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Expression of TNFR1, VEGFA, 
CD147 and MCT1 as early 
biomarkers of diabetes 
complications and the impact 
of aging on this profile
Joyce Regina Santos Raimundo 1*, Beatriz da Costa Aguiar Alves 1, 
Jéssica Freitas Araujo Encinas 1, Andressa Moreira Siqueira 1, Katharyna Cardoso de Gois 1, 
Matheus Moreira Perez 1, Giuliana Petri 3, José Francisco Ramos dos Santos 3, 
Fernando Luiz Affonso Fonseca 1,2 & Glaucia Luciano da Veiga 1

Hyperglycemia leads to microvascular lesions in various tissues. In diabetic nephropathy—DN, 
alterations in usual markers reflect an already installed disease. The study of new biomarkers for the 
early detection of diabetic complications can bring new prevention perspectives. Rats were divided 
into diabetic adult—DMA—or elderly—DME and control sham adult—CSA—or control sham elderly—
CSE. Blood and urine samples were collected for biochemical analysis. Bulbar region, cardiac, hepatic 
and renal tissues were collected for target gene expression studies. As result, DMA showed decreased 
TNFR1, MCT1 and CD147 expression in the bulbar region, TNFR1 in the heart, VEGFA and CD147 in the 
kidney and TNFR1 in blood. Positive correlations were found between TNFR1 and MCT1 in the bulbar 
region and HbA1c and plasma creatinine, respectively. DME showed positive correlation in the bulbar 
region between TNFR1 and glycemia, in addition to negative correlations between CD147 in the heart 
versus glycemia and urea. We concluded that the initial hyperglycemic stimulus already promotes 
changes in the expression of genes involved in the inflammatory and metabolic pathways, and aging 
alters this profile. These changes prior to the onset of diseases such as DN, show that they have 
potential for early biomarkers studies.

The development of DM causes complications due to micro and macrovascular changes resulting from the for-
mation of advanced glycation end products (AGEs) which, through binding to their receptors (RAGE), increase 
the generation of reactive oxygen species (ROS). ROS favor the formation of free radicals and promote oxidative 
stress1. Nephropathies, cardiovascular diseases and cerebrovascular accidents (CVA) are among the frequent 
complications of DM and, when associated with aging, damage tends to be more evident2–4. Aging and diabetes 
share pathophysiological molecular pathways that culminate in mitochondrial dysfunction. Therefore, meta-
bolic changes associated with aging pave the way for the occurrence of differences between pathophysiological 
molecular profiles at more advanced ages5.

Cardiovascular complications such as diabetic cardiomyopathy, are among the leading causes of mortality 
in diabetic patients. Oxidative stress induces inflammatory responses and myocyte apoptosis, resulting in tissue 
remodeling6. A study in rats in which DM was induced with streptozotocin observed that treatment with insulin 
prevented alterations associated with diabetic cardiomyopathy, such as diastolic dysfunction and ventricular 
hypertrophy7.

Sustained hyperglycemia induces macroangiopathy and microvascular damage in brain tissue, leading to 
circulatory dysfunction8. Neuronal injury also occurs due to oxidative stress and inflammation, which lead to 
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DNA oxidation, mitochondrial damage and activation of apoptosis9. A study using DM-induced rats observed 
high levels of lipid peroxidation and low levels of mitochondrial biogenesis in brain tissue. Furthermore, treat-
ment with the antidiabetic syringic acid for 6 weeks improved these levels10.

The cellular dysfunction caused by hyperglycemia increases the risk of installed renal fibrosis, resulting in 
diabetic nephropathy (DN)11,12. DN is the main cause of chronic kidney disease (CKD) in patients referred 
for hemodialysis13; therefore, monitoring of the glomerular filtration rate (GFR) through creatinine clearance 
and microalbuminuria after the diagnosis of DM is recommended14. Likewise, urea, proteinuria and cystatin 
C are parameters for monitoring renal function15–18. However, these markers, when altered, indicate an already 
installed kidney disease3 and about 1/3 of patients experience a decline in kidney function even before the onset 
of proteinuria11.

Several studies have been carried out with biomarkers that present altered plasmatic concentrations before 
already established laboratory parameters for the diagnosis of DN are altered19–22. In an animal model, the expres-
sion of circulating vascular endothelial growth factor (VEGF), a protein involved in cell proliferation, was shown 
to be increased and positively correlated with DN22,23.

Faced with inflammatory stimuli, cells release soluble tumor necrosis factor receptors (TNFR), another 
inflammatory marker, which is related with stimulation of the kidney injury molecule 1 (KIM-1)21. Studies in 
humans have observed that circulating levels of tumor necrosis factor receptor type 1 (TNFR1) are good predic-
tors of CKD in patients with type 2 DM with or without proteinuria. This marker is specific to diabetic kidney 
disease and does not present the same relation to other kidney diseases24. In an animal model, a higher expression 
of mRNA and TNFR1 protein was observed in the renal tissue of rats with installed DN25.

