2.2 were considered as pure (Thermo 

Scientific 2020). After purity analysis, cDNA synthesis was carried out using commercially 

available Verso cDNA synthesis kit (Thermo Scientific). Thereafter, RTPCR studies were 

carried out with synthesized cDNA using suitable primers for the genes as described in Table 

4.3. The Cq values obtained from the instrument for target gene and housekeeping gene were 

used to calculate δCq values and change in expression levels of target genes were calculated 

using equation (2^- δδCq). All gene expression was normalized using GAPDH housekeeping 

gene (Ohshima et al. 1998, Ahil et al. 2019). 

Table 4.3: Primer sequence of TNF-α, IL-6, IL-1β and GAPDH 

Gene Primers Sequence (5’-3’) 

TNF-α Forward CCGCTCGTTGCCAATAGTGATG 

Reverse CATGCCGTTGGCCAGGAGGG 

IL-6 Forward GCACTACAGGCTCCGAGATGAA 

Reverse GCCTCCGACTTGTGAAGTGGTA 

IL-1β Forward GCACTACAGGCTCCGAGATGAA 

Reverse GTCGTTGCTTGGTTCTCCTTGT 

GAPDH Forward AGTGGCAAAGTGGAGATT 

Reverse GTGGAGTCATACTGGAACA 

KIM-1 Forward TCAGCTCGGGAATGCACA 

Reverse TGGTTGCCTTCCGTGTCT 

 

4.6.1.3 Histopathological evaluations 

Histological evaluations were carried out for renal tissue using hematoxylin and eosin staining. 

Renal tissues were processed in tissue processor unit and 5 µm sections were taken using 

semiautomatic microtome, followed by staining of tissue sections with hematoxylin and eosin. 

Histological scoring was done based on semiquantitative scoring method by quantifying 
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tubular injury parameters (cast, tubular dilation and tubular necrosis). Scoring was given on a 

scale of 0-5 (0 for nil damage and 5 for severe damage) (Mulay et al. 2013, Ahil et al. 2019). 

4.6.1.4 In vitro mechanistic study 

4.6.1.4.1 mRNA expression of pro-inflammatory cytokines 

RAW 264.7 cells were plated in a 6-well plate and allowed to grow for 24 h in complete DMEM 

media. Cells were then treated with the pre-determined concentration (100 µM) of cyclo (Val-

Pro) (1) for 1 h, followed by priming with 1 μg/mL LPS for TNF-α and IL-6 estimations and 

LPS + 250 μM calcium oxalate crystals for IL-1β gene expression study. After stimulating for 

24 h, total RNA was isolated using trizol reagent and purity determination and quantification 

were done using nano drop spectrophotometer. After purity analysis, cDNA was synthesized 

and was subjected to RTPCR using suitable primers (Table 4.3). All Cq values were normalised 

with housekeeping gene GAPDH (Ahil et al. 2019, Weirenga et al. 2019). 

4.6.1.4.2 Western blot  

Mouse macrophages were cultivated in T-25 flask containing complete DMEM media. After 

24 h of incubation, cells were treated with 100 µM of cyclo (Val-Pro) (1) for 1 h, followed by 

stimulation with LPS and calcium oxalate crystals for 24 h. Protein was then isolated using 

RIPA buffer and quantified with BCA kit. 30 μg of quantified protein was loaded into each 

well for separation of proteins, followed by transfer to PVDF membrane. Subsequently 

membrane was incubated overnight with primary antibodies for β-actin and IL-1β. Following 

day, the membrane was kept in respective secondary antibodies and detection was done after 

extensive washing. Blots were quantified using image J software and protein expression was 

normalised with β-actin (Weirenga et al. 2019). 

4.6.2 Renal ischemia reperfusion model 

C57BL/6 male mice (6-8 weeks) ranging from 20-25 g were used for conducting this study. 

Experiment was conducted in two different sets for compounds cyclo(Val-Pro) (1) and 

cyclo(Leu-Hydroxy-Pro) (9). Animals were categorised as follows with 6 animals in each 

group as described in Table 4.4. 
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Table 4.4: Animal grouping in renal ischemic reperfusion model 

Groups Set-1 Treatment Set-2 Treatment 

Group 1 Normal Control Normal Control 

Group 2 Disease Control (Ischemic control) Disease Control (Ischemic control) 

Group 3 Cyclo (Val-Pro) (1) -25 mg/kg Standard-Bay (10 mg/kg) 

Group 4 Cyclo (Val-Pro) (1) -50 mg/kg Cyclo (Leu-Hydroxy-Pro) (9) -25 mg/kg 

Group 5 Cyclo (Val-Pro) (1) -75 mg/kg Cyclo (Leu-Hydroxy-Pro) (9) -50 mg/kg 

Group 6 - Cyclo (Leu-Hydroxy-Pro) (9) -75 mg/kg 

  

Cyclo(Val-Pro) (1), Cyclo (Leu-Hydroxy-Pro) (9) and standard Bay were prepared as suspension 

in 0.5% methylcellulose and 0.025% Tween 20. The suspension was administered via oral 

route at 10 mL/kg dose volume using an oral gavage one hour prior to the induction. 

Compounds cyclo(Val-Pro) (1) and Cyclo (Leu-Hydroxy-Pro) (9) were tested at different doses 

of 25, 50 and 75 mg/kg body weight. Bay was administered at the dose of 10 mg/kg body 

weight. Mice were anaesthetized using isoflurane. Thereafter, the left renal artery was clamped 

for 45 minutes with non-traumatic clamp by making abdominal incision. Wound was covered 

with cotton soaked in PBS after examining the clamped kidney for the sign of ischemia. After 

45 minutes of ischemia, clamp was removed for reperfusion and restoration of blood flow was 

noted before closure of the wound. Animals were sacrificed after 24 h of injury induction to 

harvest blood samples and renal tissues for carrying out gene expression study for 

inflammatory and renal injury markers along with the histopathological evaluations (Sun sang 

et al. 2017, Fang et al. 2019).   

4.6.2.1 Plasma IL-1β estimations using ELISA 

Plasma was isolated from collected blood samples to estimate the levels of IL-1β using 

commercially available IL-1β ELISA kit. ELISA plates were incubated with capture antibody 

for overnight and then, plates were blocked using 5% BSA. After one hour of incubation, 

samples and standard were added to the plate. Then, detection antibody was added to the plate 

for two hours. Thereafter, Streptavidin-HRP was added followed by incubation with TMB 

substrate. Finally, reaction was stopped after color development by adding 2N H2SO4 solution 

and the absorbance was recorded at 450 nm and 540 nm using spectrophotometer (R & D 

systems 2020). 
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4.6.2.2 mRNA expression study for determining inflammatory and renal injury markers 

Trizol reagent was used to isolate RNA from the collected renal tissue and cDNA was 

synthesized using commercially available cDNA synthesis kit after determining the purity of 

isolated RNA. Renal damage was assessed by evaluating the mRNA expression levels of the 

pro-inflammatory cytokines (TNF-α, IL-1β and IL-6) and kidney injury markers such as KIM-

1, NGAL, α-GST and π-GST using suitable primers for the genes as described in Table 4.5. 

All expressions were normalised using housekeeping gene GAPDH (Sakai et al. 2019). 

Table 4.5: Primer sequence of TNF-α, IL-6, IL-1β, GAPDH, KIM-1, NGAL, α-GSH and π-GSH 

Gene Primers Sequence (5’-3’) 

TNF-α Forward CCGCTCGTTGCCAATAGTGATG 

Reverse CATGCCGTTGGCCAGGAGGG 

IL-6 Forward GCACTACAGGCTCCGAGATGAA 

Reverse GCCTCCGACTTGTGAAGTGGTA 

IL-1β Forward GCACTACAGGCTCCGAGATGAA 

Reverse GTCGTTGCTTGGTTCTCCTTGT 

GAPDH Forward AGTGGCAAAGTGGAGATT 

Reverse GTGGAGTCATACTGGAACA 

KIM-1 Forward TCAGCTCGGGAATGCACA 

Reverse TGGTTGCCTTCCGTGTCT 

NGAL Forward CACCACGGACTACAACCAGTTCGC 

Reverse TCAGTTGTCAATGCATTGGTCGGTG 

α-GSH Forward GAGACAACAATCCCACAAGAATAAG 

Reverse CTTCCTCAAACTCCACTCCAG 

π-GSH Forward TGTCACCCTCATCTACACCAAC 

Reverse CAGGGTCTCAAAAGGCTTCAG 

 

4.6.2.3 Evaluation of renal injury by histopathological analysis 

Renal tissues were paraffinized after processing for histological evaluations. Then, paraffin 

blocks were sliced to 5 µm thin sections and stained with hematoxylin and eosin staining. 

Damage to the histological structure of the kidney was scored using semiquantitative methods 

based on tubular injury, cast formation and tubular dilation (Chang et al. 2016, Sakai et al. 

2019). 
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4.6.2.4 In vitro mechanistic study 

Compounds cyclo(Val-Pro) (1) and cyclo(Leu-Hydroxy-Pro) (9) were tested using antimycin-

induced in vitro model of ischemia in rat proximal tubular cells NRK 52E.  

4.6.2.4.1 Cell viability studies 

Briefly, NRK52E cells were incubated in 37°C supplied with 5% CO2 and 95% environment 

air. Cells were seeded in 96 well plate (5000 cells /well) using Dulbecco's Modified Eagle's 

medium supplemented with 10% FBS. NRK52E cells starved for 12 h with 0.5% FBS. Cells 

were treated with different concentrations of cyclo(Val-Pro) (1) and cyclo(Leu-Hydroxy-Pro) 

(9) (300, 100, 30, 10 and 3 µM) one hour prior to the induction of ischemia. Later, ATP 

depletion was achieved using antimycin A (3 µM) in glucose free medium for 60 min. 

Recovery phase was achieved after 1 h with complete DMEM medium and cells were analysed 

after 24 h using MTT reagent. Absorbance was measured spectrophotometrically using 

multiplate reader at 570 nm. 

4.6.2.4.2 Flow cytometric analysis 

For the apoptosis analysis, after administration of 100 µM cyclo(Val-Pro) (1) and cyclo(Leu-

Hydroxy-Pro) (9) NRK 52E cells were stimulated with 3 µM antimycin A for 60 min. Then 

cells were trypsinized with 0.25% trypsin post recovery phase of 24 h. Cells were then 

resuspended in PBS after centrifugation and stained with Annexin V-FITC and propidium 

iodide. Finally, the percentage of apoptotic cells was analysed by flow cytometry 

4.6.2.4.3 Western blot 

NRK 52E were cultivated in T-25 flask containing complete DMEM media. After 24 h of 

incubation, cells were treated with 100 µM of cyclo(Val-Pro) (1) and cyclo(Leu-Hydroxy-Pro) 

(9) for 1 h, followed by stimulation with 3 µM antimycin A for 1 h. After 24 hours of 

incubation, protein was isolated using RIPA buffer and quantified with BCA kit. 30 μg of 

quantified protein was loaded into each well for separation of proteins, followed by transfer to 

PVDF membrane. Subsequently membrane was incubated overnight with primary antibodies 

for β-actin, Bax and BCL2. Following day, the membrane was kept in respective secondary 

antibodies and detection was done after extensive washing. Protein expression was normalised 

with β-actin (Weirenga et al. 2019). 
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4.6.3 Unilateral ureter obstruction model 

The whole study was carried out as per the IAEC approved protocol. C57BL/6 male mice (6-8 

weeks) weighing around 20-25g were selected for performing Unilateral Ureter Obstruction 

(UUO). Animals were divided into four different groups namely normal control, disease 

control, standard (Bay) group and sample group [cyclo (Val-Pro) (1)] while the compound, 

cyclo (Val-Pro) (1) was administered at a dose of 50 mg/kg body weight while ‘bay’ was 

administered at 5 mg/kg dose via oral route one hour prior to the ligation and treatment was 

continued on alternate days for 10 days. Thereafter, the animals were anaesthetized using 

isoflurane. Midline abdominal incision was made to ligate left ureter with silk thread (as shown 

in Figure 4.1), followed by closure of the wound. Animals were kept under keen observation 

and animals were sacrificed after tenth day of surgery. Kidney tissues were harvested for 

studying the impact of treatment on chronic renal injury (Xing et al. 2019). 

