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Abstract.
BACKGROUND: Micro-rheological relations of renal ischemia-reperfusion (I/R) have not been completely elucidated yet.
Concerning anti-inflammatory agents, it is supposed that sigma-1 receptor agonist N,N-dimethyl-tryptamin (DMT) can be
useful to reduce I/R injury.
OBJECTIVE: To investigate the micro-rheological and metabolic parameters, and the effects of DMT in renal I/R in rats.
METHODS: In anesthetized rats from median laparotomy both kidneys were exposed. In Control group (n = 6) no other
intervention happened. In I/R group (n = 10) the right renal vessels were ligated and after 60 minutes the organ was removed.
The left renal vessels were clamped for 60 minutes followed by 120-minute reperfusion. In I/R+DMT group (n = 10) DMT
was administered 15 minutes before the ischemia. Blood samples were taken before/after ischemia and during the reperfusion
for testing hematological, metabolic parameters, erythrocyte deformability and aggregation.
RESULTS: Lactate concentration significantly increased and accompanied with decreased blood pH. Enhanced erythrocyte
aggregation and impaired deformability were observed from the 30th minute of reperfusion. In I/R+DMT group we found
diminished changes compared to the I/R group (lactate, pH, electrolytes, red blood cell deformability and aggregation).
CONCLUSIONS: Metabolic and micro-rheological parameters impair during renal I/R. DMT could reduce but not com-
pletely prevent the changes in this rat model.
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1. Introduction

Renal ischemia-reperfusion (I/R) is characterized by cessation of blood supply followed by restora-
tion of the circulation and re-oxygenation, leading to alterations in morphology and function, depending
on the duration of the ischemia and the circumstances of reperfusion. It may occur in a broad spec-
trum of clinical settings including surgery, trauma, dehydration or sepsis [1]. It is inevitable in renal
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transplantation and may be responsible for acute kidney injury, delayed graft function, high risk of
acute rejection and chronic graft dysfunction [2, 3].

The kidney is particularly sensitive to I/R because of its vascular anatomy and high rate of
metabolism. Many factors are involved in the pathophysiology of the ischemia-reperfusion injury
[2, 4–9]. Tissue damage is determined primarily by the magnitude and duration of the ischemia but
further damage develops during the subsequent reperfusion [5, 7, 8]. During ischemia there is a lack
of oxygen and nutrients, which leads to a decrease in oxidative metabolism, accumulation of waste
products and depletion of ATP. Anaerobe metabolism and lactate accumulation results in intracellu-
lar pH decrease. When reperfusion is established, in spite of reoxygenization and return to aerobe
metabolism further damage occurs, mainly due to the excessive production of reactive oxygen species,
but inflammatory response is also implicated [5, 8, 10]. These mechanisms lead to severe cellular
injury and contribute to early graft rejection and to the remote injury of other organs [11].

Regarding the micro-rheological parameters, I/R may have an impact on red blood cell aggre-
gation and deformability due to metabolic changes, free radical reactions and acute phase
reactions [12–14]. Micro-rheological parameters are highly important in determining microcirculation
[13, 15–17], therefore their investigation may provide important information about the pathomechanism
of renal ischemia-reperfusion injury.

Several methods exist to prevent or reduce I/R injury, acting at different phases and influenc-
ing various pathways during the process [18, 19]. N,N-dimethyl-tryptamine (DMT) is a powerful
psychedelic drug. In 2014 Szabó et al. demonstrated the immune-modulator potential of DMT and
5-MeO-DMT through the sigma-1 receptor of human immune cells. Based on their results, the immune-
modulator activity of DMT may have a significant anti-inflammatory effect and may contribute to tissue
regeneration [20].

In our study we wished to investigate whether renal ischemia-reperfusion may cause deterioration
in metabolic and micro-rheological parameters. We hypothesized that administration of DMT can be
protective against I/R-induced alterations.

2. Materials and methods

2.1. Experimental animals and study design

The experiments were approved and registered by the University of Debrecen Committee of Ani-
mal Welfare (permission Nr.: 20/2011. UDCAW), in accordance with national (Hungarian Animal
Protection Act, Law XVIII/1998) and EU regulations (Directive 2010/63/EU).