The cluster of differentiation 147 protein (CD147), or basigin, has been shown to be involved in renal fibrosis 
through the induction of metalloproteinases (MMPs) generating accumulation and remodeling of the extra-
cellular matrix (ECM)26. CD147 is also involved in intracellular energy metabolism through interaction with 
monocarboxylate transport proteins (MCT), which mainly transport lactate27. Lactate derives from glycolysis and 
plays a fundamental role both in the production of ATP and in the signaling of cerebral angiogenesis28. MCT1 in 
the proximal tubule transports lactate to the intracellular environment in order to carry out gluconeogenesis27. 
In an animal model, negatively regulated MCT1 expression was observed in the kidney during acidosis induced 
by NH4Cl29.

With the objective of investigating new biomarkers for the early detection of diabetes complications, such as 
DN, and their expression profiles during aging, we analyzed the expression levels of the TNFR1, VEGFA, CD147 
and MCT1 markers. In addition, we sought to identify correlations between gene expressions and biochemical 
parameters already used in routine diagnosis and control of DN.

Results
Biochemical parameters
The DMA and DME groups received 120 mg/kg of the drug Alloxan, which has cytotoxicity specific to pancre-
atic β cells, resulting in damage to pancreatic islets and the onset of DM. In the literature, a mortality margin of 
up to 30% after induction with Alloxan was observed, due to its toxicity30. In our study, the DMA group had a 
mortality rate of 23% and the DME group of 25%. No difference in food intake was found between groups during 
the 12-h period (see supplementary data S1), however there was a significant increase in water intake during the 
24-h period in the DMA versus control group (59.2 ± 33.4 n = 9 vs. 22.6 ± 7.8 n = 5 *p 0.0425) (see supplementary 
data S1). Data obtained from 24-h metabolic cage exposure.

Animals in the DMA and DME groups showed a decrease in mean weight gain over 5 weeks compared to 
their respective control groups (see supplementary data S1). Initial weight was measured on the day of induc-
tion—alloxan or sham—and followed up for 4 weeks after confirmation of DM. No difference was observed in 
the weight of the right kidney and heart between the diabetic groups and their controls on the day of euthanasia, 
but upon comparing the DMA and DME groups this difference was significant (1.03 ± 0.1 n = 9 vs. 1.3 ± 0.2 n = 11 
*p 0.0049) (see supplementary data S1).

Upon confirmation of the onset of DM, the diabetic rats had higher glycemic and HbA1c values compared 
to controls. Regarding the data evaluating renal function, all groups presented values within the reference range, 
with the exception of urea, which indicates that in the present model there was no installation of DN. However, 
plasma urea and creatinine concentrations were statistically higher in the DMA and DME groups, and urinary 
creatinine showed lower values compared to their respective control groups. Creatinine clearance showed sig-
nificantly lower values only in the DME group compared to controls (Table 1).

Expression profile of the studied genes
In the bulbar region of the DMA group, no alteration was observed in VEGFA expression (data not shown—see 
Additional file 3), however there was decreased expression of TNFR1 (0.1 ± 0.2 n = 5 vs. 0.03 ± 0.08 n = 9 *p 0.001), 
MCT1 (0.6 ± 0.4 n = 5 vs. 0.05 ± 0.1 n = 9 *p 0.0380) and CD147 (3.8 ± 1.2 n = 5 vs. 1.1 ± 2.04 n = 9 *p 0.0420) 
(Fig. 1A–C). The DME group showed no statistical differences between the studied genes (see supplementary 
data S2). In addition, positive correlations were observed in the DMA group between TNFR1 in the bulbar 
region and HbA1c (R 0.7610 and *p 0.0405 n = 8), MCT1 in the bulbar region and plasma creatinine (R 0.8235 
and p* 0.0472 n = 6) and between CD147 and urine creatinine (Fig. 1D–F). In the DME group, we observed a 
positive correlation for CD147 in the bulbar region and urine creatinine (R 0.9856, *p 0.0056 n = 6) (Fig. 1F). It 
is possible to observe the global expression means of TNFR1 in the studied tissues (see supplementary data S2).

In the heart, TNFR1 expression was lower in the DMA group compared to the CSA group (0.9 ± 0.8 n = 5 vs. 
0.3 ± 0.5 n = 9 *p 0.0420) (Fig. 2A), while no changes in expression were observed for the other genes (see sup-
plementary data S2). The DME group did not show altered expression of the evaluated genes (see supplementary 
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data S2). In the CSA and CSE groups, obtaining MCT1 gene expression values was not possible, thus precluding 
the comparative statistical analysis. Furthermore, in the DMA group we observed a positive correlation between 
VEGFA expression in the heart and urine creatinine (R 0.6979 and *p 0.0439 n = 9;) and a negative correlation 
between CD147 in the heart and urea (R -0, 8697 and *p 0.0333 n = 6) (Fig. 2B and C). In the DME group, we 
observed negative correlations between CD147 in the heart versus urea (R -0.8895 and *p 0.0143 n = 7) and 
glycemia (R -0.9266 and *p 0.0095 n = 7) (Fig. 2D and E).

