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1. Introduction 

1.1.  Chronic kidney disease 

Chronic kidney disease (CKD) is one of the most prominent cause of mortality and 

morbidity worldwide. It is defined by the presence of decreasing renal function, excessive 

albuminuria or both. CKD is a progressive condition which may eventually lead to end-

stage renal disease (ESRD) associated with irreversible renal decline. Currently, the only 

available treatment is renal replacement therapy, mainly dialysis. However, it 

significantly impairs the quality of patient’s life, moreover, it also places a huge burden 

on the economy and society. Permanent improvement can only be achieved through 

kidney transplantation, which has remarkable benefits in comparison with the costly 

dialysis, however, transplant waiting lists are limitless and continuously growing. 

 

1.1.1. Epidemiology 

More than 840 million people are struggling with CKD (Figure 1), moreover, its 

prevalence increases by ~10% each year (1). In the last 30 years, the mortality rate of 

CKD and ESRD increased by ~40%, thus related deaths account for 4.6% of the overall 

mortality. Pooled results of 33 population-based representative studies revealed that 

numerous characteristics have an influence on prevalence values, such as age, sex, race 

and geographic regions. It has been shown that CKD is more common among women 

(11.8% vs. 10.4%), and the prevalence is higher in low- and middle income countries 

(10.6-12.5%) (2). According to the Global Burden of Disease (GBD) study database, 

around 14% of the population is involved in Hungary with a mortality rate of 1.27% (3).  

 

Figure 1. Global statistics of chronic kidney disease (1) 
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The risk factors for CKD can be stage-wisely grouped as follows: (1) susceptibility 

factors (family, age, income, etc.), (2) initiation factors (high blood pressure, diabetes, 

infection, toxicity, autoimmune diseases), (3) progression factors (smoking, uncontrolled 

hypertension and hyperglycemia), (4) end-stage factors (inappropriate referral or dialysis, 

temporary vascular access). 

 

1.1.2. Diabetic kidney disease 

The kidney is highly sensitive to microvascular damage caused by excessive blood 

glucose levels and high blood pressure, thereby diabetes mellitus (DM) is presumably one 

of the leading causes of CKD (4). Almost 50% of the patients with type 2 DM and ~30% 

with type 1 DM will develop CKD with time (5,6). Consequently, CKD management of 

patient with DM is a key objective to slow down its progression, which includes 

controlling hyperglycemia and also blood pressure. 

Hyperglycemia is the primal causative factor of DM, which plays essential role in 

the pathogenesis of diabetic kidney disease (DKD). Chronically increased glucose uptake 

by tubular epithelial cells results altered protein and lipid structures, oxidative stress and 

the activation of alternative pathways (7,8). Due to the increased rate of glycolysis, 

hyperpolarized mitochondria produce excessive levels of reactive oxygen and nitrogen 

species (RONS), which leads to further cellular damage (9). Hyperglycemia also 

provokes the production of glycated proteins and lipids called advanced glycation end 

products (AGEs) (10). These molecules trigger the expression of nuclear factor κB 

(NFκB), protein kinase C (PKC), and also affect cellular function and structure (11–13). 

Upregulation of these pathways leads to the activation of macrophages and results 

increased release of proinflammatory cytokines, transforming growth factor-beta (TGF-

ß). and plasminogen activator inhibitor-1 (PAI-1), eventuating extracellular matrix 

(ECM) deposition, glomerulosclerosis and tubulointerstitial fibrosis (14). 

In addition, chronic hyperglycemia increases the expression of angiotensin II (Ang 

II) and its receptors, resulting in abnormal activation of renin-angiotensin-aldosterone 

system (RAAS). Overactivation of RAAS mediate vasoconstriction and increase 

extracellular volume, leading to severe hemodynamic changes including systemic and 

intraglomerular hypertension, glomerular hyperperfusion and hyperfiltration (15). These 
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mechanisms are accountable for structural changes in the glomeruli, and initiates the 

development of DKD. Consequently, patients present albuminuria and decreased 

glomerular filtration rate (GFR) (16,17). 

The theory of chronic hypoxia originates from 1998. Fine et al. hypothesized, that 

glomerular injury leads to decreased postglomerular flow, culminating in peritubular 

capillary loss (18). Insufficient renal blood flow generates a hypoxic environment, which 

harmfully affects adjacent capillaries. By the time this hypothesis was confirmed by 

several in vivo experiments, moreover, biopsies taken from CKD patients also showed 

reduced capillary density (19–21). Persistently decreased blood supply leads to chronic 

hypoxia, which is the cornerstone of CKD. Proximal tubular cells are particularly 

vulnerable to hypoxic conditions due to their high oxygen demand and physiologically 

limited blood supply (22). In DKD, tubular epithelial cells play a key role in the 

manifestation of renal inflammation and tubulointerstitial fibrosis by releasing profibrotic 

and proinflammatory cytokines (23,24). Accumulation of fibrotic tissue will further 

compromise tubular vascularity, thereby maintaining hypoxic environment, which leads 

to further epithelial cell damage and fibrosis (25,26). 

The diagnosis of DKD generally relies on the presence of albuminuria and 

decreased GFR. However, emerging number of cases report decreased kidney function in 

the absence of proteinuria in type 2 DM patients (27). Currently, histological investigation 

is still the most accurate diagnostic approach of DKD, however, renal biopsy is not 

routinely indicated. Early detection is crucial to effectively slow down DKD progression, 

thereby, there is a great need for sensitive biomarkers. 

The formation and degradation of ECM components lead to specific pro‐collagen 

terminal fragments and protein neo‐epitopes secreted into urine, which have recently been 

discovered as novel, early urinary biomarkers of renal fibrosis (28). Two of them are neo‐

epitopes of matrix metalloproteinase-9 (MMP‐9)‐mediated degradation product of type 

III collagen (C3M) and type IV collagen alpha 3 chain known as tumstatin (TUM) 

(29,30). Numerous recent studies have confirmed the association of urinary C3M (uC3M) 

with renal fibrosis in different rat models including 5/6 Nx, anti‐Thy 1.1, adenine 

nephropathy and type 2 diabetic nephropathy models (31,32). 

DKD is associated with complex pathophysiological alterations, however, 

controlling blood glucose levels and blood pressure is the primary objective of DKD 
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treatment. Reducing intraglomerular pressure with angiotensin converting enzyme (ACE) 

inhibitors or angiotensin receptor blockers (ARB) remained the cornerstone of 

hypertension guidelines. Multiple large scale clinical trials have been investigating the 

protective effects of RAAS inhibitors (RAASi) in patients with normal-, micro-, or 

macroalbuminuria (33–37). It has been showed that RAASi treatment can prevent or 

delay the onset of microalbuminuria, lowers the risk for the development of overt 

proteinuria and reduce the rate of CKD progression. In addition, there are experiments 

suggesting that the renoprotective effects of these agents go beyond merely decreasing 

blood pressure (38–40). Animal experiments revealed that inhibition of RAAS 

ameliorates tubulointerstitial fibrosis, glomerular hypertrophy and mesangial matrix 

expansion in DKD (41–43). Although, these results indisputably underlie the exceptional 

role of these drugs in the therapy of diabetes associated renal consequences, the exact 

mechanisms are still unclear. 

However, RAASi are not the only agents used for the treatment of diabetic patients 

which are proved to have remarkable renoprotective effect. At the beginning of 2000s 

sodium-glucose cotransporter 2 inhibitors (SGLT2i) have transformed the treatment of 

diabetic patients. Fundamentally, SGLT2i facilitate to lower blood glucose levels by 

blocking glucose reabsorption from the glomerular filtrate, however, it came to light that 

the majority of their beneficial mechanisms are independent of glycemic regulation (44). 