Twenty-six healthy, male Crl:WI rats (Toxi-Coop Ltd., Hungary; bodyweight: 343.3 ± 29.5 g) were
involved in the study. Only males were used to eliminate potential gender variability. The rats were
housed in standard cages in groups of 2-3, on a 12-hour light/dark cycle. Rats were fed with standard
rat chow diet and allowed access to water ad libitum.

The animals were randomly divided into three experimental groups: control (C, n = 6), ischemia-
reperfusion (I/R, n = 10) and ischemia-reperfusion with DMT treatment (I/R+DMT, n = 10) groups.
Anesthesia was introduced with intraperitoneal administration of Thiopental (60 mg/bwkg) with
atropine-sulphate (0.06 mg/bwkg, s.c.).

2.2. Operative techniques

The left femoral artery was cannulated (BD NeoflonTM, 26G) under operating microscope (Leica
Wild M650) for blood samplings. Midline laparotomy was performed and both kidneys were gently
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exposed in all animals. In the Control group there were no other interventions. In the Ischemia-
reperfusion (I/R) group the right renal artery and vein were exposed and ligated while the left
kidney’s vessels were atraumatically clamped. After 60-minute ischemia the right kidney was excised
for histopathological examinations in parallel to removing the clamps from the left renal ves-
sels and a 120-minute reperfusion period followed. In the treated group (I/R+DMT), 15 minutes
before ligating/clamping the renal vessels, N,N-dimethyl-tryptamine (DMT) (permission for usage:
OGYÉI/14595-2/2017) was administered (2.95 ml/bwkg, using 2.45 mg/ml solution and given i.m.),
and repeated again 60 minutes later, 15 minutes before the start of the reperfusion.

At the end of the reperfusion period, after the last blood sampling biopsies were taken from the
kidney, liver and a jejunum segment for later histological examination and then the animals were
euthanized.

2.3. Sampling protocol

Before the ischemia (Base), just after clip removal (I-60), at the 30th (R-30), the 60th (R-60) and the
120th (R-120) minute of the reperfusion blood samples ( 0.3 ml each time, anticoagulant: 1.5 mg/ml
K3-EDTA) were taken from the cannulated artery. Similar volume of physiological saline solution was
administered just after samplings. In the Control group the timing of blood sampling was identical. At
the end of the experiments tissue samples were taken from the kidney, the small intestine and the liver
for histological examinations and the animals were euthanized.

2.4. Laboratory measurements

Hematological parameters were determined by a Sysmex K-4500 automated hematology analyzer
(TOA Medical Electronics Corp., Ltd., Japan). In this study red blood cell count (RBC [T/l]), hema-
tocrit (Hct [%]), haemoglobin (Hgb [g/dl]), mean corpuscular volume (MCV [fl]), mean corpuscular
hemoglobin (MCH [pg]), mean corpuscular hemoglobin concentration (MCHC [g/dl]), white blood
cell count (WBC [G/l]) and platelet count (Plt [G/l]) were analyzed.

The acid-base parameters, glucose and electrolytes were tested by an EPOC portable blood analysis
device (Alere, USA). Blood pH, pO2 [mmHg], pCO2 [mmHg], base excess (BE(ecf) [mmol/l]), lactate
[mmol/l], bicarbonate (HCO3

– [mmol/l]), glucose [mmol/l], Na+ [mmol/l], K+ [mmol/l] and Ca2+

[mmol/l] concentrations were determined. For the measurements approximately 0.1 ml blood sample
is required.

Red blood cell deformability was determined by LoRRca MaxSis Osmoscan rotational ektacytometer
(Mechatronics BV, The Netherlands). The method is based on the analysis of the laser diffraction pat-
tern of the elongated red blood cells in the function of sheer stress [21]. Polyvinylpyrrolidone (PVP) –
phosphate buffered saline (PBS) solution was used as high-viscosity suspending media (Sigma-Aldrich
Co. USA; PVP-PBS solution viscosity = 27 mPas, osmolality 300 mOsmol/kg, pH = 7.3). The measure-
ments were carried out at 37 ◦C. The elongation index values were determined in the function of sheer
stress (SS) [Pa]). For comparison EI-SS curves, EI values at 3 Pa, and by Lineweaver-Burk analysis
the maximal elongation index (EImax) and the shear stress at half EImax (SS1/2 [Pa]), and their ratio
were used [22].