In kidneys of the DMA group, decreased CD147 (6.7 ± 5.3 n = 5 vs. 1.3 ± 3.4 n = 9 *p 0.0287) and VEGFA 
(1.1 ± 0.8 n = 5 vs 0.2 ± 0.3 n = 9 *p 0.0120) expression was observed (Fig. 3A and B) while the other genes showed 
no differences when compared to controls (see supplementary data S2). In the DME group, it was only possible 
to evaluate the expression of CD147 in the kidney (see supplementary data S2) and the TNFR1, VEGFA and 
MCT1 genes were not expressed in some tissues of the CSE group, thus precluding the comparative statistical 
analysis in the elderly group. Furthermore, the DMA group showed a negative correlation between CD147 in 
the kidney and urea (R − 1000 and *p 0.0167 n = 5) and VEGFA in kidney tissue and urea (R − 0.9856 and *p 
0.0056 n = 6) (Fig. 3C and D).

In blood samples, TNFR1 expression was lower in the DMA group compared to the CSA group (3.5 ± 3.3 
n = 5 vs. 0.7 ± 1.0 n = 9 *p 0.0295) (Fig. 4A) and no changes were observed in the expression of the other genes 
(see supplementary data S2). The DME group did not show alterations in the expression of the studied genes 
compared to the control (see supplementary data S2). We neither observed VEGFA expression in some samples 
of the CSA and CSE groups, nor MCT1 in some samples of the CSE group, therefore precluding the comparative 
statistical analysis. Finally, in the DMA group, we observed a positive correlation between TNFR1 in the blood 
and glycemia (R 0.8857 and *p 0.0333 n = 6) (Fig. 4B).

In the liver, no alterations in the expression of the studied genes were observed in the DMA and DME groups 
compared to their respective controls (see supplementary data S2). Additional file 4 shows the gene expression 
profile in all the studied groups and tissues for TNFR1, VEGFA, CD147 e MCT1 (see supplementary data S3).

Discussion
The objective of the present study was to investigate the gene expression profile of new candidates for early 
biomarkers for DN, as well as how they correlate with the commonly used parameters for assessing renal func-
tion. Biochemical evaluations did not determine the installation of DN. The obtained plasma urea and urine 
creatinine values showed oscillations that may be associated with variations in environmental, stress, genetic 
and methodological factors34. Despite the biochemical dosages presenting values within the reference range, 
with the exception of urea, the diabetic groups showed differences in some parameters when compared with 
their respective controls. Increased urea reflects the increase in its reabsorption due to the greater volume of 
urine36 and lower urinary excretion and the consequent higher concentration of plasma creatinine, leading to 
a reduction in its clearance37,38.

In the molecular analyses, a reduction in TNFR1, CD147 and MCT1 expression was observed in the bulbar 
region in the DMA group. In DM, the greater production of AGEs is known to be directly related to the formation 
of ROS and the installation of persistent inflammatory processes, in which the activation of the TNF system plays 
an important role39,40. Increased TNFR activation is directly involved in the demyelination process, for example41. 
In the early stages of inflammation and with the expression of some genes, noxious cellular stimuli can trigger 

Table 1.   Laboratory parameters. a Most microalbuminuria values were zero. Values presented as mean ± DSVP 
and number of samples. Mann–Whitney and Student’s t-test *P < 0.05. 95% CI. Reference values for 
Wistar rats: Glycemia: 72–193 mg/dL; HbA1c: 4–6%; Urea: 45–80 mg/dL; Plasma Crea.: 0.24–1.20 mg/
dL; Urine Crea.: 32–97.4 mg/dL; Creatinine clearance: 0.2–1.8 mL/min; Proteinuria: 8.8–33.2 mg/dL; 
Microalbuminuria: < 20 mg/24; Apo B/A Ratio: 0.7–1.2; Cystatin C: 0.18–1.5 mg/dL30–35.

Parameters CSA DMA *p CSE DME *p

Glycemia (mg/dl) 132.4 ± 45
n = 5 462.7 ± 98.0 n = n = 9 0.001* 106.8 ± 9.2

n = 9
447.4 ± 125.7
n = 7 0.0002*

HbA1c (%) 4.5 ± 0.2
n = 5

9.0 ± 2.0
n = 8 0.0016* 4.6 ± 0.05

n = 5
9.3 ± 1.3
n = 4 0.008*

Ureia (mg/dL) 48.5 ± 6.9
n = 5

135.5 ± 38.3
n = 6 0.0043* 45.4 ± 9.1

n = 9
93.2 ± 53.8
n = 7 0.023*

Plasma crea. (mg/dL) 0.6 ± 0.1
n = 5

0.7 ± 0.1
n = 6 0.0065* 0.5 ± 0.1 n = 9 0.7 ± 0.1

n = 7 0.01*

Urine crea. (mg/dL) 60.7 ± 11.2 n = 5 21.7 ± 10.3 n = 9 0.001* 63.2 ± 40.8 n = 9 26.4 ± 14.5 n = 6 0.0360*

Creatinine clearance 0.3 ± 0.2
n = 5

0.2 ± 0
n = 4 0.1 0.6 ± 0.2

n = 5
0.3 ± 0.1
n = 4 0.0317*

Proteinuria (mg/dl) 16 ± 3.1
n = 5

12.5 ± 2.3
n = 9 0.0460* 28.3 ± 15.7

n = 9
19.5 ± 11.4
n = 6 0.11

Microalbum (mg/24)a 0.2 ± 0.4
n = 4

0.9 ± 1.8
n = 9  > 0.9999 2 ± 4.5

n = 9
10.3 ± 20.4
n = 6 0.95

Apo B/A ratio 1.2 ± 0.7
n = 5

0.8 ± 0.2
n = 6 0.6623 0.8 ± 0.3

n = 9
0.4 ± 0.2
n = 6 0.1

Cystatin C (mg/L) 0.2 ± 0.01
n = 5

0.2 ± 0.1
n = 4  > 0.9999 0.17 ± 0.01

n = 6
0.2 ± 0.1
n = 4 0.14
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inhibitory mechanisms42,43. Perhaps the decrease in TNFR1 expression reduces its availability in cell membranes 
in order to attenuate harmful activation of the TNF system, functioning as a negative feedback system (Fig. 5).