To date, it has been elucidated that these agents contribute to the mitigation of DKD by 

several pleiotropic effects including the reduction in inflammatory mediators, attenuation 

of renal hypoxia, and the amelioration of fibrosis (45–48). On the basis of growing 

evidence, indication of SGLT2i have become a key therapy in the management of CKD 

patients with and without DM. 

 

1.1.3. Acute kidney injury 

There is growing evidence that acute kidney injury (AKI) and CKD are in strong 

connection and likely promote each other (49–51). Contrary to prior theories, AKI results 

persistent deterioration of kidney function due to irreversible loss of kidney cells and 

nephrons. Initial nephron loss can be compensated by the hypertrophy of remaining one 

to maintain GFR. However, these conditions will eventually lead to further nephron loss 

(Figure 2), advancing the progression of CKD (52). 
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Figure 2. Levels of glomerular filtration rate (GFR), phosphorus (Phos), calcium (Ca) and 

parathyroid hormone (PTH) depending on the nephron number (53). Initial nephron loss can be 

compensated by nephron hypertrophy before the decline of GFR. Decreasing nephron number results the 

elevation of PTH to normalize unbalanced Phos and Ca levels.  

 

There is a large variety of etiological factors of AKI. In high-income countries, AKI 

mainly endangers elderly patients with multiple comorbidities. In these settings, post-

surgical interventions or other iatrogenic factors are the main causes (54). However, in 

low-income regions AKI occurs mostly as a complication of community-acquired causes 

such as sepsis, dehydration, toxins or pregnancy (55). The average pooled mortality rate 

is 23% in high-income countries, while in low-income countries this rate rises to 42%. 

Besides the more advance intensive hospitalization, this difference can be explained by 

the fact that in high-income countries 20-31.7% of the patients with AKI are already at 

in-hospital care (56). 

Renal ischemia/reperfusion (IR) associated AKI is a common complication among 

hospitalized patients (incidence ~5%) which may significantly worsen the outcome of 

clinical interventions (57). Various pathophysiological factors can contribute to the 

manifestation of local or multi-organ ischemia including major surgeries, sepsis, 

traumatic dermal or blood loss and toxins (58). Renal IR injury is caused by a local 

impairment of oxygen and nutrient supply which leads to rapid changes in the metabolism 
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of kidney cells. In addition, due to its anatomical characteristics, outer medullary region 

is presumably vulnerable to hypoxic-ischemic insults. Renal countercurrent system is 

characterized by vasa recta, a capillary plexus located in the inner stripe of the outer 

medulla (Figure 3) (59). It facilitates the exchange of water and solute from the tubular 

fluid and the production of concentrated urine. However, vasa recta are extremely prone 

to vascular congestion caused by ischemia. In response to damaged endothelium, the 

expression of cell adhesion molecules increases, which induces the activation of 

leukocytes. Exaggeration of white blood cells results the obstruction of capillaries and 

the infiltration of the leukocytes into the renal interstitium. Interestingly, it has been 

shown that greater density of pericytes surrounding capillary vessels is associated with 

lower tubular damage and better outcome following renal IR (60). 

 

Figure 3. Nephron structure and the maintenance of the oxygen gradient (58). (a) Anatomy of nephron. 

Microvasculature of the outer medulla is peculiarly susceptible to hypoxic events. (b) The special capillary 

structure of vasa recta surrounding the descending and ascending limbs facilitates countercurrent exchange 

of oxygen resulting osmotic gradient between the blood and interstitial fluid. 

a b 
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Regardless of its origin, tubular damage and nephron loss are inevitably associated 

with AKI. Tubular necrosis is characterized by multiple stages including tubular lumen 

dilation, loss of brush border, vacuolization, eosinophilic hyaline casts of Tamm-Horsfall 

protein and eventually the presence of necrotic and/or apoptotic epithelial cells (61). Signs 

of epithelial cell injury caused by IR are the most plausible in the S3 segment of the 

proximal tubules. 

In milder cases of IR, endogenous surviving tubular cells are able to replenish the 

tubular epithelium by dedifferentiation and proliferation. However, tubular damage 

usually results abnormal repair. Persistent tubulointerstitial inflammation, together with 

the hypoxic milieu promote the release of profibrotic cytokines such as TGF-ß and 

connective tissue growth factor (CTGF). This induces the transition of the renal epithelial 

and endothelial cells into myofibroblasts and initiating tubulointerstitial fibrosis. 

The development of kidney fibrosis is facilitated by a complex interaction between 

various cell lineages within the injured area. Myofibroblasts play key role in the disease 

progression by producing ECM components such as collagen and fibronectin (62). In 

physiological condition, the abundance of myofibroblasts is low, however, their number 

increases greatly in the fibrotic tissue. Although, a broad range of cell types may be 

potential precursors of myofibroblasts (tubular epithelial cells, fibroblasts, pericytes, 

mesenchymal stem cells), their origin is still not completely elucidated (63–66). 

Following the injury, infiltrated immune cells and tubular epithelial cells secrete growth 

factors and other signal molecules like Wnt and Tissue Metallopeptidase Inhibitor 1 

which facilitate myofibroblast activation via the initiation of proliferation and 

differentiation of progenitor cells (67). Alpha smooth muscle actin (α-SMA) is another 

key mediator of fibroblast activation, which is also expressed by pericytes and vascular 

smooth-muscle cells. 

Regardless of the origins, tubulointerstitial fibrosis is the most consequent 

manifestation of CKD, thus the degree of fibrosis is the best indicator for the progression 

of the disease. In vivo studies on CKD animal models implicate different histological and 

molecular biological methods to measure the extent of fibrosis. However, suitable sample 

preparation, due to the focal nature of fibrosis, is still challenging. 
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1.2. Lyophilization 

The practical applicability of freeze-drying, or lyophilization was first shown 

during World War II, implemented to provide human plasma on battlefields (68). A few 

years later, the technology has undergone a huge development, and became mainstream 

in the preservation of antibiotics and other liable pharmaceutical and biological products. 

Today, lyophilization is a cost-effective water removal method which is widely used in 

in the food- and pharmaceutical and biotechnological industry, and the technology is 

under steady expansion. Originally, it was developed to improve storage stability and to 

provide easier shipping, however, the area has numerous unexploited opportunities. 

 

1.2.1. Principles of lyophilization 

The process of lyophilization includes three main steps: pre-freezing, primary 

drying and secondary drying (Figure 4). The key driving force of freeze-drying is 

sublimation, which facilitates the elimination of the solvent (typically water) from the 

sample under vacuum. Since catalytic enzymes remain in a solid environment throughout 

the whole process, it also preserves highly degradable molecules such as proteins and 

RNAs. However, lyophilization is a sensitive technique, which requires balanced working 

parameters determined by sample properties. 
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Figure 4. Main stages of freeze-drying. After the sample is perfectly frozen, shelf temperature is gradually 

raised, making sure that the product temperature does not reach the eutectic temperature specific for the 

actual composition. Temporary slow-down of product temperature increment (area with black frame) 

represents sublimation in the immediate environment of the Pt100 thermocouple sensor. Ideally, all of the 

free water is sublimed by the end of the primary drying step (10-20 hours). Finally, lower pressure and 

higher temperature is applied in the secondary drying phase to remove bound water (3-10 hours). 