                                                      

Figure 4.1: Unilateral ligation of left ureter in unilateral ureteral obstruction model. (Arrow 

indicates the ligated left ureter) 

4.6.3.1 Western blot analysis 

Tissue was homogenised in RIPA buffer for the isolation of protein from renal tissue. The 

isolated protein was quantified using BCA kit or bicinchoninic acid kit (Smith et al. 1985). 

Protein concentration was determined from standard curve. Protein was first separated based 

on their molecular weights by loading 30 μg of quantified protein into each well of SDS page 

(Composition of stacking gel, resolving gel is given in Table 4.6). Followed by electro transfer 

of separated proteins to PVDF membrane at 4 °C. Subsequently, membrane was blocked to 

prevent binding of non-specific proteins using 5% BSA in TBST for one hour and then 

membrane was incubated with primary antibody for fibrotic markers (α-SMA, TGF-β, 

collagen-1) and β-actin at 4 °C overnight. The next day, extensive washings were given to the 

membrane using TBST and then horseradish peroxidase conjugated secondary antibodies was 
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added. After 1 h of incubation, membrane was washed thoroughly with TBST and then blot 

was developed using enhanced chemiluminescence detection reagent. The image acquired 

from system was quantified with Image J software. Normalization of protein expression was 

done with respect to β-actin expression (Pat et al. 2005, Skibba et al. 2017).  

Table 4.6: Composition of stacking gel and resolving gel for protein separation 

12% Resolving gel Stacking gel 

H2O 3.2 mL H2O 2.975 mL 

Acrylamide/Bis-acrylamide 

(30%/0.8% w/v) 

4 mL Acrylamide/Bis-acrylamide 

(30%/0.8% w/v) 

0.67 mL 

1.5M Tris(pH=8.8) 2.6 mL 0.5 M Tris-HCl, pH 6.8 1.25 mL 

10% (w/v) SDS 100 µL 10% (w/v) SDS 50 µL 

10% (w/v) ammonium 

persulfate 

100 µL 10% (w/v) ammonium 

persulfate 

50 µL 

TEMED 10 µL TEMED 5 µL 

 

4.6.3.2 Assessment of renal fibrosis using picro-sirius red staining 

Renal tissues were processed to make paraffin blocks. The blocks were sliced to get 5 μm 

sections using microtome. Sections were dewaxed and rehydrated, followed by staining with 

hematoxylin and then, counter stained with picro-sirius red for one hour. Again, sections were 

dehydrated, cleared in xylene and fixed in mountant media. Images were taken using brightfield 

microscope. Fibrosis was quantified using Image J software (Chevalier et al. 2009, Qian et al. 

2016). 

4.6.3.3 In vitro mechanistic studies on cyclo (Val-Pro) (1) 

On perceiving the positive role of cyclo(Val-Pro) (1) in fibrotic model, compound was further 

subjected to TGF-β induced in vitro fibrotic model in NRK 49F cell lines at different doses of 

300, 100, 30, 10 and 3 µM. Breifly,  around 10,000 NRK 49F kidney fibroblasts were seeded 

in 96 well plate. Cells were pre-treated with different concentrations of the compound, followed 

by TGF-β (10 ng/mL) stimulation for 48 h. Thereafter, 50 µL of XTT reagent was added into 

each well for 5 h and absorbance was recorded at 450 nm. 
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4.7 Statistical Analysis 

All values presented in the results were expressed as mean ± SEM. Comparison between the 

groups was done using one-way ANOVA followed by Dunnett's multiple comparisons with 

Graph pad prism 8.0 statistical software and P < 0.05 was considered as significant. 

 



 

Chapter 5 

Results and Discussions 
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5.1 Pseudomonas strain as potential source of pro-inflammatory cytokines inhibitor 

The fluorescing bacterial strain used for the study was earlier identified as Pseudomonas species 

by comparison of 16S rDNA sequence and registered as ABS-36 strain (GenBank Accession 

No. KT625586) (Khan et al. 2015). This bacterium was cultivated in bulk using King’s B broth 

and the culture broth was extracted with EtOAc. The lyophilised culture broth extract (PCBE) 

was subsequently tested for its pro-inflammatory cytokine inhibitory potential in LPS-induced 

in vitro inflammatory assays. 

5.1.1 Cell viability assay of PCBE 

MTT assay was carried out in LPS stimulated RAW 264.7 cells at various concentrations (500, 

250, 100, 50, 25, 12.5 µg/mL) in order to determine whether the effect of PCBE is due to its 

cytotoxic nature or anti-inflammatory activity. PCBE at 500 μg/mL showed 62.70 % cell 

viability with IC50 value of 1867.25 μg/mL (Figure 5.1.1) (Table 5.1). Based on the 50% 

inhibitory concentration found under the cell viability study and pro-inflammatory cytokine 

inhibitory assay, it can be inferred that the effect of PCBE is due to the anti-inflammatory 

potential. 

 

Figure 5.1.1. Cell Viability effect of PCBE on stimulated RAW 264.7 cells. Figure shows the cell 

viability of RAW 264.7 cells treated with the varied concentration of PCBE, followed by LPS 

stimulation for 24 h. The values are presented as mean ± SEM from triplicate. 

5.1.2 Inhibitory effect of PCBE on LPS and calcium oxalate induced IL-1β release 

As per the experimental protocol, RAW 264.7 mouse macrophages were treated with PCBE at 

predetermined concentrations (based on cytotoxicity study) i.e. 500, 250, 100, 50, 25, 12.5 

µg/mL for one hour prior to LPS and calcium oxalate induction. PCBE exhibited IC50 value of 
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95.49 µg/mL and reduced the IL-1β levels by 63.76% at 500 μg/mL concentration. Even at low 

concentration of 12.5 µg/mL, PCBE reduced the IL-1β levels by 32.81% (Figure 5.1.2). 

  

Figure 5.1.2. IL-1β inhibitory effect of PCBE on LPS and calcium oxalate crystal induced RAW 

264.7 cells. Cells were treated with the indicated concentrations of PCBE for 1 h and then incubated 

with LPS (1 μg/mL) and calcium oxalate (250 µg/mL) for 24 h. Supernatant collected after incubation 

was used for estimating IL-1β levels using ELISA. The values are presented as mean ± SEM from 

triplicate. ####P < 0.0001 vs. Normal control, ****P < 0.0001 vs. LPS and calcium oxalate control, ***P 

< 0.001 vs. LPS calcium oxalate control, **P < 0.01 vs. LPS calcium oxalate control, *P < 0.05 vs. LPS 

calcium oxalate control. 

5.1.3 Effect of PCBE on LPS-stimulated TNF-α and IL-6 levels using ELISA assays 

Mouse macrophages were treated with different concentrations of PCBE for one hour prior to 

LPS induction as per the experimental protocol. PCBE was found to be significantly active 

against IL-6 and TNF-α demonstrating IC50 values of 73.66 µg/mL and 95.49 µg/mL, 

respectively. PCBE inhibited IL-6 secretion by 94.15% and TNF-α by 88.67% at 500 μg/mL 

concentration (Figure 5.1.3). Thus, in vitro ELISA assays revealed the significant pro-

inflammatory cytokine inhibitory potential of PCBE i.e. the culture broth extract of 

Pseudomonas sp. ABS 36 strain. 
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Figure 5.1.3. In vitro TNF-α and IL-6 inhibitory effect of different concentrations of PCBE on LPS 

induced RAW 264.7 cells. Cells were treated with the indicated concentrations of PCBE for 1 h and 

then incubated with LPS (1 μg/mL) for 24 h. Supernatant collected after incubation was used for 

estimating TNF-α and IL-6 levels using ELISA. The values are presented as mean ± SEM from triplicate. 
####P < 0.0001 vs. Normal control, ****P < 0.0001 vs. LPS control, ***P < 0.001 vs. LPS control. 

5.1.4 Inhibition of nitric oxide (NO) production  

Upregulated pro-inflammatory cytokines promote the induction of NADPH oxidase, COX-1, 

COX-2, 2- and 5- lipoxygenase and iNOS, thereby increasing the oxygen consumption and 

generating reactive oxygen species which subsequently cause various degenerative disorders. 

Nitric oxide (NO) plays a cardinal role in normal physiological processes like vasodilation and 

neurotransmission but elevated levels of NO could lead to deleterious effects such as 

cardiovascular complications, asthma, etc. Therefore, measurement of NO levels was planned 

in in vitro studies using Griess reagent. 

PCBE showed 53.47% decline in NO levels at 500 μg/mL concentration with IC50 value of 

350.05 μg/mL. Even at lowest concentration of 12.5 µg/mL, 30.89% inhibition was observed 

(Figure 5.1.4). These results supported the pro-inflammatory cytokine inhibitory potential of 

PCBE.  

Table 5.1. presents the comprehensive results of in vitro determinations carried out to 

understand the pro-inflammatory cytokine inhibition effect of PCBE. Ascertaining the 

significant pro-inflammatory inhibition effect of PCBE, it was realised to be worthy to carry 

out the chemical investigation to isolate and identify the individual chemical compounds 

responsible for the activity and thereby develop some anti-inflammatory drug lead molecules. 
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Figure 5.1.4. Inhibition effect of PCBE on LPS induced NO production in RAW 264.7 cells. Cells 

were treated with the predetermined concentration of PCBE for 1 h and then incubated with LPS (1 

μg/mL) for 24 h. Collected supernatant was assessed for NO levels using Griess method. The values are 

presented as mean ± SEM from triplicate. ####P < 0.0001 vs. Normal control, ****P < 0.0001 vs. LPS 

control, *** P < 0.001 vs. LPS control. 

Table 5.1: Percentage inhibition of pro-inflammatory cytokines (IL-1β, TNF-α and IL-6), NO 

and cell viability exhibited by PCBE 

Concentration of PCBE 

(μg/mL) 

Percentage Inhibition % Cell viability 

TNF-α IL-6 IL-1β NO 

500 88.67±5.32 94.15±4.09 63.76±4.63 53.47±5.02 62.70±6.33 

250 70.79±5.38 84.67±1.39 58.26±5.02 47.81±3.27 70.92±6.09 

100 63.47±3.02 56.02±5.63 54.17±4.99 41.17±3.92 75.27±5.38 

50 34.11±3.21 34.17±2.35 45.11±5.53 37.02±4.82 82.11±3.72 

25 15.23±0.27 26.40±1.64 32.81±5.97 34.69±4.97 88.52±1.04 

12.5 4.13±2.19 9.34±2.95 ND 30.89±6.77 99.8±3.04 

IC 50 (μg/mL) 95.49 73.66 132.09 350.05 1867.25 

ND: Not Detectable 

5.2 Isolation and characterisation of secondary metabolites of Pseudomonas strain 

The bioactive PCBE on repeated chromatographic purification using solvents of increasing 

polarity yielded twenty compounds (1 – 20). The isolation procedure of these compounds is 

outlined in scheme 1. 
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5.3 Characterisation of isolated compounds 

The structure characterisation of all the isolated compounds were carried out mainly based on 

proton and carbon NMR analysis. The spectral data of the major compounds i.e. obtained in 

more than 10 mg (compounds 1, 2 and 9-12) were selected first for the structure elucidation 

and the same is discussed in sequel. 

5.3.1. Characterisation of compound 12 

Compound 12 was obtained as white amorphous powder showing melting point of 178-180 ˚C. 

The purity of the isolated product was assessed through TLC study using different mobile phase 

systems (CHCl3: MeOH 8:2, Rf 0.55 and Hexane:EtOAc 9:1, Rf 0.45). Single spot was observed 

when the plates were sprayed with 10% methanolic sulphuric acid and heated at 110 °C for 10 

min. The compound was found to be soluble in MeOH, CHCl3 and EtOAc. It was found to be 

insoluble in hexane and sparingly soluble in water.  