Red blood cell aggregation was tested by a Myrenne MA-1 erythrocyte aggregometer (Myrenne
GmbH, Germany), based on light-transmittance method [21, 23]. Briefly, the blood sample is disag-
gregated with high shear rate (600 s–1) and then the shear rate drops to 0 (M mode) or 3 s–1 (M1
mode). Aggregation index values at 0 and 3 s–1 shear rates are determined 5 seconds (M 5 s, M1 5 s) or
10 seconds (M 10 s, M1 10 s) after disaggregation. Higher aggregation index values reflect enhanced
aggregation [21].
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2.5. Statistical analysis

Data were expressed as means ± standard deviation (S.D.). For inter-group comparison Student t-
test or Mann-Whitney rank sum tests, for intra-group comparison one-way and repeated measures
ANOVA tests (Dunn’s, Bonferroni’s or Student-Newman-Keuls method) were applied, depending on
the normality of data distribution. P < 0.05 was considered statistically significant.

3. Results

3.1. Hematological parameters

Table 1 shows the changes in quantitative and qualitative hematological parameters.
Red blood cell count (RBC [T/l]), haemoglobin (Hgb [g/dl]) and hematocrit (Hct [%]) slightly

decreased in Control group (RBC: p = 0.012, Hgb: p = 0.002 and Hct: p = 0.029 vs. base), while a mod-
erate hemoconcentration was observed by the 120th minute of the reperfusion in I/R (Hgb: p = 0.028
and Hct: p = 0.05 vs. Control) and I/R+DMT group (RBC: p < 0.001 vs. base and Control, Hgb:
p = 0.001 vs. Control and p = 0.009 vs. I/R, and Hct: p = 0.009 vs. Control and p = 0.025 vs. I/R). Mean

Table 1

Changes of quantitative and qualitative haematological parameters in the Control, Ischemia-Reperfusion (I/R) and
DMT-treated Ischemia-Reperfusion groups (I/R+DMT) during the 120-minute reperfusion period after 60-minute of kidney

ischemia

Variable Group Base I-60 R-30 R-60 R-120

RBC [T/l] Control 7.65 ± 0.7 7.34 ± 0.96 7.23 ± 0.72 7.2 ± 0.84 6.35 ± 1.3∗

I/R 7.06 ± 0.67 7.15 ± 0.49 7 ± 0.59 7 ± 0.68 7.27 ± 0.93
I/R+DMT 8.88 ± 0.51 8.55 ± 0.91 8.29 ± 0.79 8.51 ± 0.61 9.21 ± 0.67#,+

Hct [%] Control 46.12 ± 3.74 44.42 ± 5.61 44.02 ± 4.76 43.85 ± 4.92 39.3 ± 8.42∗

I/R 42.92 ± 3.87 43.99 ± 2.46 41.69 ± 7.77 42.97 ± 3.96 45.12 ± 6.04#

I/R+DMT 51.17 ± 2.68 49.48 ± 5.56 48.05 ± 4.08 49.65 ± 3.02 52.04 ± 3.39#+

Hgb [g/dl] Control 15.15 ± 1.04 14.5 ± 1.69 14.37 ± 1.34 14.16 ± 1.55 12.41 ± 2.26∗

I/R 13.96 ± 1.5 14.25 ± 0.79 14.05 ± 0.96 13.95 ± 1.3 14.34 ± 1.85#

I/R+DMT 16.17 ± 0.95 15.61 ± 1.71 15.25 ± 1.44 15.48 ± 0.85 16.7 ± 1.23#,+

MCV [fl] Control 60.27 ± 1.26 60.54 ± 1.3 60.81 ± 1.51 60.94 ± 1.38 61.73 ± 0.86
I/R 60.78 ± 1.67 61.56 ± 1.47 61.72 ± 1.75 61.42 ± 1.86 62.1 ± 1.92

I/R+DMT 57.66 ± 1.4 58.85 ± 1.18 58.03 ± 0.97 58.41 ± 1.03 58.08 ± 1.55
MCH [pg] Control 19.82 ± 0.64 19.81 ± 0.62 19.89 ± 0.52 19.68 ± 0.45 19.63 ± 0.64