AGEs also stimulate the CD147 protein, which promotes increased expression of MMPs, involved in the 
degradation of ECM and in the alteration of its tissue deposition, leading to the remodeling and stimulation of 
monocyte migration44. Therefore, a decrease in CD147 expression would compensate for this damage during this 
initial phase of DM onset. Furthermore, it has already been demonstrated in an in vitro model of rheumatoid 
arthritis that there is co-regulation between TNFR1 and CD147. The authors describe that the negative regula-
tion of CD147 decreases the secretion of cytokines derived from the NF-κB pathway, which in turn is activated 
by the binding of TNF to its TNFR1 receptor45.

CD147 also plays an important role in the neuronal metabolic pathway. In astrocytes, the production of 
lactate is derived from glucose metabolism, which is stored and delivered to neurons as a metabolic source. The 
lactate transport proteins MCT1 and MCT4 are present in astrocytes while MCT2, in neurons. Since CD147 
acts as a chaperone for MCT1 and 4, the decrease in MCT1 expression and its chaperone may indicate lower 
lactate transport and lower energy for neurons46. Monocarboxylate disorders have already been associated with 
pathologies such as neurodegeneration, cognitive alterations, epilepsy and metabolic disorders28. In this case, 
another hypothesis proposed in this work is that the lower availability of neuronal metabolic fuel in the bulbar 
region—the main control nucleus of the cardiovascular system—could be the primary mechanism responsible 
for disturbances in the firing of pre-motor neurons in the sympathetic nervous system (Fig. 5). However, more 
specific studies need to be carried out to prove this hypothesis.

In the heart, TNFR1 expression was also reduced in the DMA group. Activation of TNFR1 in myocytes 
in vitro is known to exacerbate pathological remodeling in heart failure after myocardial infarction47. TNFR1 

Figure 1.   Graphs representing TNFR1 (A), MCT1 (B) and CD147 (C) gene expression in the bulbar region 
and positive correlations of bulbar region TNFR1 (D), MCT1 (E) expression in the DMA group. Representative 
graph of the positive correlations of CD147 expression in the heart of the DME group (F). Data expressed as 
mean ± DSVP. Mann–Whitney and Spearman correlation tests. *p < 0.05 vs. control. 95%CI.
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also plays an important role in the complications of DM and the development of cardiovascular diseases, and is 
related to greater induction of apoptosis48.

Figure 2.   Representative graphs of TNFR1 gene expression in the heart of the adult group (A). Graph 
representing the positive correlation between VEGFA in the heart and urine creatinine (B), and the negative 
correlation between CD147 in the heart and plasma urea (C), in the DMA group. Representative graph of the 
negative correlations between CD147 in the heart with plasma urea and glycemia in the DME group (D,E). Data 
expressed as mean ± DSVP. Mann–Whitney and Spearman correlation tests. *p < 0.05 vs. control. 95% CI.
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Figure 3.   Representative graphs of CD147 and VEGFA expression in the kidney of the DMA group (A,B) 
Representative graphs of the negative correlations between CD147 and VEGFA in the kidney with plasma 
urea and glycemia in the DMA group (C,D). Data expressed as mean ± DSVP. Mann–Whitney and Spearman 
correlation tests. *p < 0.05 vs. control. 95% CI. Spearman correlation test. *p < 0.05.

Figure 4.   TNFR1 in the peripheral blood collected from the adult group (A). Graph representing the positive 
correlation between TNFR1 in the blood and glycemia in the DME group (B). Data expressed as mean ± DSVP. 
Mann–Whitney and Spearman correlation tests. *p < 0.05 vs. control. 95% CI.



7

Vol.:(0123456789)

Scientific Reports |        (2023) 13:17927  | https://doi.org/10.1038/s41598-023-41061-0

www.nature.com/scientificreports/

In the kidney, VEGFA gene expression showed decreased values in the DMA group. VEGFA is known to 
be a pro-angiogenic factor that increases vascular permeability and contributes to the endothelial dysfunction 
that occurs in DM. In rats with DN, increased VEGFA expression has been shown to be related to increased 
cell proliferation and permeability of endothelial cells, which contribute to accumulation in the ECM49. An 
increase in VEGFA expression in podocytes was observed in rats 35 days after undergoing DM induction with 
streptozotocin50. However, these animals already had proteinuria, while in the present study no change in this 
parameter was observed. This result can be attributed to methodological differences related to the drug used in 
DM induction and tissue collection time. On the other hand, Veron et al. demonstrated that diabetic VEGFA 
knockdown mice develop diffuse gomerulosclerosis and increased glomerular basement membrane thickness51.