The IR spectrum of compound 12 showed absorption bands at 1678, 1648 (CO str), 1458 (NH-

in plane vibration), 1296 (cis-CONH) cm-1 due to cis-amide I band, amide II band and amide 

III band, respectively (Figure 5.3.1.1). Also absorption bands at 1414 (NH-bending), 1340 (C-

N str) and broad band around 3568 - 3114 (N-H str) cm-1 confirmed the presence of cis-amide 

groups. All these functionalities were found to be characteristic of diketopiperazines or cyclic 

peptides.  

Compound 12 showed [M+H]+ peak at m/z 155 under ESI-MS analysis (Figure 5.3.1.2). The 

13C NMR (75 MHz; CD3OD) spectrum of compound 12 showed seven distinct carbon signals 

due to two amide carbonyl groups (CONH, δC 166.5 and 172.0 ppm), four methylene groups 

(δC 47.0, 46.3, 29.4 and 23.3 ppm) and one deshielded methine group (δC 59.9 ppm) confirming 

the presence of diketopiperazine with three extended carbon chain in cyclic form (Figure 

5.3.1.3). In the 300 MHz 1H NMR spectrum broad methylene multiplets between δH 1.85 – 4.10 

ppm integrating for eight protons were observed along with a broad triplet at 4.23 ppm 

integrating for one proton, which strongly confirmed the diketopiperazine derivative as a 

proline and glycine based cyclic dipeptide (Figure 5.3.1.4). Further, by correlating the data 

congregated from MS, 13C NMR and 1H NMR analysis, compound 12 was identified as cyclo 

(Gly-Pro) having MF C7H10N2O2. The recorded carbon and proton NMR data were found to be 

in good agreement with that of the reported NMR data of cyclo(Gly-L-Pro) (Campbell et al. 

2009, Selvakumar et al. 2009), through which the stereochemistry of chiral centre at C-6 was 

also identified as S. Further the compound showed [α]D of -117.7 (c 1.55, MeOH) [reported -
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179.58 (c = 8.31mg/mL; EtOH)] and hence was confirmed as cyclo(Gly-L-Pro). The chemical 

structure of compound 12 was unambiguously identified as 12 as shown below. 
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5.3.2. Characterisation of compound 11 

Compound 11 was obtained as white amorphous powder showing single spot under TLC study 

when the plates were developed under different solvent systems followed by spraying the plates 

with 10% methanolic sulphuric acid. This compound was found to be insoluble in hexane, 

sparingly soluble in water and freely soluble in MeOH, EtOAc and CHCl3. Interpretation of the 

carbon NMR spectrum (75 MHz; CDCl3) revealed the presence of eight carbon signals 

constituting two amide carbonyl groups (CONH, δC 166.4 and 170.5 ppm), three methylene 

groups (δC 45.4, 28.1 and 22.7 ppm), two methine groups (δC 51.1 and 59.2 ppm) and one 

methyl group (δC 15.9 ppm). On comparing the carbon NMR spectrum of compound 11 (Figure 

5.3.2.1) with that of compound 12 (Figure 5.3.1.3), it was identified as a proline based cyclic 

dipeptide. However, the presence of an additional methyl carbon signal at 15.9 ppm and 

variation in the chemical shift value of C-3 signal (51.1 ppm) suggested the cyclic dipeptide as 

cyclo(Ala-Pro). This determination gained further evidence from the 1H NMR spectrum (Figure 

5.3.2.2) measured using CDCl3, which showed a clear three proton doublet at 1.48 ppm due to 

methyl substituent, six methylene proton multiplets ranging between 4.18 – 1.73 ppm 

overlapping the methine proton signal and a broad singlet for N-H proton at 6.94 ppm.   Finally, 

compound 11 was identified as cis-cyclo(Ala-Pro) by comparing the measured NMR data with 

the reported values (Stark et al. 2005, Campbell et al. 2009). The chemical structure of 

compound 11 was unequivocally assigned as 11 as shown below. 
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5.3.3. Characterisation of compound 1 

Compound 1 was obtained as colourless amorphous solid showing melting point of 170-172 

˚C. The singularity of the compound was assessed through TLC studies using different mobile 

phase systems (CHCl3:acetone; 2:1; Rf 0.45 and CHCl3:MeOH; 20:1; Rf 0.3) and spraying the 

plate with 10% methanolic sulphuric acid followed by heating the plate at 110 ˚C for 10 min. 

While the compound was found to be freely soluble in CHCl3 and MeOH, it was insoluble in 

hexane and sparingly soluble in water. 

Compound 1 exhibited [M+H]+ ion peak at m/z 197 under ESI-MS (Figure 5.3.3.1) analysis 

which indicated the mass as 196 daltons with the molecular C10H16N2O2 identified from the 

congregated spectral data. The IR spectrum (Figure 5.3.3.2) showed the functionalities 

characteristic of cyclic peptides [3215, 2963, 1673, 1450, 1428, 1299, 1180 cm-1). The 100 

MHz 13C NMR (Figure 5.3.3.3) and DEPT (Figure 5.3.3.4) spectra of compound 1 measured 

by dissolving in CDCl3 revealed ten distinct carbon signals, which constituted two amide 

carbonyl carbons (CONH, δC 165.0 and 170.0 ppm), three methylene carbons (δC 45.2, 28.4 and 

22.4 ppm), two deshielded methine carbons (δC 60.4 and 58.8 ppm) and three carbons of 

isopropyl group (28.5, 19.3 and 16.1 ppm). Comparison of the carbon NMR spectra of 

compounds 12, 11 and 1 helped us in deducing compound 1 as a proline based cyclic dipeptide 

having isopropyl substitution at C-3. The presence of N-H proton as broad singlet at 6.03 ppm 

in the 400 MHz 1H NMR spectrum (Figure 5.3.3.5) was further confirmed through D2O shift 

(Figure 5.3.3.6). The broad methylene multiplets (3.70-3.53, 2.41-2.36 and 2.10-1.89 ppm), one 

proton integrated broad triplet at 4.10 ppm alongwith two methyl doublets integrating for three 

protons each (1.09 and 0.93 ppm) and a methine multiplet (2.67-2.63, 1H) signal found in the 

NMR spectrum of compound 1 confirmed it as cyclo(Val-Pro). The relative and absolute 

stereochemistry of the compound was established as cyclo(L-Val-L-Pro) by comparing the 

NMR data with those of the cis- and trans-isomers and based on the specific rotation, []D
25 -

133 (c, 0.11, ethanol) (lit. -149 (c, 1.09, ethanol) (Campbell et al. 2009). Further, compound 1 

was assigned as cis-cyclo(L-Val-L-Pro) by comparing the measured NMR data with the 

reported values (Furtado et al. 2005). Finally, the chemical structure of compound 1 was 

explicitly identified as 1 as shown below. 
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5.3.4. Characterisation of compound 2 

Compound 2 was obtained as white amorphous powder, showing melting point of 163-165°C. 

After verifying the purity by TLC, the compound was subjected for 1H and 13C NMR analysis 

by dissolving in CDCl3. Comparison of the measured carbon (Figure 5.3.4.1) and proton (Figure 

5.3.4.2) NMR spectra with that of compound 1 (Figure 5.3.3.5 and Figure 5.3.3.3) revealed the 

similarity and lead to the identification of this compound too as a proline based cyclic dipeptide. 

However, some dissimilarity was observed in the carbon NMR spectrum of compound 2 (11 

signals) due to the existence of peaks (δC 38.4, 24.5, 23.2 and 21.2 ppm) of isobutyl group 

[(CH3)2-CH-CH2-] instead of isopropyl group [(CH3)2-CH-; δC 28.4, 19.1 and 16.0 ppm) as seen 

in compound 1. This observation further gained support from the proton NMR spectrum (Figure 

5.3.4.2) which confirmed the substituent as isobutyl group [(2.19-1.75 (5H, m, H-7b, H-8, H-

10a, H-11), 1.54 (1H, ddd, J=14.3, 9.0, 5.1 Hz, H-10b), 1.00 (3H, d, J=6.6 Hz, H-12), 0.95 (d, 

J=6.3 Hz, H-13) ppm] in compound 2. Thus compound 2 was identified as cis-cyclo(Leu-Pro) 

(2) by comparison of the measured proton and carbon NMR data with that of the reported data 

(Campbell et al. 2009). 
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5.3.5. Characterisation of compound 9 

Compound 9 was isolated as white needle shaped crystals showing melting point of 178-179 

˚C. The purity was verified through TLC studies. The 75 MHz 13C NMR spectrum of compound 

9 (Figure 5.3.5.1) measured by dissolving in CD3OD was found to display eleven signals which 

constituted two amide carbonyls (δC 171.6 and 167.6), three methylene carbons (δC 53.8, 38.0 

and 36.8 ppm), four methine carbons (δC 67.7, 57.3, 53.2 and 24.4 ppm) along with two methyl 

carbons (δC 22.0 and 20.9 ppm) suggesting this compound also as a cyclic dipeptide derivative. 

The 300 MHz 1H NMR spectrum (Figure 5.3.5.2) displayed the presence of signals due to 

protons of isobutyl group [1.94-1.85 (2H, m), 1.53-1.48 (1H, m), 0.95 (3H, d, J=6.3 Hz), 0.95 

(3H, d, J=6.3 Hz)] similar to compound 2. A careful interpretation of the spectrum revealed a 

difference in the signals due to methylene protons of proline part i.e. presence of a substitution 

at Pro-γ. The substituent was identified as a hydroxyl group from the IR spectrum which showed 

abroad absorption band at 3450 cm-1 (O-H str) (Figure 5.3.5.3). Compound 9 was finally 

identified as cis-Cyclo(Leu-hydroxy-Pro) (9) as drawn below. The stereochemistry was 

assigned by comparison of []D
25 [-135.2 (c, 0.71, MeOH)], 13C and 1H NMR data of reported 

compound (Furtado et al. 2005, De Hai et al. 2005). 
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5.3.6. Characterisation of compound 10 

Compound 10 was obtained as white amorphous solid and its homogenous nature was accessed 

through TLC studies. Based on the 1H and 13C NMR spectral data, compound 10 was readily 

identified as a proline-based cyclic dipeptide. Interpretation of the proton NMR spectrum 

(Figure 5.3.6.1) disclosed the presence of a substituent at C-3 of diketopiperazine nucleus. The 

substituent was identified as p-hydroxy benzyl ring from the peaks which appeared at δH 7.52 

(1H, br s), 7.05 (2H, d, J= 8.3 Hz) and 6.78 (2H, d, J=8.3 Hz) ppm. The benzylic proton signals 

were found at δH 3.43 (dd, J=14.4, 3.6 Hz) and 2.80 (dd, J=9.5, 4.8 Hz). Thus, the proton NMR 

data suggested, compound 10 to be built with proline and tyrosine. Further confirmation of this 

assumption was attained from the 13C NMR (Figure 5.3.6.2) spectrum which showed twelve 

signals including aromatic carbon signals [169.7 (C=O), 165.2 (C=O), 155.7 (Ar-C-), 130.3(2 

x Ar-CH-), 126.6 (Ar-C-), 116.0 (2 x Ar-CH-), 59.1 (OC-CH-N-), 56.3 (OC-CH-NH-), 45.4 (–

CH2-N-), 35.9 (Ar-CH2-), 28.3 (-CH2-), 22.4 (-CH2-) ppm]. Finally, based on the good 

agreement between the measured NMR data of compound 10 and reported NMR data of cis-

cyclo(Pro-Tyr), the structure of compound 10 was elucidated and it is shown below.  
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5.3.7. Characterisation of compounds 3-8  

Based on the careful interpretation of measured 1H and 13C NMR spectra of compounds 3-8, 

they were identified as cyclic dipeptides. The identity of the compounds was established based 

on the comparison of measured NMR data with that of reported data. Compounds 3-8 were 

characterised as cyclo(Val-Leu) (3) (Li et al. 2006), cyclo(Phe-Pro) (4) (Stark et al. 2005), 

cyclo(Val-Phe) (5) (Tullberg et al. 2006), cyclo(Ile-Phe) (6) (Laville et al. 2015), cyclo(Leu-

Ile) (7) (Laville et al. 2015) and cyclo(Leu-Leu) (8) (Ostermeier et al. 2009). The NMR data of 

compound 4 was not consistent with that of cis-cyclo(Phe-Pro), but in good agreement with that 

of trans-cyclo(Phe-Pro). Compound 4 was determined to be cyclo(L-Phe-D-Pro) based on the 

specific rotation, []D
25 69.3 (c, 0.75, ethanol) (lit. 67 (methanol) for cyclo(L-Phe-D-Pro) (Wang 

et al. 2010) and (lit. -79 (c, 0.94, ethanol) for cyclo(D-Phe-L-Pro))  (Campbell et al. 2009). 