I/R 19.8 ± 1.12 19.96 ± 0.82 20.44 ± 1.64 19.94 ± 0.87 19.74 ± 0.75
I/R+DMT 18.22 ± 0.48 18.26 ± 0.42 18.4 ± 0.76 18.22 ± 0.56 18.13 ± 0.49

MCHC [g/dl] Control 32.89 ± 0.65 32.68 ± 0.57 32.71 ± 0.87 32.33 ± 0.42 31.85 ± 1.23
I/R 32.47 ± 1.84 32.41 ± 0.91 33.18 ± 2.54 32.47 ± 0.54 31.81 ± 0.71

I/R+DMT 31.61 ± 0.69 31.56 ± 0.29 31.75 ± 1.06 31.21 ± 0.67 31.23 ± 0.72
WBC [G/l] Control 4.59 ± 1.37 4.81 ± 1.84 5.03 ± 0.76 5.24 ± 1.49 4.96 ± 0.88

I/R 5.42 ± 1.59 6.82 ± 2.29∗,# 6.47 ± 2.53 6.17 ± 3.17 3.95 ± 1.58∗

I/R+DMT 5.05 ± 0.86 4.71 ± 1.51+ 5.1 ± 1.93 5.43 ± 2.32 5.02 ± 2.5
Plt [G/l] Control 916.8 ± 233 1039.2 ± 144.1 1060.1 ± 125.3 1028.4 ± 133 576.2 ± 237.8

I/R 748.1 ± 213.1 958.7 ± 138.4∗ 967.2 ± 88.3∗ 868 ± 230.1 814.1 ± 146.6
I/R+DMT 794.7 ± 125.9 729 ± 91.7#,+ 749.5 ± 89.3#,+ 714.1 ± .133.6# 748 ± 181.7

means ± S.D., ∗p < 0.05 vs. Base; #p < 0.05 vs. Control; +p < 0.05 vs. I/R.
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corpuscular volume, mean corpuscular hemoglobin, and mean corpuscular hemoglobin concentration
did not show important alterations during the reperfusion period.

Total white blood cell count (WBC [G/l]) was stable in Control group. In I/R group an initial rise
was observed after the ischemic period when both kidneys were clamped (p = 0.032 vs. base, p = 0.016
vs. Control, and p = 0.019 vs. I/R+DMT), and afterwards it remained elevated and 120 minute after
reperfusion we found a drop in the values (p = 0.013 vs. base). In I/R+DMT group the values were
similar to the Control group. Platelet count showed a slight increase in Control group, ended in a
drop by the 120th minute (p = 0.056 vs. base). In I/R group platelet count (Plt [G/l]) moderately but
significantly increased 30 minutes (p < 0.001 vs. base) and 60 minutes (p < 0.001 vs. base) after starting
the reperfusion. In I/R+DMT group a mild decreased was found (at I-60: p < 0.001 vs. Control and
I/R, at R-30: p < 0.001 vs. Control and I/R, at R-60: p < 0.001 vs. Control).

3.2. Metabolic parameters

Table 2 summarizes the changes in metabolic parameters. Blood pH slightly decreased in Control
group and more in I/R group by the end of the experiment, and in I/R+DMT group it moderately
increased (p = 0.029 vs. base). While the pO2 decreased in Control and I/R groups 120 minutes after
starting the reperfusion, it remained constant in I/R+DMT group (at R-120: p = 0.013 vs. Control).
The pCO2 values decreased in all groups by the 120th minute of reperfusion (I/R: p = 0.05 vs. base,
I/R+DMT: p < 0.001 vs. base). Bicarbonate concentration decreased by the 120th minute of the reper-
fusion in all groups (Control: p = 0.002 vs. base) and most expressedly in I/R (p < 0.001 vs. base, and
p = 0.07 vs. Control) and in I/R+DMT groups (p < 0.001 vs. base). Base excess decreased in Con-
trol group, but remained positive (p = 0.003 vs. base). In I/R group the decrease was large, became

Table 2

Changes of metabolic parameters in the Control, Ischemia-Reperfusion (I/R) and DMT-treated Ischemia-Reperfusion
groups (I/R+DMT)