In the kidney, CD147 was reduced in the DMA group. Since this protein is involved in the increase of MMPs 
and accumulation of ECM, its increased concentration can lead to the disruption of the integrity of podocytes 
and the glomerular basement membrane. Furthermore, CD147 upregulates VEGF production in adriamycin-
induced nephropathy, indicating a co-regulatory mechanism52. In humans, plasma CD147 concentration has 
been directly associated with DN progression53. In renal carcinoma, higher CD147 expression has been shown 
to be related to higher carcinogenesis and increased lactate transport to the intratumoral environment54–56. 
Among the data that were raised in the literature, this is the first work to investigate CD147 gene expression in 
the context of diabetic nephropathy in rats.

In blood samples, TNFR1 gene expression was reduced in the DMA group. The concentration of circulating 
TNFRs has been shown to be related to lower GFR values, thus with potential for predicting decline in renal 
function57. TNFR1 is a soluble receptor that has shown, in obese diabetic mice, to have its plasmatic concentration 
increased along with TNF-α levels. In addition, in vitro TNF-α stimulation has been shown to increase TNFR 
expression in renal tubular cells58, therefore suggesting that in the early stages of exposure to hyperglycemia, 
the expression of TNFR1 mRNA is already altered, evidencing its predictive capacity for kidney damage. In fact, 
altered expression of this marker in adult rats presented a homogeneous profile both in the blood and in the 
bulbar region and heart, shaping a scenario demonstrating the potential of TNFR1 as a marker in these tissues59.

It is interesting to note that the specificity of TNFRs in predicting the progression of DN is not observed in 
other renal pathologies, making it a strong candidate for a predictive biomarker24. The mechanisms by which 
TNFRs initiate and sustain kidney injury have not yet been fully elucidated, however the present study provides 
evidence that this gene already shows changes in its expression in the early stages of DM, when DN has not 

Figure 5.   The figure shows the gene expression alterations found and generation of hypotheses. The increased 
formation of AGEs in the bulbar region leads to greater stimulation of TNFR1, which in response undergoes 
negative regulation (A). Likewise, CD147 is increased, which, when undergoing negative feedback, also 
negatively regulates MCT1 expression (B). The damage caused by the increase in TNFR1 and the reduction in 
lactate transport in the bulbar region may compromise the efferent pathways of the SNS (C), whose increase 
could stimulate VEGFA in the kidney and CD147 in the renal and cardiac tissue, again triggering negative 
feedback at this early-stage DM (D and E). Created by author in the BioRender website.
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yet been established. We believe that the studied model represents a period of DM where negative feedback of 
TNFR1 expression occurs in some tissues, with the aim of preserving cells against the persistent inflammatory 
stimulus characteristic of hyperglycemia57.

The present study encountered limitations in the expression analysis of certain genes. TNFR1 and VEGFA 
were found to be unexpressed in the kidney of the CSE group, and VEGFA was not detected in blood samples 
from both the CSA and CSE groups. Additionally, obtaining MCT1 expression values in heart tissues of the 
CSA and CSE groups, as well as in the kidney and blood of the CSE group, was not possible. These limitations 
hindered comparative statistical analysis and restricted the assessment of a broader range of gene expression. 
These challenges may arise from low concentrations of genetic material in the samples and inherent sensitivity 
limitations of the employed techniques60–62.

In the diabetic groups, analysis of the correlation between expression of the studied genes and biochemical 
parameters suggests that expression of TNFR1, CD147, MCT1 and VEGF is modulated by glycemia, creatinine 
and urea, in the bulbar region, cardiac and renal tissues. This evidences that metabolic disturbances present in 
the onset of DM are important in the molecular alterations associated with the pathophysiology of DN. In this 
study, TNFR1 demonstrated a positive correlation with glycemic values, and studies have already shown that 
this marker is positively modulated in DM63,64. However, negative regulation of its expression may occur in the 
earlier stages of the disease, as previously discussed.

Creatinine and urea seem to stimulate negative modulation of CD147 and VEGF expression, thus reducing 
the pathological induction of MMPs and pro-angiogenesis49. In the case of MCT1, the positive correlation with 
plasma creatinine may indicate that it stimulates increased lactate transport in the brain. In a human model of 
severe non-cerebral malaria, increased creatinine was associated with greater susceptibility to cytotoxic edema65, 
where there is greater release of lactate for neuronal nutrition66. However, in this studied model, MCT1 showed 
reduced expression in the bulbar region of the DMA group, which may be related to the decreased expression 
of its chaperone CD147. Therefore, the study of the expression of these genes, which are related to the intracel-
lular inflammatory and metabolic pathways, represents potential in the search for candidates for early markers 
of DN prediction and prognosis63,64.

The pattern of reduced TNFR1, MCT1, CD147 and VEGFA gene expression that was observed in the DMA 
group was not seen in the DME group. This result is related to the absence of expression of these genes in some 
tissues from the elderly group, however the endogenous gene was expressed, indicating tissue viability. Some 
studies associate alterations in the expression of Micro RNAs (miRNA) with the silencing of multiple genes 
during aging.

Several miRNAs, such as miR-29, miR-181a, and miR-222, have been shown to be differentially regulated 
during aging67,68. Likewise, it has been observed in DN that several miRNAs, such as MiR-122-5p, Mir-98 and 
MiR-136, regulate the expression of several genes involved in renal fibrosis69–71. The expression of miRNAs should 
be studied in future stages of this line of research to confirm this hypothesis.