Figure 5.3.7.1 to Figure 5.3.7.12 presents the 1H and 13C NMR spectra of compounds 3-8. The 

pragmatic δC and δH values are depicted around the structures and presented in Figure 5.3.7.13. 
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Figure 5.3.7.13a The chemical shift (δC and δH) values of compounds 3-5 
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Figure 5.3.7.13b The chemical shift (δC and δH) values of compounds 6-8 

5.3.8. Characterisation of compounds 13-20 

Interpretation of proton and carbon NMR spectra of compounds 13-20 revealed them as cyclic 

dipeptides. The identity of the compounds was established based on the comparison of 

measured NMR data with that of the reported data. Compounds 13-20 were characterised as 

cyclo(Gly-Phe) (13) (De-Hai et al. 2005, Coursindel et al. 2010), cyclo(Ala-Phe) (14) (Stark et 

al. 2005, De-Hai et al. 2005), cyclo(Ala-Ile) (15) (Stark et al. 2005, De-Hai et al. 2005), 

cyclo(Gly-Tyr)(16) (Chen et al. 2018), cyclo(Ala-Tyr) (17) (Stark et al. 2005), cyclo(Val-Tyr) 
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(18) (Stark et al. 2005), cyclo(Leu-Tyr) (19) (Tullberg et al. 2006) and cyclo(Ala-Ala) (20) 

(Xu-Tao et al. 2009). Figure 5.3.8.1 to Figure 5.3.8.15 presents the 1H and 13C NMR spectra of 

compounds 13-20. The pragmatic δC and δH values depicted around the structures of compounds 

13-20 are presented in Figure 5.3.8.16a and Figure 5.3.8.16b. Compounds 14-15 and 17-20 

were assigned as cis-cyclic dipeptides by comparing their NMR data with that of the reported 

data and assumed to be common natural L, L-forms. 
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Figure 5.3.8.16a The chemical shift (δC and δH) values of compounds 13-16 
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Figure 5.3.8.16b The chemical shift (δC and δH) values of compounds 17-20 

Several reports describe the isolation of cyclic dipeptides from natural sources particularly those 

of microbial origin are found in the literature.  Studies by Wei et al., and his group reported the 

isolation of cyclo(Val-Pro), cyclo(Gly-Phe), cyclo(Phe-Tyr), cyclo(Leu-Tyr) and cyclo(Val-

Leu) from Streptomyces kunmingensis, showing cytotoxicity against MCF-7 cancer cell line 
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(Wei et al. 2017). Actinomycetes and Pencillium oxalicum HSY-P-17 species had been reported 

as good sources for cyclic dipeptides (Liu et al. 2007). Pseudomonas aurantiaca derived 

cyclo(Pro-Tyr), cyclo(Val-Pro) and cyclo(Pro-Met) exhibited antifungal properties (Mehnaz et 

al. 2013). Cyclo(Val-Pro) obtained from Asperigillus oryzae (Shaaban et al. 2014) and 

Nigrospora species demonstrated cytotoxic action on HCT-116 cell lines (Chen et al. 2012). 

Furthermore, cyclic dipeptides extracted from Bacillus cereus exhibited antifungal activities 

(Xu et al. 2011). Actinomycetes 11014-originated cyclic dipeptides were found to possess 

antitumor properties (De-Hai et al. 2005) while cyclo(Val-Pro), cyclo (Leu-Pro) and cyclo(Phe-

Pro) from Streptomyces demonstrated antineoplastic activity (Pettit et al. 2006). In addition, 

literature reports of secretions of cyclo(Val-Pro) and cyclo(Pro-Tyr) from Pseudomonas 

fluorescens (Guo et al. 2007), Halobacillus litoralis (Yang et al. 2002) and sponge Tedania 

anhelans (Parameswaran et al. 1997) substantiate the emerging interest on these compounds to 

develop as lead molecules. Nalli et al. described anti-inflammatory potential of isolated cyclic 

dipeptides cyclo(L-Pro-L-Val), cyclo(L-lle-D-Pro), cyclo(L-Leu-L-Pro), cyclo(D-Pro-L-Phe) 

from Streptomyces sp. (Nalli et al. 2017). Cyclo (L-Pro-L-Tyr), cyclo(L-Pro-L-Phe) and 

cyclo(L-Pro-L-Val) from Pseudomonas aeruginosa PAO1 showed anti-proliferative capacity 

by preventing phosphorylation of AKT and S6k kinases (Hernandez et al. 2017). Also, cyclo 

(L-Pro-D-Val) and cyclo (L-Pro-L-Tyr) isolated from Bacillus sp. HC001 and cyclo (L-Pro-D-

Leu) derived from Piscicoccus sp. 12L081 effectively ameliorated LPS induced expression of 

HMGB-1 in sepsis (Lee et al. 2016). 

Through the present study, Pseudomonas sp. (ABS-36) have been identified as a new source 

for seventeen cyclic dipeptides which include cyclo(Val-Pro) (1), cyclo(Val-Leu) (3), 

cyclo(Val-Phe) (5), cyclo(Leu-Leu) (8), cyclo(Pro-Tyr) (10), cyclo(Ala-Pro) (11), cyclo(Gly-

Phe) (13), cyclo(Ala-Phe) (14), cyclo(Ala-Ile) (15), cyclo(Gly-Tyr) (16), cyclo(Ala-Tyr) (17), 

cyclo(Val-Tyr) (18), cyclo(Leu-Tyr) (19) and cyclo(Ala-Ala) (20). Proline based cyclic 

dipeptides were found to be major peptides secreted by Pseudomonas sp. They were further 

evaluated for in vitro and in vivo anti-inflammatory evaluations. 

5.4 Cyclic dipeptides as potential pro-inflammatory cytokine inhibitors 

The six proline based cyclic dipeptides, cyclo(Val-Pro) (1), cyclo(Leu-Pro) (2), cyclo(Leu-

hydroxy-Pro) (9), cyclo(Pro-Tyr) (10), cyclo(Ala-Pro) (11), cyclo(Gly-Pro) (12) were first 

evaluated for their cytotoxicity in the LPS stimulated environment followed by the 

determination of their anti-inflammatory potential using supernatant from the same LPS 
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induced RAW 264.7 cell lines. Mouse macrophages were treated with different concentrations 

of the compounds i.e. 3 μM, 10 μM, 30 μM and 100 μM. 

5.4.1 Cell viability evaluation of isolated compounds in stimulated cells 

Cell viability of cyclic dipeptides 1, 2, 9-12 was tested on LPS-stimulated RAW 264.7 mouse 

macrophages using rapid colorimetric MTT assay in order to confirm the anti-inflammatory 

nature of the compounds. Cells were treated with different concentration of compounds ranging 

from 3 μM to 100 μM as per the experimental design. Results of ELISA study and MTT assay 

revealed cyclic dipeptides to be non-cytotoxic in LPS-stimulated RAW 264.7 cell lines with 

IC50 values ranging from 270-450 μM. Figure 5.4.1 presents the detailed result of % cell 

viability effect of tested compounds. 

 

Figure 5.4.1: Effect of cyclic dipeptides on cell viability of LPS-stimulated RAW cells. Figure 

shows the effect of treatment of cells with the varied concentration (3, 10, 30, 100 μM) of cyclic 

dipeptides 1, 2, 9-12, followed by LPS stimulation for 24 h through MTT assay. The values are presented 

as mean ± SEM from triplicate 

5.4.2 In vitro IL-1β inhibitory effect of cyclic dipeptides in LPS and calcium oxalate 

induced model 

The supernatant collected from the treated cells was subjected to IL-1β ELISA estimations and 

the results were found to be significant with IC50 values ranging from 44 to 62 μM (Table 5.3.1).  

At 100 μM concentration, cyclo(Ala-Pro) (11), cyclo(Pro-Tyr) (10) and cyclo(Gly-Pro) (12) 

attenuated IL-1β level by 69.65%, 69.45% and 67.77%, respectively. Nevertheless, compounds 

cyclo(Val-Pro) (1), cyclo(Leu-hydroxy-Pro) (9) and cyclo(Leu-Pro) (2) caused downregulation 

of IL-1β by 66.12%, 63.28% and 61.42%, respectively at the same concentration (Figure 5.4.2) 

(Table 5.4.1). Prednisolone, corticosteroid prescribed for the treatment of a wide range of 
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inflammatory and autoimmune diseases, was used as a reference standard at 10 μM dose, which 

showed 60.70% inhibition of IL-1β (Table 5.4.1). 

 

 

Figure 5.4.2 Inhibitory effect of compounds 1, 2, 9-12 on LPS and oxalate-crystal induced IL-1β 

in RAW 264.7 cells. Cells were treated with the indicated concentrations of cyclic dipeptides for 1 h 

and then incubated with LPS (1 μg/mL) and calcium oxalate crystals (250 µg/mL) for 24 h. Supernatant 

collected after incubation was used for estimating IL-1β levels using ELISA kit. The values are 

presented as mean ± SEM from triplicate. ####P < 0.0001 vs. Normal control, ****P < 0.0001 vs. LPS 

and calcium oxalate control, ***P < 0.001 vs. LPS calcium oxalate control, **P < 0.01 vs. LPS and 

calcium oxalate control. 

5.4.3 Effect of cyclic dipeptides on LPS-induced TNF-α and IL-6 levels using ELISA 

studies 

Mouse macrophages were treated with different concentrations of the cyclic dipeptides 1, 2, 9-

12 as per the experimental protocol. ELISA assay was carried out on the collected supernatant 

to estimate the TNF-α and IL-6 production. Cyclic dipeptides revealed promising results in 

attenuating pro-inflammatory cytokines. At 100 μM concentration, cyclo(Val-Pro) (1), 

cyclo(Gly-Pro) (12) and cyclo(Ala-Pro) (11) exhibited 47.85%, 44.33% and 43.10% reduction 

in TNF-α levels, respectively. Other compounds, cyclo(Leu-Pro) (2), cyclo(Leu-hydroxy-Pro) 

(9) and cyclo(Pro-Tyr) (10) reduced TNF-α levels by 37.68%, 35.96% and 35.90%, respectively 

at 100 μM concentration (Figure 5.4.3.1) (Table 5.4.1). The reference drug prednisolone 

showed 43.71% downregulation in TNF-α levels at 10 μM concentration. The IC50 values of 

tested compounds are presented in Table 5.4.2. 
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Figure 5.4.3.1: TNF-α inhibitory effect of cyclic dipeptides 1, 2, 9-12 on LPS induced RAW 264.7 

cells. The cells were treated with the indicated concentrations of cyclic dipeptides 1, 2, 9-12 for 1 h and 

then incubated with LPS (1 μg/mL) for 24 h. Collected supernatant was used for determining TNF-α 

levels using ELISA kit. The values are presented as mean ± SEM from triplicate. ####P < 0.0001 vs. 

Normal control, ****P < 0.0001 vs. LPS control, **P < 0.01 vs. LPS control. 

Cyclic dipeptides significantly abrogated IL-6 levels with IC50 values ranging from 40-105 μM 

(Table 5.4.1). Cyclo(Val-Pro) (1) exhibited IC50 of 40.2 μM and 62.04% reduction in IL-6 levels 

at 100 μM concentration. On the other hand, prednisolone reduced IL-6 by 57.47% at 10 μM. 