 

During pre-freezing, protein stability may be impaired by denaturation events 

including supercooling, freezeconcentration or crystallization, thereby, selecting the 

appropriate freezing process is critical (69). After the sample became completely frozen, 

vacuum is applied and the frozen water starts subliming by gradually increased 

temperature. Once this step is complete, temperature is further increased, resulting the 

removal of bound water molecules. This phase is called secondary drying. 

The main challenge during primary drying is to avoid sample microstructure 

destruction, or so called “cake collapse”, which leads to the blockage of pores left by 

previously sublimed ice, thus the inhibition of complete drying. Cake collapse occurs, 

when the product temperature exceeds a critical temperature, which is determined by the 

actual solvent content and sample properties (70,71). Eutectic temperature (Te) is a well-

defined attribute of crystalline systems, where the substance changes state from solid to 

liquid. However, most freeze-drying samples contain amorphous phases, which are 

characterized by the glass transition temperature (Tg). Glass transition is a gradual 

transition of amorphous or semi-crystalline materials from solid state to a softer, 

deformable phase (Figure 5). The collapse temperature (Tc) is a critical parameter of the 

freeze-drying process, which is close to the Tg of the maximally freeze concentrated 

solute. At this temperature, the material can no longer support its own structure and cake 

collapse occurs. 
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Figure 5. Phase transition of amorphous and crystalline materials. Amorphous substances are 

characterized with glass transition temperature (Tg) above which the material transform from solid state to 

a deformable, rubber-like phase. The eutectic temperature (Te) is a well-defined temperature, where the 

melting of crystalline matter occurs. 

Generally, using slower heating ramp rates is a good way to maintain the product 

temperature below the Tc, however, time is a key limiting factor in case of industrial 

applications. Thereby, optimization of drying cycle is crucial to increase manufacturing 

throughput and to preserve sample quality (Figure 6). 
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Figure 6. Main considerations during freeze-drying cycle optimization. Convenient drying and the 

preservation of desired sample properties such as structure or bioactivity are the key objectives of 

lyophilization. Generally, sample collapse can be avoided by keeping the product temperature below 

collapse temperature (~glass transition temperature) by regulating drying ramp. The length of drying is 

determined by various properties including sample volume, drying surface area, water content, composition 

and structure. Sample structure is also influenced by the size of the ice crystals thus, freezing rate can also 

be a critical factor. 

Cycle optimization was first developed by trial and error approach which 

exclusively relies on empirical data. This means that a large number of experiments are 

performed with different values of shelf temperature and chamber pressure until the 

desired product quality attributes are achieved. However, this method is time consuming 

and most of the times, the estimated parameters does not match with the ideal setup.  

Process analytical technology (PAT) is a system defined by the US Food and Drug 

Administration (FDA) which implement a range of tools such as quality by design (QbD) 

to improve process monitoring, scaling and controlling manufacturing (72). Modelling is 

an essential element of QbD to define Design Space and to reduce experimental workload 

(73,74). There are various thermoanalytical methods for determining Critical Process 

Parameters (CPP) like glass transition and collapse temperature, or primary drying 

endpoint, however, these require costly instruments and advanced expertise (75,76). 

There are simpler devices such as thermocouples, which are one of the most popular 

tools for monitoring product temperature during lyophilization (77). These point sensors 

are easy to use due to their flexible and narrow design, however, simplicity entails a few 

limitations. Thermocouples, by their nature, are only able to detect product temperature 

at the point where the wires form a junction, thus, accuracy of this method may be 

suboptimal for defining drying endpoint. Therefore, additional experiments are needed to 

determine residual water content. 

 

1.2.2. Lyophilization of biological samples 

Freeze-drying of biopharmaceutical products and tissues are commonly used to 

increase storage stability, while it also makes shipping cheaper and easier. Generally, 

harvested tissue samples are snap frozen and stored at ultralow temperature (-80°C) 

before further molecular biological investigations. However, low temperature storage 

capacity of laboratories is usually limited, in addition, long shipping times and unhandy 
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ice containers makes transportation inconvenient. Properly dried samples are proved to 

be storable at room temperature without the degradation of protein and RNA content, 

since nucleases and proteolytic enzymes are inactive in the absence of mobile 

environment (78). Lyophilization is also popularly used for the preservation of living cells 

such as microbes, sperm cells or stem cells (79–81). However, it is essential to maintain 

cell viability and proper biological activity, therefore, use of cryoprotective agents are 

required to minimize structural and functional damage caused by freezing or drying. 
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2. Objectives 

The current gold-standard for diagnosing and following-up the development of 

renal fibrosis is renal pathological biopsy due to the lack of sensitive, non-invasive 

biomarkers. Diagnosis is even more difficult in DKD where renal biopsy is taken only 

very rarely in complex cases.  

Therefore, first we aimed to test novel urinary biomarkers of kidney fibrosis in 

experimental DKD rat model. Our results indicated that the current sample preprocessing 

methods used for the investigation of tissue fibrosis are not precise enough due to the 

focal nature of ECM accumulation. Therefore, we aimed to introduce a novel way of 

sample preparation such as freeze-drying and powdering for various biological specimens 

to achieve higher reproducibility. Furthermore, this work was also addressed to 

investigate and to validate the applicability of lyophilization as an alternative biological 

sample processing method. 

The following objectives have been set to fulfill the aims: 

1. To test novel urinary biomarkers of kidney fibrosis in DKD rat model. 

2. To evaluate the anti-fibrotic effect of RAASi in DKD rat model. 

3. To set up freeze-drying protocol for the rat kidney and other specimen (rat heart, 

lungs; human feces, peritoneal dialysis (PD) effluent). 

4. To investigate the precision and long-term stability of protein and RNA level 

measurements in tissues preprocessed by lyophilization and/or pulverization. 

5. To test the applicability of lyophilization for sample preprocessing of human feces 

and PD effluent. 
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3. Materials and Methods 

 

Animal experimental protocol  

Animal experiments were carried out in accordance with guidelines of the Council 

on Animal Care of the National Health Institution of Hungary (PEI/001/380‐4/2013, 

PEI/001/1731-9-2015). 

Clinical studies were approved by the Semmelweis University Regional and 

Institutional Committee of Science and Research Ethics (31224-5/2017/EKU, 19048-

Á2/2018/EKU). 

DM rat model: 

Six-week old male Wistar rats (Rattus norvegicus, RGD Cat# 13508588, 

RRID:RGD_13508588; Toxi-Coop, Toxicological Research Centre; Dunakeszi, 

Hungary) were kept in temperature controlled room (24 ± 0.2 °C) under 12-hour 

dark/light cycle. Standard laboratory food and tap water was available ad libitum. Single 

intraperitoneal injection of 65 mg bwkg-1 streptozotocin (STZ) in 0.1 M citrate buffer (pH 

4.5) was used for DM induction. Diabetic rats were selected based on repeated blood 

glucose level measurement from the tail vein using a D-Cont IDEAL instrument (77 

Elektronika, Budapest, Hungary). Rats with ≥15 mmol/L blood glucose concentrations 

were considered diabetic. Five weeks after the STZ induction rats were assigned into the 

following randomized groups (n=7-8/group) and were treated by oral gavage daily for 2 

weeks: (i) isotonic saline as vehicle (D); (ii) Ramipril 10 µg bwkg-1 (D + Ramipril); 

Losartan 20 mg bwkg-1 (D + Losartan); Spironolactone 50 mg bwkg-1 (D + 

Spironolactone); Eplerenone 50 mg bwkg-1 (D + Eplerenone). Non-diabetic, age-matched 

animals (Control; n=8/group) served as controls. Control rats were treated with one-time 

intraperitoneal citrate buffer injection followed by daily oral gavage of saline, at the same 

time as the diabetic animals during the 2-week treatment period. After 2 weeks, rats were 

anaesthetised by a mixture of 75 mg bwkg-1 Ketamine (Richter Gedeon, Budapest, 

Hungary) and 10 mg bwkg-1 Xylazine (Medicus Partner, Biatorbagy, Hungary) followed 

by body weight measurement and terminal blood drawn. Blood, urine and kidney samples 

were collected and stored for further processing. Renal (blood urea nitrogen (BUN), 
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creatinine) parameters were determined using Hitachi 912 chemistry analyser (Roche 

Hitachi, Basel, Switzerland). Creatinine clearance were calculated. 