Variable Group Base R-120 Variable Base R-120

pH Control 7.42 ± 0.02 7.37 ± 0.35 lactate [mmol/l] 1.33 ± 0.71 1.72 ± 0.76
I/R 7.4 ± 0.06 7.27 ± 0.28 1.09 ± 0.58 2.37 ± 0.7∗

I/R+DMT 7.34 ± 0.03 7.36 ± 0.15∗ 1.19 ± 0.89 1.69 ± 0.64∗

pO2 [mmHg] Control 98.45 ± 8.21 84.5 ± 13.77 glucose [mmol/l] 8.63 ± 1.21 7.97 ± 3.23
I/R 99.51 ± 14.98 90.22 ± 20.1 8.21 ± 0.99 7.7 ± 6.03

I/R+DMT 102.39 ± 4.72 102.36 ± 7.18# 9.78 ± 1.39 6.97 ± 3.32∗

pCO2 [mmHg] Control 45.9 ± 4.19 34.12 ± 14.2 Na+ [mmol/l] 139.33 ± 0.81 139 ± 1.15
I/R 48.76 ± 10.57 35.67 ± 12.68∗ 135.27 ± 8.69 134.37 ± 11.84

I/R+DMT 50.71 ± 6.73 31.18 ± 4.98∗ 140 ± 1.56 140.62 ± 2.02
cHCO3

−[mmol/l] Control 29.76 ± 1.58 23.6 ± 3.2∗ K+ [mmol/l] 4.35 ± 0.2 5.5 ± 0.29∗

I/R 29.64 ± 2.46 16.78 ± 6.39∗ 4.23 ± 0.33 6.3 ± 1.86∗

I/R+DMT 28.92 ± 2.71 19.92 ± 2.74∗ 4.15 ± 0.3 4.65 ± 0.55∗,#,+

BE (ecf) [mmol/l] Control 5.33 ± 1.46 1.16 ± 1.67∗ Ca2+ [mmol/l] 1.41 ± 0.04 1.25 ± 0.07∗

(1.96 ± 0.55∗)
I/R 4.83 ± 1.5 –10 ± 10.31∗ 1.4 ± 0.04 1.23 ± 0.08∗

(10.7 ± 9.48)
I/R+DMT 4.05 ± 1.26 –4.64 ± 2.79∗,# 1.33 ± 0.05 1.16 ± 0.04∗,#

(4.64 ± 2.79)

means ± S.D., BE data in italics = absolute values, ∗p < 0.05 vs. Base; #p < 0.05 vs. Control; +p < 0.05 vs. I/R.
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negative (p < 0.001 vs. base, and p = 0.06 vs. Control). In I/R+DMT group negative BE was found as
well (p < 0.001 vs. base and p = 0.005 vs. Control).

Blood lactate concentration in parallel to pH markedly increased by the end of the observed reperfu-
sion period in all groups. In Control group the change was not significant, but in I/R, where the largest
rise was found (p < 0.001 vs. base) and in the I/R+DMT group (p = 0.045 vs. base), where a smaller
increase was observed, the changes reached the level of significance. In I/R+DMT group there was a
significant decrease in the glucose concentration (p = 0.045 vs. base) that was not found in other groups.
Na+ concentration was stable in all groups, while we found an increase in K+ concentration, which
was the most expressed in I/R group (Control: p < 0.001 vs. base, I/R: p = 0.003 vs. base, I/R+DMT:
p = 0.033 vs. base, p = 0.022 vs. Control and p = 0.045 vs. I/R). Ca2+ showed a mild, but significant
decrease in all groups (Control: p = 0.002 vs. base, I/R: p < 0.001 vs. base, I/R+DMT: p < 0.001 vs.
base, p = 0.35 vs. Control).

3.3. Red blood cell deformability

Figure 1 shows the comparative parameters of the elongation index-shear stress curves. Elongation
index values at a shear stress of 3 Pa have not changed in the Control group. In I/R group values were
lower compared to the Control at the end of the bilateral renal ischemia (p = 0.007), in the 30th minute
(p = 0.035) and in the 60th minute of the unilateral renal reperfusion, as the lowest values (p = 0.002,
and p = 0.028 vs. base). Values of the I/R+DMT group were higher at these time points than those
of the I/R group (at I-60: p = 0.039, at R-30: p = 0.003, at R-60: p < 0.001 and at R-120: p = 0.001)
(Fig. 1A).