Cyclo(Leu-Pro) (2), cyclo(Leu-hydroxy-Pro) (9), cyclo(Pro-Tyr) (10), cyclo(Ala-Pro) (11) and 

cyclo(Gly-Pro) (12) decreased IL-6 levels by 61.20%, 56.84%, 66.89%, 50.97% and 53.44%, 

respectively at 100 μM concentration (Figure 5.4.3.2) (Table 5.4.1).  
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Figure 5.4.3.2: Effect of cyclic dipeptides 1, 2, 9-12 on LPS induced IL-6 levels in mouse 

macrophages using ELISA estimations. Cells were treated with the indicated concentrations 3, 10, 30 

and 100 μM of cyclic dipeptides 1, 2, 9-12 for 1 h and then primed with LPS (1 μg/mL) for 24 h. 

Collected supernatant was used for estimating IL-6 levels using ELISA kit. The values are presented as 

mean ± SEM from triplicate. ####P < 0.0001 vs. Normal control, ****P < 0.0001 vs. LPS control, ***P 

< 0.001 vs. LPS control. 

In vitro assays were designed to test the efficacy of the isolated compounds in attenuating pro-

inflammatory cytokine levels. LPS used in the assays exerts inflammatory action by binding to 

TLR4 receptor. Cyclic dipeptides showed significant alleviation of the LPS-induced cytokine 

levels at 10, 30 and 100 μM concentrations and the effect was comparable to that of standard 

prednisolone tested at 10 μM concentration. Prednisolone inhibited IL-1β, TNF-α and IL-6 

levels by 60.70%, 43.71% and 57.47%, respectively. Thus, treatment with cyclic dipeptides 

elicited protective anti-inflammatory effect by suppressing pro-inflammatory cytokines IL-1β, 

TNF-α and IL-6.  

5.4.4 Evaluation of inhibitory effect of cyclic dipeptides 1, 2, 9-12 on LPS-induced nitric 

oxide (NO) production  

Cyclic dipeptides significantly lowered LPS-induced NO levels in RAW 264.7 cell lines (P < 

0.01 vs. LPS control) at 100 μM concentration. Cyclo(Leu-hydroxy-Pro) (9) exhibited IC50 value 

of 75.13 μM and cyclo(Pro-Tyr) (10) showed 42.69 μM (Table 5.4.1). Percentage inhibition by 

all cyclic dipeptides 1, 2, 9-12 is summarised and presented in Table 5.4.1 and Figure 5.4.4. All 
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these results yielded a positive indication to further evaluate the efficacy of these compounds 

under in vivo models of inflammation. 

Table 5.4.1 Percentage cell viability and percentage inhibition of TNF-α, IL-6, IL-1β and NO by 

cyclic dipeptides 

 

Compounds 

Concentration 

(μM) 

 

% Cell 

viability 

% Inhibition 

TNF-α IL-6 IL-1β NO 

Standard 

(Prednisolone) 

 

10 

 

- 

43.71±1.22 57.47±1.08 60.70±4.13 59.20±8.03 

1 100 75.16±3.72 47.85±3.75 62.04±1.83 66.12±6.62 38.84±3.98 

30 78.40±4.01 30.22±3.01 45.07±2.05 25.11±4.70 21.53±3.19 

10 81.35±3.98 16.53±2.93 32.30±3.22 19.64±2.22 ND 

3 82.95±3.21 ND 23.32±2.33 0.96±5.49 ND 

2 100 77.96±4.74 37.68±2.93 61.20±5.44 61.42±1.87 40.88±1.06 

30 81.72±5.33 8.03±4.01 35.75±1.62 33.77±0.35 23.65±5.25 

10 85.61±3.75 ND 27.83±1.65 18.34±1.62 16.44±1.42 

3 90.44±7.05 ND 16.00±2.90 ND ND 

9 

 

100 74.72±2.01 35.96±4.09 56.84±2.09 63.28±1.10 55.28±5.97 

30 81.77±5.10 22.72±5.01 35.40±6.11 36.21±6.5 31.24±2.74 

10 84.87±6.33 3.84±2.07 24.24±2.25 18.50±7.5 18.79±2.54 

3 90.93±4.03 ND 20.80±0.74 1.98±3.10 ND 

10 100 75.2±1.95 35.90±2.87 66.89±4.22 69.45±2.34 60.77±3.84 

30 78.61±1.94 11.76±2.88 32.76±0.65 40.76±2.45 44.40±3.03 

10 80.39±5.05 0.41±3.96 24.89±3.87 13.05±3.87 36.26±2.01 

3 85.72±4.92 ND 15.09±3.31 ND ND 

11 100 77.67±4.92 43.10±2.97 50.97±4.99 69.65±3.05 53.48±1.97 

30 82.8±4.3 32.76±3.42 39.67±0.75 35.68±3.89 25.05±2.35 

10 85.39±2.74 8.18±2.96 34.25±1.02 21.88±4.05 2.19±0.24 

3 90.41±2.01 ND 26.50±3.87 ND ND 

12 100 74.98±4.02 44.33±4.74 53.44±1.88 67.77±6.32 31.01±1.75 

30 79.48±0.7 19.01±5.06 40.58±1.47 31.51±8.12 23.96±3.94 

10 80.87±2.07 11.69±6.34 33.35±4.09 7.16±5.11 16.36±2.03 

3 83.18±2.56 ND 22.63±1.88 ND ND 

ND: Not detected 
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Figure 5.4.4: Inhibitory effect of cyclic dipeptides 1, 2, 9-12 on LPS induced NO production in 

RAW 264.7 cells. Cells were treated with the predetermined concentration of cyclic dipeptides 1, 2, 9-

12 one hour prior to the stimulation with LPS (1 μg/mL) for 24 h. Collected supernatant was assessed 

for NO levels using Griess method. The values are presented as mean ± SEM from triplicate.
 
####P < 

0.0001 vs. Normal control, ****P < 0.0001vs. LPS control, *** P < 0.001 vs. LPS control, ** P < 0.01 

vs. LPS control, * P < 0.05 vs. LPS control. 

Table 5.4.2 IC50 values of 1, 2, 9-12 cyclic dipeptides determined under LPS-induced pro-

inflammatory cytokines assay, Griess assay and cell viability assay 

 

5.5 Evaluation of anti-inflammatory efficacy of cyclic dipeptides (1, 2, 9-12) using renal 

injury models 

On perceiving the beneficial role of cyclic dipeptides 1, 2 and 9–12 in effectively suppressing 

pro-inflammatory cytokines (IL-1β, TNF-α and IL-6) and NO secretions under LPS- induced 

in vitro model, their anti-inflammatory potential was further examined under various mouse 

model of renal injury. All compounds showed significant activity in alleviating IL-1β levels 

(IC50 values ranging between 44.7 – 61.8 µM) and as IL-1β plays putative role in pathophysiology 

 Estimated 

parameter 

IC
50 values (µM) of compounds 

 

1 

 

2 

 

9 

 

10 

 

11 

 

12 

IL-1β 61.77 60.09 54.96 44.70 44.82 56.4 

TNF-α 115.38 457.83 318.56 449.64 136.01 223.22 

IL-6 40.2 57.53 80.0 50.71 104.05 74.59 

NO 259.17 153.07 75.13 42.69 110.07 473.85 

Cell 

viability 

439.45 355.94 270.36 392.68 348.44 431.07 
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of various inflammatory disorders especially in renal injury, these compounds might effectively 

control renal disorders. The in vivo study was done in accordance with the protocols prepared 

as per standard guidelines and approved by Institutional Animal Ethical Committee [IAEC 

approval number: BITS-Hyd/IAEC/2017/10]. 

5.5.1 Oxalate induced renal nephropathy model 

Renal nephropathy developed using sodium oxalate crystals is characterised by the formation 

of calcium oxalate crystals in renal tubular and interstitial region that causes damage to tubules, 

induces inflammation and subsequently progresses to renal failure. Briefly, in oxalate 

nephropathy model, C57/BL6 male mice were categorised into eight different groups: group-1 

(normal control), group 2 (oxalate treatment), group 3 (Cyclo(Val-Pro) (1) treatment), group 4 

(Cyclo (Leu-Pro) (2) treatment), group 5 (Cyclo(Leu-Hydroxy-Pro) (9) treatment), group 6 

(Cyclo (Pro-Tyr) (10) treatment), group 7 (Cyclo (Pro-Ala) (11) treatment) and group 8 (Cyclo 

(Gly-Pro) (12) treatment). All compounds were prepared as suspension in 9:1 methylcellulose 

and Tween 20 mixture and administered at 50 mg/kg body weight dose using oral gavage one 

hour prior to administration of sodium oxalate crystals. A random dose of 50 mg/kg was 

selected for initial testing of efficiency. Renal nephropathy was induced by injecting 75 mg/kg 

body weight dose of sodium oxalate by intraperitoneal route. After 24 h of induction, mice were 

sacrificed and their blood samples and kidney tissue samples were collected for evaluation. 

Damage to kidney tissue by oxalate crystals was assessed by determining the IL-1β and blood 

urea nitrogen (BUN) levels in plasma, expression of KIM-1 (kidney injury marker) and 

expression of inflammatory markers IL-1β, IL-6 and TNF-α in renal tissue. Also, histological 

evaluation was carried out in renal tissue using H&E staining. 

5.5.1.1 Estimation of plasma IL-1β levels using ELISA assay in oxalate-induced renal 

nephropathy model 

Cyclic dipeptides cyclo(Val-Pro) (1), cyclo(Leu-Pro) (2), cyclo(Leu-hydroxy-Pro) (9), 

cyclo(Pro-Tyr) (10), cyclo(Ala-Pro) (11), cyclo(Gly-Pro) (12) significantly attenuated oxalate 

induced plasma IL-1β levels (P < 0.001 vs. oxalate control).  Cyclo(Val-Pro) (1) showed 57% 

reduction in elevated plasma IL-1β levels, cyclo(Leu-Pro) (2) lowered it by 48.12% and 

cyclo(Leu-Hydroxy-Pro) (9) showed 36.97% inhibition as indicated in ELISA studies (Figure 

5.5.1.1). Table 5.5.1 demonstrates the percentage inhibition of plasma IL-1β levels by all cyclic 

dipeptides. 



125 | R e s u l t s  a n d  D i s c u s s i o n s  
 

 

Figure 5.5.1.1 Inhibitory effect on plasma IL-1β levels by cyclic dipeptides 1, 2, 9-12 treatment in 

oxalate crystal induced renal nephropathy model. Figure demonstrates the inhibition effect of cyclic 

dipeptides 1, 2, 9-12 on plasma IL-1β levels at 50 mg/kg oral dose in oxalate crystals-treated animals. 

All values were presented as mean ± SEM (n=6). (####P<0.0001 vs. Normal control, ***P<0.001 vs. 

oxalate control, ****P<0.0001 vs. oxalate control). 

Table 5.5.1 Percentage inhibition of plasma IL-1β levels by all cyclic dipeptides under oxalate 

induced renal nephropathy model 

 

 

 

 

5.5.1.2 Attenuation of blood urea nitrogen levels 

Cyclic dipeptides markedly lowered plasma BUN levels (a renal functional marker) indicating 

the protection against the damage induced by oxalate nephropathy. Cyclo(Leu-Pro) (2) 

attenuated BUN levels by 19.57%, while compound cyclo(Val-Pro) (1) significantly attenuated 

BUN levels with P value of < 0.05 and 35.21% inhibition at 50 mg/kg body weight dose as 

illustrated in Figure 5.5.1.2.  