Renal IR injury rat model: 

8-week-old male Wistar rats (Toxi-Coop Toxicological Research Center, 

Dunakeszi, Hungary) were kept in standard laboratory cages. Rats had access to food and 

water ad libitum. Experiment were approved by the Committee on the Care of Laboratory 

Animals at Semmelweis University (Budapest, Hungary).  

General anesthesia was induced by intraperitoneal injection of ketamine (75 mg/bwkg) 

and xylazine (10 mg/bwkg) mixture. Abdomen was opened and artery and vein of the left 

kidney were dissected and clamped for 50 minutes with atraumatic vascular clamp. The 

right kidney was removed before the reperfusion. After the clip was removed, kidney was 

observed for 5 minutes to visually confirm decent reperfusion. Kidney samples were 

collected 24 hours after the reperfusion. Kidney tissue samples were immediately frozen 

or fixed in buffered 4% formalin for further processing. 

 

Human sample collection  

Human peritoneal dialysis (PD) effluent samples were collected from children 

treated with PD at the Pediatric Center, Semmelweis University. Dialysis of patients was 

performed with PD solution containing 1.5% glucose (Fresenius Medical Care, Bad 

Homburg v.d. Höhe, Germany). Samples were collected in the morning after the first 

overnight home dialysis. Collected PD specimens were immediately frozen and stored at 

-80°C until further use.  

Fecal samples were collected from healthy, inflammatory bowel disease and 

irritable bowel syndrome patients at the Pediatric Center, Semmelweis University. 

Samples were stored at +4°C for 24 hours, then aliquoted and stored at -80°C until further 

processing.  

 

Biomarkers of ECM turnover 

Levels of urinary Collagen type III breakdown product (uC3M), N-terminal pro-

peptide of rodent type III collagen (rPRO-C3) and tumstatin (TUM) were measured using 
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competitive enzyme-linked immunosorbent assay (ELISA) kits developed by Nordic 

Bioscience (Herlev, Denmark). Urinary output levels were normalized to urinary 

creatinine levels determined with QuantiChromTM Creatinine kit (BioAssay Systems). 

Measurements were accomplished at the laboratory of Nordic Bioscience (Herlev, 

Denmark) according to previously described protocols (Genovese et al., 2016, Nielsen et 

al., 2018). Wells of streptavidin-precoated 96-well ELISA plates (Roche, cat. 11940279) 

were filled with 100 µL biotinylated peptide and incubated for 30 min at 20 ºC. Following 

repeated washing steps (x5) performed with washing buffer, 20 µL of standard peptide or 

a mixture of sample and HRP–conjugated monoclonal antibody were added to the wells 

and incubated for 20 h at 4 ºC (uC3M, rPRO-C3) or 1 h at 20 ºC (TUM). After 5 repeated 

washing steps, 100 µL of 3,3’,5,5-tetramethylbenzidine (Kem-En-Tec, cat. 4380H, 

Taastrup, Denmark) were added to the wells and incubated for 15 min at 20 ºC in dark. 

Reaction was stopped by the addition of 1% sulfuric acid solution, and density values 

were measured with ELISA Microplate Reader (VersaMax, Molecular Devices, CA, 

USA) at 450 nm and 650 nm. 

 

Extraction for metabolome analysis 

Human fecal samples were prepared for metabolomics analysis by MxP® Quant 500 

kit of Bioctares (Innsbruck, Austria) according to the Application Note 35035 

(Heischmann 2018). A custom extraction was performed as following to test the 

applicability and efficiency of lyophilization. Two portions of 20-60 mg wet feces were 

processed and lyophilized. Dried sample mass was subsequently measured and recorded. 

The first fraction was extracted using ethanol:20 mmol/L phosphate buffer (pH=7.5) 

85:15 (v/v), while extraction of the second fraction was performed using a 15:85 (v/v) 

composition of the same liquids. 500 µL extraction mixture was added to the dry sample 

with the container kept in an ice bath and was shaken on an orbital shaker at 200 rpm for 

30 min. The procedure was repeated twice, and the products were combined for further 

analysis. 

 

Lyophilization and product processing 

Lyophilization and protocol setup was performed with a ScanVac CoolSafe Touch 

Superior device (LaboGene A/S, Allerod, Denmark). Harvested rat tissue samples were 
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divided in small (~20 mm3) pieces, arranged in 2 mL plastic tubes to attain the largest 

surface and stored at -80°C until freeze-drying (Figure 7a). Tubes remained open during 

the entire freeze-drying process (Figure 7b). Sample temperature was monitored using a 

Pt 100 thermocouple placed in the core of a chosen piece of tissue (Figure 7c). Dried 

products were manually shattered with needles (20 Gauge) and powdered with 5 mm 

stainless steel beads using a TissueLyser LT (Qiagen GmbH, Hilden, Germany) 

instrument. To maximize drying surface, PD effluent was snap-frozen on the wall of a 50 

mL plastic tube in liquid nitrogen (Figure 7d). Powdered tissue samples were stored at 

4°C. Residual water content of lyophilized tissues was determined using the classic Karl 

Fischer titration (82). 

 

Figure 7. Sample preparation for freeze-drying. (a) Tissue samples should be cut in pieces and optimally 

arranged in the container to achieve high surface-area-to-volume ratio. (b) Tubes are kept open throughout 

the entire process. Make sure that drying is not obstructed by other samples. (c) Thermocouple sensors 

should be placed in the core of the sample to monitor product temperature. (d) Snap freezing to the wall of 

the container by spinning in liquid nitrogen is recommended in case of liquid samples to optimize drying 

surface. 

 

Reverse transcription quantitative polymerase chain reaction (RT-qPCR) 
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Total RNA isolation Mini Kit (Geneaid Biotech, New Taipei City, Taiwan) was 

used to extract total RNA from rat kidney and heart tissues according to the 

manufacturer’s instructions. Quality and quantity of isolated RNA were measured with 

NanoDrop ND-1000 spectrophotometer (BCM, Huston, TX, USA). First strand cDNA 

was revers transcribed using Maxima First Strand cDNA Synthesis Kit for RT-qPCR 

(Thermo Fisher Scientific, Waltham, MA, USA). Relative gene expression was 

determined by RT-qPCR using 1 μL cDNA samples, 10 μL SYBR Green I Master 

enzyme mix (Roche Diagnostics, Mannheim, Germany) and 10 pmol μL−1 of each 

specific primer (IDT, Coralville, Iowa, USA (primer sequences: Table 1). Qualitative and 

quantitative analysis were performed by LightCycler 96 software version 1.1.0.1320 

(Roche Diagnostics, Mannheim, Germany).  