Fig. 1. Changes of the red blood cell deformability: elongation index at 3 Pa values (A) and EImax/SS1/2 (B) in the Control,
Ischemia-Reperfusion (I/R) and DMT-treated Ischemia-Reperfusion groups (I/R+DMT) during the 120-minute reperfusion
period after 60-minute of kidney ischemia. means ± S.D., ∗p < 0.05 vs. Base; #p < 0.05 vs. Control; +p < 0.05 vs. I/R.
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The EImax/SS1/2 values [Pa–1] calculated from the EI-SS curves showed the lowest values in the I/R
group (at I-60 p = 0.008 vs. Control and p < 0.001 vs. I/R+DMT group, at R-30: p = 0.004 vs. Control,
at R-60: p = 0.008 vs. Control and p < 0.001 cs. I/R-DMT group, and at R-120: p = 0.011 vs. base)
(Fig. 1B).

3.4. Red blood cell aggregation

Table 3 summarizes the values of the four aggregation indices. Figure 2A-D shows the values related
to their base.

M 5 s values showed an initial rise in all groups versus their base (Control: p < 0.001, I/R: p = 0.055,
I/R+DMT: p = 0.003). In Control the values remained elevated (at R-30: p = 0.009, at R-60: p < 0.001
vs. base), and by the end of the 120-minute reperfusion they normalized. In I/R group the values
decreased, while in the I/R+DMT group further increase was seen (R-30: p < 0.001 vs. base, p = 0.011
vs. Control, p < 0.001 vs. I/R group; at R-60 p < 0.001 vs. base, p = 0.036 vs. Control, p < 0.001 vs. I/R
group; and at R-120: p = 0.019 vs. base). The relative values (compared to their base) reflected these
changes, the rise by the end of the ischemic period (Control: p = 0.004, I/R: p = 0.034 and I/R+DMT:
p = 0.026 vs. base), and the elevated values in Control (R-30: p = 0.002, R-60: p = 0.004 vs. base) and
I/R+DMT group (R-30: p = 0.026, R-60: p = 0.037 vs. base) (Fig. 2A).

M1 5 s values has changed by time both in the I/R and the I/R+DMT groups. In the I/R group a
decrease at R-30 was observed (p = 0.044 vs. Control), and in the I/R+DMT group a moderate increase

Fig. 2. Changes of the red blood cell aggregation index data related to their base values (rM 5 s, rM1 5 s, rM 10 s and rM1
10 s) (A-D) in the Control, Ischemia-Reperfusion (I/R) and DMT-treated Ischemia-Reperfusion groups (I/R+DMT) during the
120-minute reperfusion period after 60-minute of kidney ischemia. means ± S.D., ∗p < 0.05 vs. Base; #p < 0.05 vs. Control;
+p < 0.05 vs. I/R.
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Table 3

Changes of aggregation indices (M 5 s, M1 5 s, M 10 s and M1 10 s) in the Control, Ischemia-Reperfusion (I/R) and
DMT-treated Ischemia-Reperfusion groups (I/R+DMT)

Index Group Base I-60 R-30 R-60 R-120

M 5s Control 3.49 ± 1.42 5.25 ± 1.05∗ 4.77 ± 1.51∗ 4.95 ± 1.32∗ 3.59 ± 2.25
I/R 3.13 ± 1.31 4.26 ± 1.87∗ 3.65 ± 1.75 3.35 ± 1.57 2.72 ± 1.29

I/R+DMT 3.41 ± 1.84 4.69 ± 1.78∗ 6.01 ± 1.91∗,#,+ 5.83 ± 1.63∗,#,+ 4.55 ± 1.92∗

M1 5s Control 3.56 ± 1.13 3.18 ± 1.15 3.42 ± 1.71 3.05 ± 1.36 3.2 ± 1.82
I/R 3.49 ± 1.47 4 ± 1.5 2.62 ± 1.89# 3.52 ± 2.78 3.31 ± 1.4