In the initial stages of chronic diseases, physiological mechanisms of negative or positive regulation are 
observed, in an attempt to compensate for the metabolic imbalance. A classic example of this compensation 
mechanism was described by Guyton and Hall in the early stages of hypertension. In this case, renal filtration 
is increased in order to reduce blood pressure. However, consequently there is damage to the glomerular capil-
laries and gradual loss of renal function72. In the present study, the biochemical and expression profile of some 
genes involved in the pathophysiology of DN can be outlined. A general pattern of reduction in these expression 
profiles was observed, therefore, based on the theory of Guyton and Hall, we believe that in the initial stages of 
DM this negative regulation occurs in metabolic and inflammatory pathways in order to reduce the harmful 
stimuli of hyperglycemia and preserve the tissue (Fig. 5).

Conclusion
The present study demonstrated that the noxious hyperglycemic stimulus in the initial phase of DM promotes a 
reduction in TNFR1 and CD147 expression in several tissues, in addition to a decrease in MCT1 expression in 
the bulbar region and VEGF in the kidney, revealing a negative feedback profile. Furthermore, the expression 
of these genes has been shown to correlate with biochemical parameters used for diagnosing and monitoring 
DN. The important role of the proteins encoded by these genes in this pathophysiology and other complications 
of diabetes is known. Thus, altered expression in these genes, prior to signs of installation of these secondary 
diseases, show that these biomarkers have the potential to reveal changes at an early stage, with special attention 
to TNFR1, which has specificity for DN. Possibly, the first alterations in gene regulation occur, more evidently, 
in adult animals. Therefore, this study also suggests that during aging, the proposed negative feedback may be 
altered due to molecular changes associated with advanced age.

Methods
Arrive guideline statement
This research project was carried out after being approved by the Ethics Committee on Animal Use of ABC 
Health University Center—ABC Medical School, under number 20/2018.

All methods were performed in accordance with the Manual of Good Laboratory Practices. Manipulation of 
Wistar rats was carried out in accordance with the Guidelines of the Committee on Ethics in the Use of Animals. 
This study is reported in accordance with ARRIVE guidelines.

Animals and experimental model
Male rats of the species Rattus norvegicous of the Wistar strain were placed in the housing facility of University 
Center FMABC in the following conditions: (a) light/dark cycle of 12 h; (b) room temperature at 21 ± 2 °C; (c) 
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ad libitum supply of water and rodent chow; animals were left to habituate for at least 5 days prior to carrying 
out the experiments. At 2 months of age this species enters the reproductive phase and is considered a young 
adult. At 6 months there is a decline in this phase, characterizing more advanced age. Thus, rats were divided into 
the following experimental groups: DMA: adult animals with approximately 3 months of age, evaluated 30 days 
after DM induction with Alloxan. DME: elderly animals with approximately 7 months of age, evaluated 30 days 
after DM induction with Alloxan. CSA: adult animals with approximately 3 months of age, evaluated 30 days 
after saline solution injection. CSE: elderly animals with approximately 7 months of age, evaluated 30 days after 
saline solution injection.

DM induction and glycemic monitoring
At the end of the habituation period, alloxan at the dose of 120 mg/Kg was administered via intraperitoneal 
injection73,74. Rats that presented glycemia above 250 mg/dL after 7 days of DM induction were selected. The 
animals were followed up for 30 days without treatment, where their weight and glycemic values were meas-
ured using a commercial glucometer (Accu-chek Advantage, Roche Diagnostics, Indiana, USA) every 7 days 
in blood collected via puncture of the caudal vein. The cytotoxicity of Alloxan is specific to pancreatic β-cells, 
causing damage to pancreatic islets and blood vessels, in addition to cell death. Alloxan is a drug with cytotoxic-
ity affecting β cells and induces DM according to dose, infusion rate, route of administration, diets, fasting time 
and animal weight75,76.

Metabolic cage
After a monitoring period of 30 days, the animals were placed in individual metabolic cages for a period of 24 h 
to collect urine for biochemical analyses. Urine collection was performed using recipients containing RNA later, 
which were positioned in the conical outlet located below the cage. Animals underwent a fasting period of 12 h 
prior to collection to minimize urine contamination by the feed. Water intake (mL) and urine excretion (mL) 
were quantified. Before collection at 24 h, animals underwent 2 days of habituation in which they remained 12 h 
in the metabolic cages.

Sample collection
After urine collection at 24 h, rats were euthanized with thiopental. Immediately after administration, with the 
animal still alive, blood samples were collected in a tube containing EDTA for the study of gene expression and 
HbA1c dosage, and in a dry tube for serum separation and determination of biochemical parameters. The left 
kidney was extracted and fixed in formalin for later histological and histochemical analyses. In addition, the right 
kidney, liver, heart and brainstem bulbar region were collected to study the expression of the genes of interest.

Determination of biochemical and renal function evaluations
Glycemia and HbA1c
Blood glucose was determined weekly using the photometric method and confirmed using fluoridated plasma by 
the automated enzymatic-colorimetric method, BioSystems Glucose Ref. COD 12503. HbA1c was determined 
using the immunoturbidimetry method, BioSystems Hemoglobin A1C-Turbi kit Ref. COD 13044. Dosages were 
performed using a COBAS 8.000 apparatus.