 

Table 1. RT-PCR primer sequences used in this study (GAPDH: Glyceraldehyde 3-phosphate 

dehydrogenase, NGAL: Neutrophil gelatinase-associated lipocalin; Ta: annealing temperature) 

Gene 

name 

Regular 

name 
NCBI ID Primer pairs 

Product 

length 
Ta 

Gapdh rat GAPDH NM_017008.4 

Forward: 
5'-CAC CAC CAT GGA GAA 

GGC TG-3' 
240 bp 60°C 

Reverse: 
5'-GTG ATG GCA TGG ACT 

GTG-3' 

Acta2 

rat alpha 

smooth 

muscle 

actin 

NM_031004.2 

Forward: 
5'-GAG CGT GGC TAT TCC 

TTC GTG-3' 
106 bp 60°C 

Reverse: 
5'-CAG TGG CCA TCT CAT 

TTT CAA AGT-3' 

Rn18s 

rat 18S 

ribosomal 

RNA 

NR_046237.1 

Forward: 
5'-GCG GTC GGC GTC CCC 

CAA CTT CTT-3' 
105 bp 60°C 

Reverse: 
5'-GCG CGT GCA GCC CCG 

GAC ATC TA-3' 

Havcr1 

rat kidney 

injury 

molecule 1 

NM_173149.2 

Forward: 
5'-CGC AGA GAA ACC CGA 

CTA AG-3' 
194 bp 60°C 

Reverse: 
5'-CAA AGC TCA GAG AGC 

CCA TC-3' 

Lcn2 rat NGAL NM_130741.1 

Forward: 
5'-GGG CTG TCC GAT GAA 

CTG AA-3' 
98 bp 60°C 

Reverse: 
5'-CAT TGG TCG GTG GGA 

ACA GA-3' 

 

Western blot analysis 
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Frozen and lyophilized samples were suspended in protein lysis buffer (1 M Tris, 

0.5 M EGTA, 1% Triton X-100, 0.25 M NaF, 0.5 M phenylmethylsulfonyl fluoride, 0.5 

M sodium orthovanadate, 5 mg x mL-1 leupeptin, and 1.7 mg x mL-1 aprotinin, pH 7.4). 

Lysates were centrifuged at 13,000 rpm, 4°C for 10 min. Protein concentration of the 

supernatant was measured by Detergent Compatible Protein Assay Kit (Bio-Rad 

Hungary, Budapest, Hungary). Protein samples were denatured and separated on 4-20% 

gradient Mini-PROTEAN TGX SDS-polyacrylamide precast gel (Bio-Rad Hungary, 

Budapest, Hungary). PD effluent was rehydrated and used as total protein solution 

without denaturation. Total protein was transferred to nitrocellulose membranes. 

Membranes were blocked in non-fat milk buffer for 1 hour at room temperature and 

incubated in specific primary antibody solution overnight at 4°C, followed by horseradish 

peroxidase-conjugated secondary antibody solution (Cell Signaling Technology, Leiden, 

Netherlands) (Table 2). Signal detection was obtained with Molecular Imager VersaDoc 

MP 4000 System (Bio-Rad Laboratories, Hercules, CA, USA) using Luminata Forte 

(Millipore Corporation, Billerica, MA, USA) substrate. Quantity One Analysis 4.6.6 

software was used for densitometric analysis of bands of interest (Bio-Rad Laboratories, 

Hercules, CA, USA). Results were normalized for Ponceau S staining and intermembrane 

control. 

Table 2. List of antibodies used for Western blot (αSMA: alpha smooth muscle actin; pAkt: phospho- 

protein-kinase B; peNOS: phosphorylated endothelial nitric-oxide synthase, CTGF: connective tissue 

growth factor) 

Antibody Vendor 
Catalogue 

number 
Dilution 

Secondary 

antibody 

Secondary 

antibody 

dilution 

Secondary 

incubation 

time 

αSMA 

Sigma-Aldrich, 

Darmstadt, 

Germany 

A2547 1:500 
goat anti-

mouse IgG 
1:6000 30 minutes 

pAkt 

Cell Signaling 

Technology, 

Leiden, Netherlands 

4060S 1:1000 
goat anti-

rabbit IgG 
1:4000 30 minutes 

Akt 

Cell Signaling 

Technology, 

Leiden, Netherlands 

9272S 1:1000 
goat anti-

rabbit IgG 
1:3000 1 hour 
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peNOS 

Cell Signaling 

Technology, 

Leiden, Netherlands 

9571S 1:1000 
goat anti-

rabbit IgG 
1:3000 1 hour 

eNOS 
Abcam, Cambridge, 

UK 
66127 1:1000 

goat anti-

rabbit IgG 
1:5000 1 hour 

CTGF      

Santa Cruz 

Biotechnology, 

Dallas, USA 

sc-14939 1:1000 
rabbit anti-

goat IgG 
1:5000 1 hour 

 

Renal histology 

Rat kidney tissues were fixed in 4% neutral buffered formaldehyde, dehydrated in 

graded alcohol series, embedded in paraffin, cut to 3 µm thick sections and mounted on 

coated glass microscope slides. Sections were stained with, periodic acid-Schiff (PAS) 

Masson’s trichome or Picrosirius red reagent. Fibrotic interstitial areas were visualized 

on 10-200x magnification with Panoramic Viewer software version 1.15.2 

(3DHISTECH, Budapest, Hungary). Quantitative analysis was performed with Adobe 

Photoshop 2016 (San José, California, USA) and ImageJ (U. S. National Institutes of 

Health, Bethesda, Maryland, USA). 

 

Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay 

Formalin-fixed rat kidney samples were embedded into paraffin. Sections of 5µm 

were cut and mounted on Superfrost slides (Thermo Shandon, Runcorn, UK) followed by 

manual removal of the paraffin. Preprocessing and labelling of apoptotic cells were 

performed by TUNEL assay using Apoptag® Peroxidase In situ Apoptosis Detection Kit 

(Millipore, Billerica, MA, USA). Samples were incubated in Proteinase K for 15 min and 

washed before blocking endogenous peroxidase activity with 3% H2O2:methanol 

mixture. Sections were incubated in reaction buffer containing 30% TdT enzyme for 1 

hour at room temperature after which Stop buffer was added. Slides were incubated with 

anti-Dioxigenin Conjugate for 30 min at room temperature. Color reaction was catalyzed 

using DAB peroxidase substrate. Slides were digitalized with Mirax scanner and images 

were taken with CaseViewer 2.4 software (3DHISTECH Ltd.). 
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Immunohistochemistry 

Rat kidney tissues were fixed in formalin, embedded into paraffin and 5µm sections 

were cut. Samples were placed in 1mM (pH=6.0) citrate buffer and heated in a microwave 

oven for 15 minutes to induce epitope retrieval. Following cooling, samples were washed 

in TRIS buffered saline (TBS; pH=7.6) and incubated in anti-CD45 antibody (Cat. Nr. 

ab10558, Abcam plc., 1:500) for 1 hour at room temperature. After repeated washing 

steps, sections were incubated in HISTOLS-R anti- rabbit HRP labelled detection system 

(Cat. Nr. 30011.R500, Histopathology, Ltd.) for 30 minutes at room temperature. 

Samples were washed with TBS and reaction was developed with HISTOLS Resistant 

AEC Chromogen/substrate System (Cat. Nr. 30015.K, Histopathology, Ltd.) controlled 

under light microscope. Hematoxylin eosin solution was used to counterstain sections, 

following bluing with tap water. Sample dehydration was performed with alcohol. 

Sections were purified in xylene and mounted with permanent mounting medium. Slides 

were digitalized with Mirax scanner and images were taken with CaseViewer 2.4 software 

(3DHISTECH Ltd.). 