I/R+DMT 2.93 ± 1.29 3.79 ± 1.32 4.42 ± 1.88+ 4.38 ± 1.21 4.14 ± 1.66
M 10s Control 14.25 ± 3.91 14.14 ± 3.51 13.31 ± 3.15 10.98 ± 3.24∗ 9.45 ± 3.68∗

I/R 8.17 ± 4.71 10.11 ± 5.57# 7.73 ± 3.87# 9.32 ± 4.07 7.4 ± 4.65
I/R+DMT 8.33 ± 4.09 11.99 ± 5.32 15.91 ± 3.44#,+ 13.22 ± 4.63 12.96 ± 4.05

M1 10s Control 10.61 ± 3.48 9.32 ± 3.82 8.77 ± 3.58 11.36 ± 3.7 7.43 ± 2.85∗

I/R 6.95 ± 3.93 9.34 ± 3.82∗ 7.67 ± 4.43 7.65 ± 3.95 7.72 ± 3.43
I/R+DMT 8.21 ± 3.29 9.95 ± 3.15∗ 10.57 ± 3.29∗ 10.6 ± 4.51 8.93 ± 4.11

means ± S.D., ∗p < 0.05 vs. Base; #p < 0.05 vs. Control; +p < 0.05 vs. I/R.

was seen at the same period (p = 0.065 vs. Control and p < 0.001 vs. I/R). The values related to their
base showed the largest rise in the I/R+DMT group (at I-60: p = 0.038 vs. base; at R-30: p = 0.04 vs.
base, p = 0.041 vs. Control, p = 0.015 vs. I/R, and at R-60: p = 0.047 vs. base) (Fig. 2B).

M 10 s values continuously decreased in the Control group, reaching significant level by the 60th
minute (p = 0.003 vs. base) and the 120th minute of the reperfusion (p < 0.001 vs. base). Values
increased in the I/R group at I-60 (p = 0.006 vs. Control) and at R-30 (p < 0.001 vs. Control) time
points. The rise in I/R+DMT group started later, showing a peak at R-30 (p = 0.012 vs. Control,
p = 0.041 vs. I/R). The values related to the base showed increased level in the I/R+DMT group (I-60:
p = 0.031, R-30: p = 0.01, R-60: p = 0.01 vs. base) (Fig. 2C).

M 10 s values continuously decreased in the Control groups, reaching significant level by the 60th
minute (p = 0.003 vs. base) and the 120th minute of the reperfusion (p < 0.001 vs. base). Values
increased in the I/R group at I-60 (p = 0.006 vs. Control) and at R-30 (p < 0.001 vs. Control) time
points. The rise in I/R+DMT group started later, showing a peak at R-30 (p = 0.012 vs. Control,
p = 0.041 vs. I/R).

The same tendency was seen in the absolute values of the M1 10 s index: decrease in the Control
group (at R-120: p = 0.01 vs. base), and rise in the I/R group at I-60 (I/R: p = 0.028 vs. base, I/R-DMT:
p = 0.013 vs. base), at R-30 (I/R-DMT: p = 0.03 vs. base) and at R-60 (I/R-DMT: p = 0.065 vs. base)
time points. When analyzing the relative values, a dominant rise only in the I/R group was seen (at
I-60: p = 0.012 vs. base and p = 0.029 vs. I/R+DMT group, at R-30: p = 0.008 vs. base, and at R-60:
p = 0.05 vs. base) (Fig. 2D).

4. Discussion

Transplantation is the only definitive treatment for patients with end stage kidney disease. Despite
the progress both in anti-rejection treatment, preventive therapies and surgical technique, delayed graft
function and acute rejection still remains a main problem [2–4, 24]. The transplanted kidney may be
affected by ischemia reperfusion injury at various stages of transplantation. Warm ischemia already
occurs during organ retrieval (from either a cadaveric or non-heart-beating donor), and as a second
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exposure during implantation until the vascular reperfusion. Allograft kidneys are exposed to cold
ischemia during storage. When blood flow starts again, further harm shows up [5, 6].

In our study the alterations of hematological and micro-rheological parameters were investigated
during 60-minute ischemia of both kidneys, followed by unilateral nephrectomy and 120-minute reper-
fusion of the remnant contralateral kidney. The model enables the investigation of ischemia-reperfusion
injury occurring during kidney transplantation.