S. No. Compounds % Inhibition of plasma IL-1β 

1. Cyclo(Val-Pro) (1) 57.07 

2. Cyclo(Leu-Pro) (2) 48.12 

3. Cyclo(Leu-hydroxy-Pro) (9) 36.97 

4. Cyclo(Pro-Tyr) (10) 29.30 

5. Cyclo(Ala-Pro) (11)  31.49 

6. Cyclo(Gly-Pro) (12) 31.46 
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Figure 5.5.1.2 Plasma BUN inhibition effect of cyclic dipeptides in oxalate crystal induced renal 

nephropathy model. Figure demonstrates the inhibition effect of 1, 2, 9-12 at the dose of 50 mg/kg on 

plasma BUN levels induced by oxalate crystals. (The values are presented as mean ±SEM (n=6). 
####P<0.0001 vs. Normal control, *P < 0.05 vs. oxalate control) 

5.5.1.3 Assessment of mRNA gene expression of renal injury markers and inflammatory 

markers 

Among the tested cyclic dipeptide, cyclo(Val-Pro) (1) was found to be most effective in 

controlling the secretions of plasma IL-1β and BUN levels. Hence, cyclo(Val-Pro) (1) treatment 

group samples were evaluated for mRNA expression study of kidney injury marker KIM-1 and 

pro-inflammatory markers IL-1β, TNF-α and IL-6 levels. Cyclo(Val-Pro) (1) alleviated oxalate 

induced renal nephropathy as evidenced by significant reduction in the renal RNA expression 

of IL-1β (P < 0.01), which is a prime cytokine released during oxalate injury. Levels of other 

cytokines TNF-α and IL-6 were also lowered significantly (P < 0.05). Also, expression of KIM-

1 was reduced significantly (P < 0.001) (Figure 5.5.1.3). 
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Figure 5.5.1.3 Inhibition effect of compound cyclo(Val-Pro) (1) on renal mRNA expression under 

oxalate crystal induced renal nephropathy model using RTPCR. Figure illustrates the inhibitory 

effect of cyclo(Val-Pro) (1) at the dose of 50 mg/kg on renal RNA expression of TNF-α, IL-1β, IL-6 

(proinflammatory markers) and KIM-1 (renal injury markers) induced by oxalate crystals in renal 

nephropathy model done using RTPCR. The values are presented as mean ±SEM (n=6). #P<0.05 vs. 

Normal control, ##P<0.01vs. Normal control, *P<0.05 vs. oxalate control, **P<0.01 vs. oxalate control, 

***P<0.001 vs. oxalate control). 

5.5.1.4 Histological analysis 

Renal tissues of active compound cyclo(Val-Pro) (1) was sliced to 5 μm sections and stained 

with H and E dye to study the impact of treatment on renal architecture damage. Tubular injury 

index was scored in semi-quantitative method based on tubular necrosis, tubular dilation and 

tubular cast. Scoring was given on the scale of 0-5 with 0 showing no /nil damage and 5 to those 

showing severe renal damage. Tubular necrosis involves loss of brush border, flattening of cells, 

disruption and detachment of tubular cells from basement membrane. Tubular cast develops as 

a result of protein precipitation and tubular dilation is characterized by widening of luminal 

tubular tissue (Ahil et al 2019, Mulay et al 2012). Cyclo(Val-Pro) (1) markedly protected renal 

tissues against oxalate nephropathy as delineated by histological data (Figure 5.5.1.4). 
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Figure 5.5.1.4 Renal Histology of cyclo(Val-Pro) (1) treatment on calcium oxalate induced 

nephropathy model. Figure illustrates the protective role of cyclo(Val-Pro) (1) at a dose of 50 mg/kg 

on renal histology in calcium oxalate nephropathy model. Representative photomicrograph of renal 

histological sections (H & E) at 40x from (A) control group (B) oxalate crystal control group (C) 

cyclo(Val-Pro) (1) group and (D) Tubular injury index which was quantified by semi-quantitative 

scoring [Tubular dilation (thick arrows), Tubular necrosis (triangle) and Tubular casts (star)]. (#P<0.05 

vs. Normal control). 

Treatment with cyclic dipeptides in calcium oxalate induced renal nephropathy model, 

particularly cyclo(Val-Pro) (1) indicated positive effects in alleviating renal injury and results 

were found to be consistent with in vitro LPS-induced inflammatory model. 

5.5.1.5 In vitro mechanistic study on cyclo(Val-Pro) (1) 

On viewing the positive effect of cyclic dipeptides in alleviating pro-inflammatory cytokines 

levels, further in vitro mechanistic studies were carried out on cyclo(Val-Pro) (1) at 100 µM 

concentration using LPS and calcium oxalate induced inflammatory model on RAW 264.7 cell 

lines. Since, IL-1β plays a primary role in the development of calcium oxalate-induced renal 

nephropathy, mRNA gene expression study of pro-inflammatory cytokines mainly IL-1β and 

protein expression study of pro as well as mature form of IL-1β was done. 
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5.5.1.5.1 Effect of cyclo(Val-Pro) (1) on mRNA expression levels of pro-inflammatory 

cytokines 

Cyclo(Val-Pro) (1) treatment group samples were evaluated for mRNA expression study of 

pro-inflammatory markers IL-1β, TNF-α and IL-6 levels. Cyclo(Val-Pro) (1) alleviated LPS 

and oxalate crystals induced IL-1β expression levels (P < 0.001), which is a prime cytokine 

released during oxalate injury. Levels of other cytokines TNF-α and IL-6 were also lowered 

significantly (P < 0.05) as shown in Figure 5.5.1.5.1. 

 

Figure 5.5.1.5.1. Inhibition effect of compound cyclo(Val-Pro) (1) on mRNA expression levels of 

pro-inflammatory cytokines using RTPCR. Figure illustrates the inhibitory effect of cyclo(Val-Pro) 

(1) at 100 µM concentration. mRNA expression levels of TNF-α, IL-1β, IL-6 (proinflammatory 

markers) were induced by LPS or LPS + oxalate crystals in in vitro model done using RTPCR. The 

values are presented as mean ±SEM (n=3). #P<0.05 vs. Normal control, ##P<0.01 vs. Normal control, 

*P<0.05 vs. LPS control, **P<0.01 vs. LPS control, ***P<0.001 vs. LPS + oxalate control). 

5.5.1.5.2 Effect of cyclo(Val-Pro) (1) on protein expression levels of pro-inflammatory 

cytokine IL-1β 

Cyclo(Val-Pro) (1) treatment significantly reduced the protein expression level of pro-

inflammatory markers IL-1β. Both pro as well as mature forms of IL-1β were considerably 

reduced upon treatment with Cyclo(Val-Pro) (1) as demonstrated in Figure 5.5.1.5.2. 
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Figure 5.5.1.5.2 Effect of cyclo(Val-Pro) (1) treatment on IL-1β at 100 µM concentration under 

LPS and oxalate crystal induced in vitro model. Figure illustrates the protective effect of cyclo(Val-

Pro) (1) in alleviating IL-1β at 100 µM concentration on protein expression of pro- IL-1β and mature 

IL-1β in RAW 264.7 cells. (The values are presented as mean ±SEM (n=2).  

5.5.2 Ischemic-reperfusion model of renal injury 

Based on the results observed under oxalate nephropathy model, cyclic dipeptide cyclo(Val-

Pro) (1) and cyclo(Leu-Hydroxy-Pro) (9) was further assessed for its anti-inflammatory 

potential in another model of acute renal injury i.e. Ischemic reperfusion model.  Apperceiving 

their favourable effects at tested dose of 50 mg/kg body weight under oxalate nephropathy 

model, compounds were tested at different doses i.e. 25, 50 and 75 mg/kg body weight to see 

their protective activity.  

Briefly, C57BL/6 male mice were used for the study and compounds 1 and 9 were administered 

at 25, 50 and 75 mg/kg body weight dose prior to injury induction. Ischemic injury was induced 

by clamping left renal artery for 45 min and then reperfusion was allowed by removing the 

clamp. Mice were sacrificed after 24 h of ischemic injury to collect blood and renal tissue 

samples for further assessment of injury. 
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5.5.2.1 Protective effect of cyclo(Val-Pro) (1) on ischemic reperfusion model 

5.5.2.1.1 Effect of cyclo(Val-Pro) (1) on ischemia induced IL-1β secretions  

Isolated plasma samples from treated mice were used for estimating the levels of IL-1β using 

ELISA assay. IL-1β levels were significantly reduced at 75 mg/kg and at 50 mg/kg dose with 

49.78% and 64.47% inhibition, respectively and P<0.05. Further, marked inhibitory effect was 

observed even at a low dose of 25 mg/kg body weight of cyclo(Val-Pro) (1) (25.00%) (Figure 

5.5.2.1.1). 

 

Figure 5.5.2.1.1 Effect of cyclo(Val-Pro) (1) on plasma IL-1β levels at various doses (25, 50 and 75 

mg/kg) using ELISA studies. Figure demonstrates the inhibitory effect of cyclo(Val-Pro) (1) on plasma 

IL-1β levels at 25, 50 and 75 mg/kg dose in ischemic reperfusion animals. All values were presented as 

mean ± SEM (n=6). (*P<0.05 vs. ischemic control). 

5.5.2.1.2 Effect of cyclo(Val-Pro) (1) on mRNA expression levels of pro-inflammatory 

cytokines and kidney injury markers 

mRNA samples isolated from renal tissues were evaluated for the gene expression study of pro-

inflammatory cytokines and kidney injury markers. At 75 mg/kg dose of cyclo(Val-Pro) (1), 

KIM-1 levels were significantly attenuated from 12.23 ± 4.38 to 1.93 ± 0.75 and NGAL levels 

were diminished from 2.20 ± 1.48 to 0.17 ± 0.15. Also, compound 1 showed significant 

abrogation of α-GST and π-GST expression level at 75 mg/kg and 50 mg/kg (Figure 5.5.2.1.2a). 

Significant downregulation of mRNA expression levels of pro-inflammatory cytokines (TNF-

α, IL-6 and IL-1β) was observed at 75 mg/kg and 50 mg/kg dose (P<0.05). IL-1β mRNA 

expression levels were diminished from 0.21 ± 0.04 to 0.04 ± 0.04, TNF-α was lessened from 

1.15±1.35 to 0.03 ± 0.03 and IL-6 from 0.33 ± 0.25 to 0.05 ± 0.03 in 75 mg/kg cyclo(Val-Pro) 
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(1) treated group. Also, 25 mg/kg dose showed significant alleviation in expression levels of 

TNF-α (P<0.05) (Figure 5.5.2.1.2b). 

 

Figure 5.5.2.1.2a Inhibitory effect of cyclo(Val-Pro) (1) administration at 25, 50 and 75 

mg/kg doses on mRNA expression levels of kidney injury markers. Figure shows alleviation 

of mRNA expression levels of renal injury markers viz., KIM-1, NGAL, α-GST, π-GST by cyclo(Val-

Pro) (1) at 25, 50 and 75 mg/kg dose. (The values are presented as mean ±SEM (n=6). ##P<0.01 vs. 

control, *P<0.05 vs. ischemic control, **P<0.01vs. ischemic control) 
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Figure 5.5.2.1.2b Inhibitory effect of cyclo(Val-Pro) (1) administration at 25, 50 and 75 

mg/kg doses on mRNA expression levels of pro-inflammatory cytokines. Figure shows 

alleviation of mRNA expression level of inflammatory markers TNF-α, IL-6 and IL-1β by cyclo(Val-

Pro) (1) at 25, 50 and 75 mg/kg dose. (The values are presented as mean ±SEM (n=6). #P<0.05 vs. 

control, ###P<0.001 vs. control, *P<0.05 vs. ischemic control, **P<0.01vs. ischemic control) 

5.5.2.1.3 Effect of cyclo(Val-Pro) (1) on histopathology of ischemia-induced damaged 

renal tissue 

Observation was made for renal tissue damage in terms of tubular dilation, cast formation and 

necrosis using H and E staining. Histopathology of renal tissue indicated the attenuation of 

damage caused by ischemia upon treatment with compound 1. As shown in Figure 5.5.2.1.3 

tubular injury index analysed on the basis of tubular dilation, tubular cast and necrosis was 

found to be improved to significant extent when treated with cyclo(Val-Pro) (1) at 75 mg/kg 

and 50 mg/kg. 
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Figure 5.5.2.1.3 Effect of cyclo(Val-Pro) (1) on renal tissue at 25, 50 and 75 mg/kg doses in 

ischemic reperfusion model. Figure depicts the protective role of cyclo(Val-Pro) (1) at 25, 50 and 75 

mg/kg body weight dose on renal tissue. Representative photomicrograph of renal histological sections 

(H & E) at 40x from (A) Ischemic control group (B) cyclo(Val-Pro) (1) treated group at 25 mg/kg dose 

(C) cyclo(Val-Pro) (1) treated group at 50 mg/kg dose (D) cyclo(Val-Pro) (1) treated group at 75 mg/kg 

dose and (E) represents tubular injury index characterised by tubular dilation (thick arrows), tubular 

necrosis (triangle) and tubular casts (star). 