Plasma urea
Urea was determined by the enzymatic/colorimetric method using the Urea UV SL Elitech kit Cat. nº URSL-0500 
(Elitech Group Clinical Systems, France) according to the manufacturer’s protocol, in a COBAS 8,000 device at 
an absorbance of 600 nm.

Serum and urine creatinine
Biochemical analyses of serum and urine creatinine were determined using the kinetic-colorimetric Jaffé alkaline 
picric method, Creatinine Jaffe Elitech Cat. nº CRCO-0600 (Elitech Group Clinical Systems, France), accord-
ing to the manufacturer’s protocol, in a COBAS 8,000 device at an absorbance of 510 nm. Urine was previously 
homogenized and centrifuged at 2500 rpm for 5 min at room temperature to precipitate the sediment. The 
supernatant was diluted (1:25) in distilled water using glass tubes.

Creatinine clearance
Creatinine clearance was calculated using the formula Ccr = (Ucr × Vu/Pcr) × Ma. Where: Ucr = urine creatinine 
concentration (mg/dl); Uv = urine volume (ml/min); Pcr = plasma creatinine concentration (mg/dl); Ma = animal 
weight (kg)77.

Proteinuria
Determination of urinary protein excretion was performed through the reaction with copper (II) ions in an 
alkaline medium, resulting in a colored complex whose intensity was quantified in a COBAS 8,000 device at an 
absorbance of 545 nm. The kit used was Protein (Total) BioSystems (BioSystems S.A., Spain) Cat. No. COD 12500.

Microalbuminuria
Determination of microalbuminuria in the urine collected at 24 h was performed using the immunoturbidimetry 
method, with the Albumin (Microalbuminuria) BioSystems kit (BioSystems S.A., Spain) Cat. No. COD 13324, 
according to the manufacturer’s protocol, in a COBAS 8.000 apparatus.
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ApoA, ApoB in plasma and urine
Determination of apo B and apo A-I were performed using the turbidimetry method, with BioSystems reagents 
Apolipoprotein B Turbidimetry Ref. COD 31099 and BioSystems Apolipoprotein A-I Turbidimetry Ref. COD 
31096, respectively. All dosages were determined using a COBAS 8000 device, using control sera to verify assay 
performance.

Cystatin C
Cystatin C was quantified using the Enzyme Linked Immunosorbent Assay (ELISA) method, Kit Cystatin C, 
catalog ALX-850-292, brand Enzo Life Sciences. The test is based on the identification of antigens by antibodies 
marked with an enzyme, which acts on its substrate and causes a change in the color of the chromogen (a color-
less substance that changes color when oxidized by the enzyme).

Tissue preparation for molecular biology analysis
Blood Lysis Buffer 1x (1550 mM NH4Cl, 100 mM KHCO3, 10 nM EDTA pH 7.4) was added to EDTA tubes 
containing blood sample at a ratio of 3:1 to remove red blood cells. Each tube was then homogenized for 30 min 
under refrigeration and centrifuged twice at 2500 rpm for 15 min at 4 °C, followed by discarding of the super-
natant. The leukocyte pellet obtained after centrifugation was dissolved in 1000 μL of TRIzol Reagent Invitrogen 
Cat. nº 15596026 (Invitrogen Thermo Fisher Scientific—USA) and the protocol for RNA extraction was followed. 
Right kidney, heart and bulbar region tissues were collected in cryovials containing 1% PBS and immediately 
frozen at – 80 °C. Subsequently, the tissues were macerated in buffer solution with TissueRuptor II Cat. No./ID: 
990890 equipment (Qiagen, Germany) and 300 μL were added to 1000 μL of TRIzol and the protocol for RNA 
extraction was followed. Total RNA concentration and the 260/280 ratio were estimated through spectrophoto-
metric reading in the NanoDrop Lite equipment (GE Health Care).

Synthesis of DNA complementary to messenger RNA (cDNA)
RNA samples were diluted to a concentration of 1 μg and cDNA synthesis was performed with the QuantiTect 
Reverse Transcription kit Cat No./ID: 205313 (Qiagen, Germany), according to the manufacturer’s protocol.

q‑PCR for evaluation of gene expression
Expression of the TNFR1, VEGFA, CD147 and MCT1 genes was evaluated by real-time PCR (qPCR). To normal-
ize the expression values of the target genes, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) expression 
was used as a reference gene. The specific primers for each selected gene were designed using Primer3 Input 0.4.0 
software, available at http://​frodo.​wi.​mit.​edu/​prime​r3/. The designed primer sequences were checked for speci-
ficity using the Primer-BLAST program, available at http://​www.​ncbi.​nlm.​nih.​gov/​tools/​primer-​blast (Table 2).

The real-time amplification reactions were performed with an Applied Biosystems 7500 Real Time PCR 
Systems thermal cycler (Applied Biosystems, United States), in a final reaction volume of 15 μL and containing: 
1× SYBR Green mix (Quantitec SYBR Green PCR Cat kit No./ID: 204343, Qiagen, Germany), 1.5 μL of cDNA 
and 10 pmol of each specific primer in the following concentrations: GAPDH, VEGFA and MCT1 at 0.2 µMol; 
TNFR1 and CD147 at 0.15 μMol. The thermal profile was determined with an initial heating step at 95 °C for 
10 min, followed by 45 repetitions at 95 °C for 15 s and at 60 °C for 25 s. Genes that did not yet have standardized 
concentrations were previously determined and amplicon sizes were confirmed by 2% agarose gel electrophoresis 
(see supplementary data S4).