The whole process has been studied extensively, but the hemorheological changes have not been
completely elucidated yet. Several authors agree that ischemia-reperfusion may influence the micro-
rheological parameters such as red blood cell aggregation and deformability [12–14]. The changes
are due to free radicals, inflammatory processes and metabolic changes. Free radicals damage the
membrane of the red blood cells, the transmembrane and structural proteins and the haemoglobin
molecule. Leukocyte activation as part of the inflammatory process may also contribute to oxidative
stress. Decrease in ATP levels and calcium accumulation turn red blood cells’ shape into echinocyte
and sphero-echinocyte forms, while in decrease of pH stomatocyte or sphero-stomatocyte forms may
appear. These alterations result in worsened micro-rheological parameters [13, 25–28].

In our study hematocrit and red blood cell count were significantly elevated during the reperfu-
sion, accompanied by a decrease in pH and increased lactate level. These changes may be associated
with the ischemia-reperfusion induced oxidative stress, inflammation and acute phase reactions. These
processes affected different molecules, structures and cells, including erythrocytes that resulted in
worsened micro-rheological parameters such as deterioration in red blood cell deformability and
enhancement in aggregation [13, 14, 26].

There are only very few data about hemorheological changes in kidney ischemia-reperfusion in
contrast to other organs such as heart, lungs, liver and bowels. In a 2011 study of Du and al. [29] about
the hemorheological changes in patients with living-donor renal transplantation the blood viscosity
and the erythrocyte aggregation decreased while the erythrocyte deformation index and the integrated
deformation index had a remarkable improvement compared to pre-operation. They also found a
decrease in the osmotic fragility of red blood cells after renal transplantation. These findings show
the importance of hemorheological parameters by improving the organ microcirculation, therefore
reducing the ischemia-reperfusion injury in the graft [29].

To prevent the damage various attempts have been done including the use of drugs, perfusion
solutions and (re)perfusion methods [30–33]. As inflammation is seriously involved in I/R process,
any agent that suppress inflammation process may be suitable to attenuate I/R injury. Several agents
have been demonstrated to protect I/R injury having anti-inflammatory properties through various
pathways. One of them is nicotine, a cholinergic agonist that protects renal function by suppressing
neutrophil infiltration, chemokin release and inflammation [30, 31]. Celastrol, a bioactive ingredient of
the Chinese medicinal herb, Thunder God Vine, was reported to ameliorate I/R-induced kidney injury
by preventing the expression of pro-inflammatory mediators [32].

A recent study has demonstrated that dimethyltryptamines act not only as neuromodulators or
psychedelics, but are also important regulators of both innate and adaptive immunity. They are potent
anti-inflammatory agents, which have the capacity to modulate the functional activities of human
dendritic cells via sigma-1-receptor. Based on the opinion of the authors "DMT sigma-1 axis emerges
as a promising candidate for novel pharmacotherapies of chronic inflammatory and autoimmune
diseases” [20].

We wondered if DMT can reduce the damage caused by I/R based on its antiinflammatory effect.
No literature data were found about the administration of this drug in this context. It was found that
administration of this drug before ischemia and before the restart of the circulation effectively reduced
the harm caused by I/R concerning the alterations in the micro-rheological changes. The findings on
red blood cell aggregation are controversial (Table 3, Fig. 2). The effect was different on the four
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index parameters. It is supposed that the dynamics of the aggregation might have been altered. The
light-transmission techniques provide a “cross-section” of the process at the 5th or the 10th second
of the aggregation at zero or at very low (3 s–1) shear rate. Due to the limitation of the blood sample
volumes, we could not investigate the aggregation by syllectometry, which requires about 1 ml of blood
per test, and by which method we would see more on the earlier seconds of the aggregation [21]. The
issue is interesting, because in a previous study we have found that the aggregation half-time values
in the rats are very low, suggesting that the aggregation process is fast [34].

5. Conclusion

We found that metabolic and micro-rheological parameters impair after 60-minute of (bilateral) renal
ischemia and during the (unilateral) reperfusion. N,N-dimethyl-tryptamine DMT could reduce but not
completely prevent the changes (lactate, pH, electrolytes, red blood cell deformability and aggregation
in this rat model.
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