5.5.2.2 Protective effect of cyclo(Leu-Hydroxy-Pro) (9) on ischemia induced IL-1β 

secretions  

5.5.2.2.1 Effect of cyclo(Leu-Hydroxy-Pro) (9) on ischemia induced IL-1β secretions  

Isolated plasma samples from treated mice were used for estimating the levels of IL-1β using 

ELISA assay. IL-1β levels were significantly reduced in all treatment groups i.e. 25, 50 and 75 

mg/kg dose with  P<0.05. Also the effect was comparable to that of standard Bay given at the 

dose of 10 mg/kg. (Figure 5.5.2.2.1). 
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Figure 5.5.2.2.1 Effect of standard (Bay( (10 mg/kg) and cyclo(Leu-Hydroxy-Pro) (9) on plasma 

IL-1β levels at various doses (25, 50 and 75 mg/kg) using ELISA studies. Figure demonstrates the 

inhibitory effect of Bay (10 mg/kg) and cyclo(Leu-Hydroxy-Pro) (9) on plasma IL-1β levels at 25, 50 

and 75 mg/kg dose in ischemic reperfusion animals. All values were presented as mean ± SEM (n=6). 

(*P<0.05 vs. ischemic control, ***P<0.001 vs. ischemic control, ###P<0.001 vs. Normal control). 

 

5.5.2.2.2 Effect of cyclo(Leu-Hydroxy-Pro) (9) on mRNA expression levels of pro-

inflammatory cytokines and kidney injury markers 

mRNA samples isolated from renal tissues were evaluated for the gene expression study of pro-

inflammatory cytokines and kidney injury markers. At 50 and 75 mg/kg dose of cyclo(Leu-

Hydroxy-Pro) (9), KIM-1 levels were significantly attenuated (P<0.01) and NGAL levels were 

significantly reduced at 75 mg/kg dose (P<0.01). Also, compound 9 showed significant 

abrogation of α-GST and π-GST expression level at 75 mg/kg dose (Figure 5.5.2.2.2a). 

Significant downregulation of mRNA expression levels of pro-inflammatory cytokines (TNF-

α, IL-6 and IL-1β) was observed at 75 mg/kg dose (P<0.05). IL-1β mRNA expression levels 

were significantly reduced at 25, 50 and 75 mg/kg dose (P<0.05). Further there was a reduction 

in the levels of TNF-α and IL-6 levels were lessened in 75 mg/kg cyclo(Leu-Hydroxy-Pro) (9) 

treated group (Figure 5.5.2.2.2b). 



136 | R e s u l t s  a n d  D i s c u s s i o n s  
 

 

Figure 5.5.2.2.2a Inhibitory effect of standard Bay (10 mg/kg) and cyclo(Leu-Hydroxy-Pro) (9) 

administration at 25, 50 and 75 mg/kg doses on mRNA expression levels of kidney injury markers. 

Figure shows alleviation of mRNA expression levels of renal injury markers viz., KIM-1, NGAL, α-

GST, π-GST by Bay at 10 mg/kg and cyclo(Leu-Hydroxy-Pro) (9) at 25, 50 and 75 mg/kg dose. (The 

values are presented as mean ±SEM (n=6). *P<0.05 vs. ischemic control, **P<0.01 vs. ischemic control, 
#P<0.05 vs. normal control, ##P<0.01vs. normal control) 
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Figure 5.5.2.2.2b Inhibitory effect of cyclo(Leu-Hydroxy-Pro) (9) administration at 25, 50 and 75 

mg/kg doses and standard (Bay) at 10 mg/kg dose on mRNA expression levels of pro-inflammatory 

cytokines level. Figure shows alleviation of mRNA expression level of inflammatory markers TNF-α, 

IL-6 and IL-1β by Bay and cyclo(Leu-Hydroxy-Pro) (9) at 25, 50 and 75 mg/kg dose. (The values are 

presented as mean ±SEM (n=6). *P<0.05 vs. ischemic control, **P<0.01 vs. ischemic control, #P<0.05 

vs. normal control, ##P<0.01 vs. normal control) 

5.5.2.2.3 Effect of cyclo(Leu-Hydroxy-Pro) (9) on histopathology of ischemia-induced 

damaged renal tissue 

Observation was made for renal tissue damage in terms of tubular dilation, cast formation and 

necrosis using H and E staining. Histopathology of renal tissue indicated the attenuation of 

damage caused by ischemia upon treatment with compound 9. As shown in Figure 5.5.2.2.3 

tubular injury index analysed on the basis of tubular dilation, tubular cast and necrosis was 

found to be improved to significant extent when treated with cyclo(Leu-Hydroxy-Pro) (9) at 75 

mg/kg dose. 
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Figure 5.5.2.2.3 Effect of Bay at 10 mg/kg and cyclo(Leu-Hydroxy-Pro) (9) on renal tissue at 25, 

50 and 75 mg/kg doses in ischemic reperfusion model. Figure depicts the protective role of Bay at 10 

mg/kg dose and cyclo(Leu-Hydroxy-Pro) (9) at 25, 50 and 75 mg/kg body weight dose on renal tissue. 

Representative photomicrograph of renal histological sections (H & E) at 20x from (A) Normal control 

group (B) Ischemic control group (C) cyclo(Leu-Hydroxy-Pro) (9) treated group at 25 mg/kg dose (D) 

cyclo(Leu-Hydroxy-Pro) (9) treated group at 50 mg/kg dose (E) cyclo(Leu-Hydroxy-Pro) (9) treated 

group at 75 mg/kg dose and (F) Standard (Bay) treated group at 10 mg/kg dose and (G) represents 

tubular injury index characterised by tubular dilation (thick arrows), tubular necrosis (triangle) and 

tubular casts (star). 

5.5.2.3 In vitro mechanistic studies 

Model of ischemia was mimicked in kidney epithelial cell lines NRK 52E using antimycin, an 

inhibitor of ATP at the dose of 3 μM/mL and further in vitro mechanistic studies were carried 

out on cyclo(Val-Pro) (1) and cyclo(Leu-Hydroxy-Pro) (9) at different doses of 300, 100, 30, 

10 and 3 μM. 

5.5.2.3.1 Cell viability studies using MTT reagent 

Compound cyclo(Val-Pro) (1) significantly improved cell viability in antimycin treated NRK 

52E cell lines at the doses of 300, 100, 30 and 10 μM (P<0.05) whereas cyclo(Leu-Hydroxy-

Pro) (9) showed significant protection against antimycin induced cytotoxicity at the dose of 300 

μM (P<0.01) as depicted in Figure 5.5.2.3.1. 
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Figure 5.5.2.3.1 Inhibitory effect of cyclo (Val-Pro) (1) (A) and cyclo(Leu-Hydroxy-Pro) (9) (B) at 

300, 100, 30, 10 and 3 µM concentrations on antimycin induced cytotoxicity using MTT assay. 

Figure shows decline in the antimycin induced cytotoxicity by cyclo (Val-Pro) (1) and cyclo(Leu-

Hydroxy-Pro) (9) at different concentrations of 300, 100, 30, 10 and 3 µM on NRK 52E cells. (The 

values are presented as mean ±SEM (n=5). *P<0.05 vs. antimycin control, **P<0.01 vs. antimycin 

control, #P<0.05 vs. normal control, ##P<0.01 vs. normal control) 

5.5.2.3.2 Antimycin induced cytotoxicity studies using flow cytometry 

Further, 100 µM dose of cyclo(Val-Pro) (1) and cyclo(Leu-Hydroxy-Pro) (9) was selected to 

carry out antimycin induced cytotoxicity studies on NRK 52E cell lines using flow cytometry. 

Compounds cyclo(Val-Pro) (1) and cyclo(Leu-Hydroxy-Pro) (9) significantly reduced 

percentage cell death to 2.3% (P<0.05) (Figure 5.5.2.3.2). 

 

Figure 5.5.2.3.2 Inhibitory effect of cyclo (Val-Pro) (1) and cyclo(Leu-Hydroxy-Pro) (9) at 100 µM 

concentrations on antimycin induced cytotoxicity using flow cytometry assay. Figure shows decline 

in the antimycin induced cytotoxicity by cyclo (Val-Pro) (1) and cyclo(Leu-Hydroxy-Pro) (9) at 100 

µM. (A) represents normal control group, (B) antimycin A control group, (C) represents cyclo (Val-Pro) 
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(1) treated group, (D) represents cyclo(Leu-Hydroxy-Pro) (9)  treated group and (E) represents % cell 

population. (The values are presented as mean ±SEM (n=3). (*P<0.05 vs. antimycin control) 

5.5.2.3.3 Western blot analysis of pro-apoptotic protein Bax and anti-apoptotic protein 

BCL2 

Compounds cyclo(Val-Pro) (1) and cyclo(Leu-Hydroxy-Pro) (9) were tested at the dose of 100 

µM to estimate the levels of pro-apoptotic protein Bax and anti-apoptotic protein BCL2 using western 

blot analysis. Compounds significantly reduced antimycin induced elevated levels of pro-apoptotic 

protein Bax and increased the levels of anti-apoptotic protein BCL2 as presented in Figure 5.5.2.3.3. 

 

Figure 5.5.2.3.3 Effect of cyclo(Val-Pro) (1)  and cyclo(Leu-Hydroxy-Pro) (9) on antimycin B 

induced apoptosis. Figure depicts the protective role of cyclo(Val-Pro) (1) and cyclo(Leu-Hydroxy-

Pro) (9) at 100 µ.M concentration on protein expression of Bax and BCL 2 in NRK 52E using western 

blot 

5.5.3 Unilateral ureter obstruction induced renal injury 

Anti-inflammatory efficacy of cyclo(Val-Pro) (1) under two acute kidney injury models further 

motivated us to test its activity in a chronic renal injury model. Cyclo(Val-Pro) (1) was tested 

in UUO model at 50 mg/kg body weight dose. Compound administration was done on alternate 

days till sacrifice i.e. tenth day of the ligation.  Antifibrotic activity of cyclo(Val-Pro) (1) was 

compared with that of standard NFκB inhibitor ‘bay’ administered at 5 mg/kg dose given on 

alternate days until the day of sacrifice. Bay 117082, a selective inhibitor for nod-like receptor 

family pyrin domain containing 3 (NLRP3) and inhibitor of nuclear factor-kappa B (NF-kB) 

was used as standard to compare the activity of the compounds (Lee et al. 2005).  

Kidney tissues were evaluated for the expression of fibrotic markers such as α-SMA, TGF-β 

and collagen-1. TGF-β plays a putative role in the development of interstitial fibrosis by 

promoting phenotypic transformation of tubular epithelial cells to myofibroblast and 
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stimulating extracellular matrix synthesis. Collagen-1 is a predominant component of 

extracellular matrix produced by fibroblast (Kishimoto et al. 2011). Figure 5.6.3 presents the 

appearance of kidneys on the tenth day of ligation of unilateral ureter. 