 

Immunofluorescence 

Following the embedding in Shandon cryomatrix (Thermo Fisher Scientific, 

Waltham, MA, USA) frozen rat kidney samples were cut into 10 µm sections. Slides were 

incubated in anti-αSMA primary antibody (Sigma-Aldrich, Cat. No. A2547, 

RRID:AB_476701; dilution=1:1000) for 2 hours. After repeated washing steps, anti-

mouse IgG Alexa fluor 488 secondary antibody (Thermo Fisher Scientific, Cat. No. A-

11001, RRID:AB_2534069; dilution=1:100) was added and slides were incubated for 1 

hour at room temperature. Nuclei was visualized with Hoechst 33342 (Cell Signaling 

Technology, Cat. No. 4082S, RRID:AB_10626776; dilution=1:1000). Samples were 

fixed with Vectashield Mounting Medium (Vector Laboratories, Cat. No. H-1000, 

RRID:AB_2336789). Analysis was performed using Zeiss LSM 510 Meta confocal laser 

scanning microscope (LSM Image Examiner, RRID:SCR_014344) with 63× or 100× 

magnification objectives. 
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Statistical analysis 

Statistical analyses were performed using GraphPad Prism software version 7 

(GraphPad Software, San Diego, CA, USA). Sample distribution was determined by 

Kolmogorov-Smirnov normality test. The effects RAASi were tested by one-way 

ANOVA followed by Bonferroni’s multiple-comparison post hoc test in case of normally 

distributed data and by Kruskal-Wallis in case of non-parametric data. The effects of 

lyophilization protein and RNA content were analyzed using two-tailed paired t-test for 

parametrical comparisons and Wilcoxon test in case of the failure of Kolmogorov-

Smirnov test. Absolute differences were analyzed by Levene’s test using Microsoft Office 

Excel (Microsoft, Redmond, WA, USA). P values of <0.05 were considered significant. 

4. Results 

Urinary markers of collagen turnover signify the development of kidney fibrosis 

Our experiments revealed higher kidney to body weight ratio and declined kidney 

function following STZ induction which signifies the development of DKD (Figure 8a). 

Kidney enlargement and increased blood urea nitrogen levels were reduced by all the 

investigated RAASi. Although, RAASi did not lower increased serum creatinine levels, 

Ramipril, Spironolactone and Eplerenone restored the declined creatinine clearance. 

DM resulted increased urinary levels of rPRO-C3, uC3M and TUM indicating 

enhanced type III collagen formation, degradation, and type IV collagen turnover 

respectively (Figure 8b). Levels of uC3M were decreased in Eplerenone treated rats.  
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Figure 8. Renal function parameters and urinary markers of kidney fibrosis. (a) Renin-angiotensin-

aldosterone system inhibitors (RAASi) improve renal parameters of diabetic rats. (b) Increased levels 

urinary type III collagen degradation fragment (uC3M), tumstatin (TUM) and N-terminal pro-peptide of 

rodent type III collagen indicates the development of renal fibrosis, but does not reflect the beneficial effects 

of RAASi treatment. Data are presented as means ± 95% confidence intervals. Analysis was performed 

with one-way ANOVA followed by Bonferroniʹs multiple-comparison post hoc test; n = 7–8 

rats/group; *P < 0.05, **P < 0.01, ***P < 0.001 vs. control; #P = 0.08, §P < 0.05, §§P < 0.01 vs. D. 

 

 

RAAS inhibitors reduce the extent of tubulointerstitial fibrosis in diabetic kidneys 

We investigated fibrotic processes, including the accumulation of ECM 

components like collagen to estimate the manifestation of DKD. Renal tubulointerstitial 

fibrosis was assessed on Masson's trichrome‐stained sections. The quantity of fibrotic 

connective tissue increased in diabetic animals, while all of the RAASi decreased 

tubulointerstitial fibrosis (Figure 9a,b). To assess accumulation of the collagen 

components of the ECM, Picrosirius Red staining was performed, which showed 

increased amount of collagen in diabetic kidneys. RAASi also significantly decreased 

renal collagen depositions. Another widely accepted important and specific marker of 

fibrosis is the increased level of αSMA, indicating the activation and differentiation of 

fibroblasts. We demonstrated that in diabetic animals, the level of αSMA is significantly 

a 

b 
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increased and the protein is mainly localised in the tubulointerstitial region. RAASi 

decreased the accumulation of αSMA protein (Figure 9c). 
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Figure 9. Detection of fibrosis in diabetic rat kidney. (a) Masson’s trichrome (scalebar=100 µm) and (b) 

Picrosirius red (scalebar=200 µm) staining shows extracellular matrix component enrichment in diabetic 

rat kidneys, which is mitigated by the renin-angiotensin-aldosterone system inhibitor (RAASi) treatment. 

(c) Immunofluorescent histochemistry (scalebar=20 µm) and Western blot analysis demonstrates increased 

levels of renal αSMA, which is decreased by RAASi. Analysis was performed with one-way ANOVA 

followed by Bonferroniʹs multiple-comparison post hoc test; n = 7–8 rats/group; ***P < 0.001 vs. 

control; §§§P < 0.001 vs. D. 

 

Freeze-drying protocol setup for rat kidney tissue 

Precise determination of tissue injury and fibrosis proved to be challenging due to 

the inhomogeneous nature of structural damage and depletion of fibrotic chunks (Figure 

10a-d). Histological analysis and molecular biological investigations of tissue damage 

and fibrosis usually resulted highly dispersed data in former experiments (Figure 10e). 

We hypothesized that an advanced way of sample preparation by freeze-drying and 

powdering would improve the precision of molecular biological measurements by 

creating more homogeneous sample pools. However, due to the lack of definitive process 

parameters in the literature regarding to biological specimens, first, freeze-drying 

protocols for various rat and mouse tissues were established. 

Freeze-drying protocol was set up for rat kidney tissue based on the trial and error 

approach. Product temperature changes recorded by the Pt 100 thermocouple sensor 

confirmed the process of sublimation in the core of the tissue (Figure 10f). Lyophilized 

kidneys showed no signs of wet spots, and they were proved to be properly dustable 

(Figure 10g,h). Karl Fischer titration showed a mean residual moisture content of 1.5 ± 

0.20 m/m% (n=5). 
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Figure 10. Setting up freeze-drying protocol for rat kidney tissue to improve the precision of focal 

damage evaluation. Representative images of (a) Masson’s trichrome staining, (b) TUNEL assay, (c) 

CD45 labeling and (d) periodic acid-Schiff staining demonstrates the inhomogeneous development of (a) 

diabetic and (b-d) ischemic kidney injury. Focal kidney damage may bias the measurement of injury 
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associated biomarkers such as (e) Kidney injury molecule 1 (Havcr1) and neutrophil gelatinase associated 

lipocalin (Lcn2), resulting high dispersion. Results were analyzed and normalized to the expression of 

Rn18s housekeeping gene from the same samples as reference transcript. (f) Freeze-drying protocol was 

established for rat kidney tissue. Red frame indicates sublimation period in the immediate environment of 

the Pt 100 thermocouple. (g) The lyophilized product shows no sign of wet spots and (h) it is properly 

dustable.  

 

Lyophilization followed by powdering improves the precision of the measurement of RNA 

and protein levels 

To test whether lyophilization followed by homogenization as an alternative way 

of sample preparation improves the precision, first we compared αSMA protein levels in 

conventionally preprocessed (frozen) and lyophilized, total rat kidneys (Figure 11a). Our 

results revealed a strong outlier in the frozen group indicating inhomogeneous protein 

distribution.  

To confirm our findings, we established and experimental set as follows. Four 

replicates of total protein and RNA extraction were performed conventionally from 4 

different segments of a halved diabetic rat kidney sample, and four replicates of extraction 

were performed from the other half of the same kidney following lyophilization and 

homogenization (Figure 11b). mRNA expression of Acta2 and protein levels of αSMA 

and showed significantly lower variance in the lyophilized, homogenized group 

compared to conventionally processed frozen samples (Figure 11c,d). 
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Figure 11. Comparison of the precision of protein and RNA measurements between kidney samples 

prepared conventionally and lyophilized. (a) Absolute differences from the mean of alpha smooth muscle 

actin protein (αSMA) levels are higher in conventionally preprocessed (frozen) diabetic rat kidneys 

compared lyophilized and powdered samples (n=10/group) (b) Schematic of sample preparation for 

comparative investigations. Diabetic rat kidney was divided in two and treated as follows: one half was 

lyophilized (L), powdered, and protein and RNA were isolated from four proportions of the homogenous 

powder (L1-L4); the other half was cut in four pieces frozen, and each fragment went through conventional 

protein and RNA isolation (F1-F4). Absolute differences from mean of (c) alpha smooth muscle actin gene 

(Acta2) expression and (d) αSMA protein levels are higher if protein and RNA isolation are performed 

from frozen segments vs. portions taken from lyophilized and powdered half of diabetic rat kidney (n=4 

frozen and 4 powdered portions of the same kidney). Data were analyzed with Levene’s test. Results were 

analyzed and normalized to the expression of Rn18s housekeeping gene from the same samples as reference 

transcript. 
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RNA and protein stability are preserved in lyophilized samples following long-term 

storage  

We successfully applied the above-described freeze-drying protocol on other 

tissues, such as rat heart, and lungs (Figure 12a). The residual moisture content was 0.47 

± 0.13 m/m% (n=5) in the heart and 3.02 ± 1.37 m/m% (n=5) in the lungs samples which 

both considered suitable. Due to the smaller absolute size, same protocols can be used in 

the case of mouse tissues (data not shown).  

To investigate long-term storage stability of protein and RNA content, rat kidney 

and heart samples were processed as follows. Organs were divided in two, half of the 

tissues were stored frozen at -80°C, and the other halves were lyophilized and stored at 

4°C for 20 months. RT-qPCR measurements revealed that levels of Acta2 and Gapdh 

mRNA did not change following lyophilization in comparison with tissues parts stored 

frozen (Figure 12b,c). After the storage period we measured ubiquitously present 

proteins as well as their degradation-sensitive phosphorylated forms. Protein levels of 

αSMA, the ratio of phosphorylated Protein kinase B (pAkt)/ Protein kinase B (Akt) and 

the ratio of phosporylated endothelial nitric-oxide synthase (peNOS)/ endothelial nitric-

oxide synthase (eNOS) did not decrease in rat kidney and heart samples during freeze-

drying followed by long-term storage at 4°C (Figure 12d-f). Moreover, in case of two 

samples phosphorylation remained more preserved in lyophilized samples compared to 

frozen ones.  
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Figure 12. Long-term storage stability of protein and RNA content of frozen and lyophilized sample 

pairs of rat kidney and heart tissues. (a) Temperature and pressure characteristics of the freeze-drying 

process applied on rat heart and lung tissues. Red frames indicate sublimation period in the immediate 

environment of the Pt 100 thermocouple. To compare long-term storability, healthy rat kidney and heart 

sample pairs taken from the same tissue and stored either frozen at -80°C or lyophilized at 4°C for 20 

months. Levels of (b) alpha smooth muscle actin mRNA (Acta2), (c) glyceraldehyde 3-phosphate 

dehydrogenase (Gapdh) mRNA, and (d) alpha smooth muscle actin protein (αSMA) remain equally 

preserved in frozen and lyophilized samples after long-term storage. (e) Phosphorylated protein-kinase B 

(pAkt)/Akt protein ratio and (f) phosphorylated endothelial nitric-oxide synthase (peNOS)/eNOS protein 
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ratio are higher in samples stored lyophilized compared to frozen ones. Data were analyzed with paired t-

test (n=7 frozen-lyophilized sample pairs, n.s.=not significant). 

Modified protocol is applicable for non-tissue type biological samples 

Our experiments demonstrated that application of lyophilization in experimental 

research offers untapped opportunities. However, it can also be utilized in clinical studies 

as an improved way of human sample preprocessing. We established freeze-drying 

protocols for human PD effluent and feces to achieve a gentle way of sample preparation 

before further investigations. Primary drying time was modified to optimize the duration 

by increasing heating ramp and shortening the following phases (Figure 13a,b).  

By lyophilizing and rehydrating PD fluid we were be able to attain x20 

concentration without the degradation of protein content. This kind of preprocessing gave 

us the chance to detect proteins with potential diagnostic value such as CTGF, which was 

inaccessible by Western blotting after conventional sample preparation (Figure 13c). 

Lyophilized fecal specimens have been used for metabolome analysis, which 

requires the removal of water before the quantitative investigation of components. Both 

absolute (Figure 13d) and relative (Figure 13e) amount of the detected substances of 

each classes were higher in lyophilized samples compared to those were preprocessed 

with MxP® Quant 500 KIT according to the manufacturer’s instructions. 
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Figure 13. Application of freeze-drying on human peritoneal dialysis effluent (PDE) and feces. 

Lyophilization protocols and temperature and pressure characteristics of the freeze-drying process applied 

on human (a) PDE and (b) fecal specimens. (c) Concentration by lyophilization facilitates the detection of 

low abundance proteins such as connective tissue growth factor (CTGF) in PDE of nine human donors. (d) 

Representative image of the PDE following lyophilization. (e) The number and (f) the relative amount of 

substances (Y-axis) detected are higher in human fecal samples preprocessed with lyophilization (black 

bars) vs. with the commercially available kit (white bars).  

  

a b 
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d 

f 
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5. Discussion 

DKD is a frequent consequence of DM resulting serious complications and reduced 

lifespan, which creates an unsustainable strain on healthcare and society. RAASi and 

SGLT2i are the gold standard therapies, but even these compounds cannot reverse disease 

progression, thus early diagnosis and well-timed therapeutic intervention are desperately 

needed. Percutaneous kidney biopsy is the primary guideline for monitoring the 

manifestation of renal compromises, such as tubulointerstitial fibrosis, however, it is 

particularly performed on well-founded occasions due to its invasive nature and relative 

risk. Thereby, there is a great demand for both prognostic and endpoint biomarkers for 

routine clinical diagnosis. Here we tested novel urinary biomarkers of the ECM turnover, 

which may be promising indicators of renal fibrosis. 

To date, urinary levels of collagen procession products have been associated with 

the development of kidney fibrosis induced by various chronic diseases such as lupus 

nephritis, IgA nephropathy and DM (83–86). Moreover, serum PRO-C3 showed 

independent correlation with mortality, suggesting that it may reflect a systemic 

condition. Here we confirmed the prognostic value of novel urinary biomarkers of 

collagen formation and degradation on diabetes induced kidney fibrosis. In addition, we 

proposed TUM, an endogenous antiangiogenic protein fragment of type IV collagen as a 

potential candidate of DKD and ESRD detection. Elevated urinary C3M, PRO-C3 and 

TUM implied the presence of kidney fibrosis, which was validated by our histological 

findings. Although, RAASi treatment significantly improved renal function and reduced 

the extent of ECM deposition and fibroblast activation, these finding were not reflected 

by the urinary markers. 