 

Figure 5.5.3 Photographs displaying the appearance of kidneys of different groups on the tenth 

day of ligation of unilateral ureter (Arrow indicates ligated kidney) 

5.5.3.1 Effect of administration of cyclo(Val-Pro) (1) on fibrotic markers 

Isolated proteins from renal tissue were studied for the expression of fibrotic markers (α-SMA, 

TGF-β and collagen-1) using western blot analysis. The α-SMA present in  the smooth muscle 

cells of renal arterioles, was found to be strikingly upregulated after tenth day of renal 

obstruction. Administration of cyclo(Val-Pro) (1) suppressed the protein expression of α-SMA 

(P<0.05) and the effect was more pronounced as compared to standard ‘bay’ which exhibited 

marginal protection in attenuating α-SMA levels (Figure 5.5.3.1). Also, Figure 5.5.3.1 

demonstrates the significant protection (P<0.01) by cyclo(Val-Pro) (1) in abating renal fibrosis 

by lowering the expression of TGF-β and collagen-1 while bay treated group exhibited marginal 

protection in alleviating interstitial fibrosis. 
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Figure 5.5.3.1 Effect of cyclo(Val-Pro) (1) treatment on fibrotic markers at 50 mg/kg dose under 

unilateral ureteral obstruction model. Figure illustrates the protective effect of cyclo(Val-Pro) (1) in 

alleviating interstitial fibrosis by reducing expression of α-SMA, TGF-β and collagen-1 at 50 mg/kg 

dose. (The values are presented as mean ±SEM (n=6). ##P<0.01 vs. normal control, *P<0.05 vs. disease 

control, **P<0.01 vs. diseases control) 

5.5.3.2 Effect of cyclo(Val-Pro) (1) on renal tissue fibrosis using Picro-sirius red staining 

The presence of interstitial fibrosis was assessed in slides using picro- sirius red staining. Renal 

tissues obtained from control, disease control, bay and cyclo(Val-Pro) (1) treatment groups 

were stained using picro-sirius red. Sirius red stains collagen, which is a key marker of fibrosis. 

Renal tissues stained with sirius red staining showed fibrotic area. Figure 5.5.3.2 depicts the 

favourable effect of cyclo(Val-Pro) (1) treatment on attenuation of renal fibrosis. 
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Figure 5.5.3.2 Effect of cyclo(Val-Pro) (1) on fibrosis observed under picro sirius red staining in 

unilateral ureter obstruction model. Figure depicts the protective role of cyclo(Val-Pro) (1) at 50 

mg/kg body weight dose on fibrosis in renal tissues of cyclo(Val-Pro) (1) treated animals. (A) represents 

normal control, (B) represents disease control group (C) represents bay treated group (5 mg/kg) (D) 

indicates cyclo(Val-Pro) (1) group. Arrows show fibrosis. (*P<0.05 vs. Disease control, ##P<0.01 vs. 

Normal control). 

5.5.3.3 In vitro mechanistic studies on cyclo(Val-Pro) (1)  

On perceiving the positive role of cyclo(Val-Pro) (1) in fibrotic model, it was further subjected 

to TGF-β induced fibrotic model in NRK-49F cell lines at different doses of 300, 100, 30, 10 

and 3 µM. Cyclo(Val-Pro) (1) significantly improved TGF-β induced proliferation of NRK-

49F at dose of 100 µM (*P<0.05) (Figure 5.5.3.3). 
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Figure 5.5.3.3 Effect of cyclo(Val-Pro) (1) treatment on TGF-β induced cell proliferation at 

different concentrations of 300, 100, 30, 10 and 3 µM. Figure illustrates the protective effect of 

cyclo(Val-Pro) (1) in attenuating TGF-β induced cell proliferation in NRK 49F cells. (The values are 

presented as mean ±SEM (n=6). *P<0.05 vs. TGF-β control, #P<0.01 vs. normal control) 

 

Investigation of the constituents of bioactive culture broth extract (PCBE) of Pseudomonas sp. 

(ABS-36) explored the secretion of an array of cyclic dipeptides. This study reports the isolation 

of seventeen cyclic dipeptides (1–3, 5–8, 10, 11, 13–20) from this source for the first time. 

Cyclic dipeptides isolated from other sources have shown tremendous therapeutic potential for 

treatment of various disorders. Some findings also suggest their positive role in attenuation of 

inflammation but so far, no study has been reported on the efficacy of the cyclic dipeptides in 

mitigating renal inflammation. Proline based cyclic dipeptides were further evaluated for their 

anti-inflammatory efficacy in in vitro inflammatory models and acute as well as chronic renal 

inflammatory model. All results collectively disclosed the favourable effects of cyclic 

dipeptides particularly cyclo(Val-Pro) (1) in attenuating renal injury by downregulating pro-

inflammatory cytokines.  



 

Chapter 6 

Summary and Conclusions 
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Extensive study of literature revealed Pseudomonas species as promising source of components 

with advantageous role in attenuating several disorders. Therefore, Pseudomonas species was 

selected for exploring new small molecular weight leads targeting pro-inflammatory cytokines. 

Fluorescing bacterial strain earlier identified as Pseudomonas species by comparison of 16S 

rDNA sequence and registered as ABS-36 strain, was selected for the study. Culture broth was 

then prepared in bulk using King’s B media and extracted with ethyl acetate. The culture broth 

extract (PCBE) was screened for anti-inflammatory effect using cell based LPS model using 

RAW 267.4 cells. Cell viability studies conferred PCBE to be non-cytotoxic (IC50 value of 

1867.25 μg/mL). IL-1β levels were diminished by 63.76% at 500 μg/mL concentrations, IL-6 

concentration by 94.15% and TNF-α by 88.67%. Parallelly, estimation of NO levels using 

Griess assay also showed significant decline of 53.47% at 500 μg/mL concentrations. These in 

vitro results corroborated the anti-inflammatory efficacy of PCBE and motivated the 

investigator to continue the chemical investigation of bioactive chemical constituents on it. 

PCBE was then subjected to various chromatographic techniques for the isolation and 

identification of potential leads for the treatment of various inflammatory diseases. 

Around twenty compounds were isolated from PCBE and they were characterised as cyclic 

dipeptides using various spectroscopic techniques. Among them, seventeen cyclic dipeptides 

[(cyclo(Val-Pro) (1), cyclo(Leu-Pro) (2), cyclo(Val-Leu) (3), cyclo(Val-Phe) (5), cyclo(Ile-

Phe) (6), cyclo(Leu-Ile) (7), cyclo(Leu-Leu) (8), cyclo(Pro-Tyr) (10), cyclo(Ala-Pro) (11), 

cyclo(Gly-Phe) (13), cyclo(Ala-Phe) (14), cyclo(Ala-Ile) (15), cyclo(Gly-Tyr)(16), cyclo(Ala-

Tyr) (17), cyclo(Val-Tyr) (18), cyclo(Leu-Tyr) (19) and cyclo(Ala-Ala) (20)] are being 

reported for the first time from Pseudomonas species. Furthermore, proline-based cyclic 

dipeptides were obtained as major compounds which were screened for pharmacological 

activity using in vitro and in vivo models of inflammation. Compounds 1, 2, 9-12 were 

examined for pro-inflammatory cytokine inhibition potential using LPS-induced in vitro model 

of inflammation at logarithmic doses of 3, 10, 30 and 100 μM. Cyclic dipeptides were found to 

be non-cytotoxic in RAW 264.7 cell lines with IC50 values ranging from 270-450 μM. Cyclic 

dipeptides significantly suppressed IL-1β, TNF-α and IL-6 levels with IC50 values ranging from 

44-62 μM, 115-458 μM and 40-104 μM, respectively. Likewise, nitrite levels were also 

suppressed by compounds 1, 2, 9-12 to considerable extent. Together it can be inferred from 

these results that proline based cyclic dipeptides effectively controlled pro-inflammatory 

cytokines mediated inflammation. 



146 | S u m m a r y  a n d  C o n c l u s i o n s  
 

The effect of these six cyclic dipeptides 1, 2, 9, 10, 11 and 12 were then screened in in vivo 

model of oxalate induced nephropathy at a randomly selected 50 mg/kg body weight dose. 

Compounds 1, 2, 9, 10, 11 and 12 significantly attenuated oxalate induced plasma IL-1β levels 

(P < 0.001). Cyclo(Val-Pro) (1) showed 57% suppression of plasma IL-1β levels, cyclo(Leu-

Pro) (2) reduced by 48.12% while cyclo(Leu-Hydroxy-Pro) (9) showed 36.97% inhibition in 

ELISA studies. Cyclo(Leu-Pro) (2) lowered blood urea nitrogen (BUN) by 19.57%, while 

cyclo(Val-Pro) (1) significantly reduced BUN by 35.21% inhibition. Based on the results of 

plasma IL-1β and BUN levels, further mRNA expression and histopathology studies were done 

on compound 1. Cyclo(Val-Pro) (1) significantly attenuated mRNA expression of kidney injury 

marker KIM-1 (P < 0.001) and pro-inflammatory markers IL-1β (P < 0.01), TNF-α and IL-6 

levels (P < 0.05). Compound 1 markedly protected the renal tissues architecture against oxalate 

nephropathy. In vitro mechanistic study done on compound 1 showed significant reduction of 

mRNA gene expression of pro-inflammatory cytokines and marked reduction of protein 

expression levels of pro-IL-1β and mature IL-1β. 

In view of the favourable effects of cyclo(Val-Pro) (1) and cyclo(Leu-Hydroxy-Pro) (9) in 

improving oxalate induced renal nephropathy, compound 1 and  9 were further screened under 

ischemic reperfusion model at different doses of 25, 50 and 75 mg/kg body weight. The plasma 

IL-1β levels were considerably downregulated at 75 mg/kg dose. Even at a low dose of 25 

mg/kg, 25.00% inhibition effect was observed in compound 1. Furthermore, compound 1 and 

compound 9 showed significant abrogation of mRNA levels of kidney injury markers KIM-1, 

NGAL, α-GST and π-GST and IL-1β, TNF-α and IL-6 cytokines at 75 mg/kg and 50 mg/kg 

body weight doses. Even, low dose of 25 mg/kg also showed marked decline in the levels of 

pro-inflammatory cytokines and renal injury markers. Histopathological studies showed 

significant improvement in healing of the damage to renal tissue caused by ischemia. In vitro 

mechanistic study done using antimycin induced ischemia in NRK-52 E cell lines showed 

significant improvement in cell survivability rate in MTT as well as Flow cytometry assays 

while significant attenuation of pro-apoptotic protein Bax and anti-apoptotic protein BCL2 was 

observed in cyclo(Val-Pro) (1) and cyclo(Leu-Hydroxy-Pro) (9) treated cells. 

Cyclo(Val-Pro) (1) was further tested in a chronic renal injury model of unilateral ureter 

obstruction model at 50 mg/kg body weight. Compound 1 showed significant abrogation of 

obstruction mediated renal fibrosis as depicted by protein expression study of fibrosis markers 

collagen-1, α-sma and TGF-β. Also, histopathological evaluation done using sirius red staining 

showed marked alleviation of renal fibrosis. In-vitro mechanistic study done using TGF-β 
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induced fibrotic model in NRK-49F cell lines, showed significant improvement in cell 

survivability rate. Collectively all results suggested a positive role of cyclic dipeptides derived 

from Pseudomonas sp. ABS-36 in attenuating cytokine mediated inflammation. 

In conclusion, investigation of the constituents of PCBE revealed the secretion of a wide array 

of cyclic dipeptides by Pseudomonas sp. ABS-36. Six proline based cyclic dipeptides were 

tested for their anti-inflammatory efficacy in acute and chronic renal injury models for the first 

time. Also, cyclo(Val-Pro) (1) tested in detail under three different renal injury models was 

proved to be the most effective compound and thus explored as a lead molecule for developing 

therapeutic agent against renal inflammation. 
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Future perspectives 

1. In the present work, attempts were made to isolate secondary metabolites secreted by 

Pseudomonas sp. ABS-36 and they were characterised as cyclic dipeptides. Proline 

based cyclic dipeptides were tested for their efficacy under in vitro LPS-induced 

inflammation model, in vivo acute and chronic models of renal inflammation. The 

culture broth extract as well as the isolated constituents revealed tremendous potential 

in attenuating pro-inflammatory cytokine induced inflammation. The work could be 

continued to evaluate pharmacokinetic properties of these cyclic dipeptides in order to 

maximise the effect at lower doses. 

2. Further, these compounds can be used as leads for synthesizing more active moieties in 

future. 

3. Toxicity studies can be performed on these cyclic dipeptides. 

4. Mechanistic study could be performed to evaluate the pathway involved. 

5. Formulations can be developed for these compounds to improve pharmacokinetic and 

therapeutic profile. 
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