In line with previous results, present experiments revealed highly scattering data 

which may be ambiguous when interpreting of typically inhomogeneous tissue damage 

such as fibrosis and focal necrosis. Therefore, to tackle this problem we introduced freeze-

drying as a sample preprocessing method of biological tissues to achieve higher precision 

in addition to well-known benefits such as improved storage- and shipping stability. 

Although, lyophilization is widely used for removing water from biological specimens, 

detailed public protocols are lacking (87–89). Thereby, we set up suitable freeze-drying 

parameters for various biological samples including the rat kidney; heart; lungs, human 

PD effluent and feces. There are several instrumental analytical methods used in the 
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industry to determine critical freeze-drying parameters such as Tg and drying end-point, 

which is crucial for cycle optimization and thus, for increasing yield (90–93). However, 

these methods require advanced expertise and high-priced instruments that are not part of 

standard research laboratory equipment. We used Pt 100 thermocouples for monitoring 

product temperature changes that indicate sublimation. The quality of drying was verified 

by visual properties such as product structure and dustability which are key factors while 

pursuing homogeneous samples. The residual water content of rat kidney, heart, and lung 

tissues after secondary drying was below 3.5% which is considered appropriate in 

biological samples (87). 

Previous results of ours and other groups have showed that conventional sample 

preprocessing methods might lead to inconsistent data and outlier values in case of 

biochemical investigations of focal injuries (eg. fibrosis) (94). Introduction of 

lyophilization and powdering as an alternative way of tissue preparation is proven to be 

a potential solution for strongly disperse data caused by inhomogeneous injury. Our 

experiments revealed that protein and RNA isolation performed from a small portion of 

pulverized tissue results in lower scatter, than from segmented parts of frozen samples. 

These findings verified our hypothesis that lyophilization and powdering of fibrotic 

tissues improve the reproducibility of molecular biological measurements. 

Although, the majority of biological samples are generally stored frozen at -80°C 

to preserve liable components such as proteins and nucleic acids, there are several 

disadvantages to be considered. Due to the limited storage capacity, research laboratories 

usually require several ultra-low temperature freezers, which generates significant 

amount of heat and CO2 in addition to high operating costs. Another drawback of frozen 

storage is sample thawing, to which biochemical substances are extremely sensitive. 

However, inconvenient shipping is the most frequently reported issue, particularly due to 

the cold chain transportation and safety concerns of liquid nitrogen tanks. 

To implicate an alternative method for storing and preprocessing of highly valuable 

biological specimens, it is essential to validate its safety and reliability. The majority of 

studies show that properly executed freeze-drying followed by short- or mid-term storage 

does not impair RNA and protein content (95–97). Consequently, we demonstrated that 

lyophilization followed by long-term storage (20 months) at 4°C does not decrease the 
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levels of the investigated molecules including the highly sensitive post-translation 

modifications such as phosphorylation. 

The role of lyophilization in the food- and pharmaceutical industry has continuously 

increased over the last decades, and currently, it is gaining space in clinical research as 

well (98,99). The interpretation of PD effluent as a “liquid biopsy” used for detecting 

biomarkers of pathological processes, such as the development of peritoneal fibrosis has 

become an emerging topic in clinical research. Peritoneal fibrosis is associated with 

fibrous thickening of the peritoneum caused by various pathological conditions related to 

clinical practices such as peritoneal dialysis (100). Pro-fibrotic markers, such as CTGF 

levels of PD effluent may provide valuable information about disease progression, in 

addition, non-invasive sampling allows continuous monitoring (101). However, detection 

of biomarker proteins in PD effluent with Western blotting is challenging due to their low 

concentration. Following 20x concentration of PD by lyophilization and rehydration we 

were able to detect CTGF, demonstrating that freeze-drying is a potential method to 

enrich proteins with low abundance but high clinical significance. 

Another rapidly evolving field is metabolome research which is addressed to get 

deeper understanding in role of the human gut microbiome to enlighten its therapeutic 

potential. Lyophilization has already been incorporated as a useful tool for removing 

liquid components from the feces before fecal microbiota transplantation, which is a 

promising concept in the treatment of gastrointestinal diseases (102,103). Metabolomics 

also uses highly sensitive analytical tools like high-performance liquid chromatography 

– mass spectrometry (HPLC-MS) which require pure, solvent free samples (104). 

Although, the convenience of drying feces by lyophilization has been proven, there are 

no comprehensive freeze-drying setups available. We published a detailed protocol which 

results in solvent free product without deteriorating the composition of stool samples. 

Metabolite analysis revealed that lyophilization results higher number and concentration 

of detected substances belonging to various classes in comparison with the commercially 

available sample preparation kit.  
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6. Conclusions 

1. Novel urinary biomarkers of collagen turnover are able to detect diabetes 

induced kidney fibrosis. 

2. Evaluation of focal tissue damage (eg. fibrosis) usually results in highly disperse 

data due to suboptimal sampling. 

3. Freeze-drying and powdering fibrotic tissues increase the precision of 

molecular biological measurements including RT-qPCR and Western blot. 

4. Lyophilized samples can be permanently stored at 4°C without the degradation 

of RNA and protein content, and post-translational modifications. 

5. Lyophilization is a suitable method for concentrating highly valuable biological 

specimens such as PD effluent and preserving protein content. 

6. Water removal by freeze-drying results in higher number and concentration of 

substances detected in human fecal samples compared to conventional 

preprocessing. 
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7. Summary 

Diabetic kidney disease (DKD) is a global burden affecting 30-40% of diabetic 

patients. The risk of morbidity and mortality are unacceptably high, thereby, early 

initiation of an effective therapy is crucial to prevent or slow down the progression of 

renal complications. However, currently there is no appropriate biomarker of DKD, 

which makes diagnosis challenging. In this work we tested novel urinary biomarkers of 

kidney fibrosis, an advanced manifestation of the disease. 

Urinary levels of N-terminal type III collagen propeptide, collagen type III 

breakdown product and tumstatin indicated the presence of diabetes induced kidney 

fibrosis. Although, renal parameters and histological evaluations showed significant 

improvement in animals that received RAAS inhibitor treatment, urinary markers of 

collagen turnover did not reflect these alterations. 

In line with previous results, this experiment resulted in highly disperse data due to 

the focal nature of tissue fibrosis. Therefore, we developed a lyophilization sample 

preprocessing method to tackle this problem. Following setting up applicable freeze-

drying protocols for various biological specimens (rat kidney, heart, lungs; human 

peritoneal dialysis effluent and feces) we confirmed our hypothesis that powdering 

lyophilized tissues provides homogeneous samples and improves the precision of 

qualitative and quantitative measurements. We also verified the method by demonstrating 

that freeze-drying preserves RNA and protein content, and post-translational 

modifications such as phosphorylation even after long-term (20 months) storage at 4°C. 

Furthermore, lyophilization is proven to be suitable for removing water from highly 

valuable human samples such as peritoneal dialysis effluent and fecal samples without 

the degradation of low-abundance proteins and other substances. 

In conclusion, urinary biomarkers of extracellular matrix formation can indicate 

diabetes induced kidney fibrosis at the early stage, however, their sensitivity may be 

insufficient to monitor therapeutic improvement. Beyond the extended and more 

convenient storability, lyophilization should also be considered as a superior alternative 

method of biological sample preprocessing to achieve higher reproducibility, better 

product quality and more reliable results. Freeze-drying conceals yet untapped 

opportunities which are worth utilizing in the basic- and clinical research as well.  
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