Calibration curves for each gene were performed with serial dilutions (1, 1:10 and 1:100) of cDNA synthesized 
from a concentration of 1 μg of total RNA obtained from control leukocytes. Gene expression was calculated by 
applying the 2 (−ΔCq) formula78,79.

Statistical analysis
The results of gene expression and biochemical values were expressed as mean ± standard deviation (DSVP). 
Student’s t-test was performed for the CSA versus (vs.) DMA group and between the CSE vs DME group for 

Table 2.   Sequences of specific primers and their amplicons.

Gene Sequence Amplicon (bp)

GAPDH
F-ccatcaccatcttccaggag

102
R-tctccatggtggtgaagaca

TNFR1
F-ctgtgccgatatccccagtg

115
R-aggctggagttaggggctta

VEGFA
F-ccacccacatacacacacata

130
R-gcctctctaagaaggacgaaag

MCT1
F-gctgggaagtctgatgcaa

162
R-agcccaaagaacatgaccaca

CD147
F-aagaatgtgcgccagaggaa

169
R-gctctgtcttcacttgggct

http://frodo.wi.mit.edu/primer3/
http://www.ncbi.nlm.nih.gov/tools/primer-blast
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parametric data and the Mann–Whitney test for non-parametric data. Spearman’s correlation analysis was car-
ried out in the DMA and DME groups, between the expression of the researched genes and the performed 
biochemical dosages. For multivariate comparison analysis between all the studied groups, the Kruskal–Wallis 
one-way analysis of variance test was used. All analyses were performed using the GraphPad Prism computational 
program (GraphPad, version 7.0, USA). The established significance level was 5% (descriptive value of p < 0.05), 
95% confidence interval (CI).

Ethics approval
This research project was carried out after being approved by the Ethics Committee on Animal Use (CEUA) of 
ABC Health University Center–ABC Medical School, under number 20/2018.

Data availability
The datasets generated and/or analyzed during the current study are available in the ArrayExpress repository 
under the number E-MTAB-13000, link: https://​www.​ebi.​ac.​uk/​biost​udies/​array​expre​ss/​studi​es/E-​MTAB-​13000.

Received: 5 April 2023; Accepted: 21 August 2023

References
	 1.	 Barbosa, J. H., Oliveira, S. L. & Seara, L. T. The role of advanced glycation end-products (AGEs) in the development of vascular 

diabetic complications. Arq. Bras. Endocrinol. Metabol. 52(6), 940–950 (2008).
	 2.	 Forbes, J. M. & Cooper, M. E. Mechanisms of diabetic complications. Physiol. Rev. 93(1), 137–188 (2013).
	 3.	 SBD SBdDBSoD. Avaliação e manejo das complicações crônicas do diabetes mellitus/Evaluation and management of chronic 

complications of diabetes mellitus. In Diretrizes da Sociedade Brasileira de Diabetes 2019/2020/Guidelines of the Brazilian Society 
of Diabetes 2019/2020 (Clannad, 2019).

	 4.	 Zhao, L., Wang, L., Lu, M., Hu, W. & Xiu, S. Hyperglycemia is associated with poor in-hospital outcome in elderly patients with 
acute ischemic stroke. Medicine 98(31), e16723 (2019).

	 5.	 Yanase, T., Yanagita, I., Muta, K. & Nawata, H. Frailty in elderly diabetes patients. Endocr. J. 65(1), 1–11 (2018).
	 6.	 Guo, Y. et al. Klotho protects the heart from hyperglycemia-induced injury by inactivating ROS and NF-κB-mediated inflamma-

tion both in vitro and in vivo. Biochim. Biophys. Acta Mol. Basis Dis. 1864(1), 238–251 (2018).
	 7.	 Tate, M. et al. Insulin replacement limits progression of diabetic cardiomyopathy in the low-dose streptozotocin-induced diabetic 

rat. Diab. Vasc. Dis. Res. 14(5), 423–433 (2017).
	 8.	 Jiang, H. F., Guo, Y. Q., Rehman, F. U., Jing, L. & Zhang, J. Z. Potential cerebrovascular protective functions of lycium barbarum 

polysaccharide in alleviating hyperglycemia-aggravated cerebral ischemia/reperfusion injury in hyperglycemic rats. Eur. Rev. Med. 
Pharmacol. Sci. 26(20), 7379–7394 (2022).

	 9.	 Jing, L., He, Q., Zhang, J. Z. & Li, P. A. Temporal profile of astrocytes and changes of oligodendrocyte-based myelin following 
middle cerebral artery occlusion in diabetic and non-diabetic rats. Int. J. Biol. Sci. 9(2), 190–199 (2013).

	10.	 Rashedinia, M. et al. Neuroprotective effect of syringic acid by modulation of oxidative stress and mitochondrial mass in diabetic 
rats. Biomed. Res. Int. 2020, 8297984 (2020).

	11.	 Zhang, J., Liu, J. & Qin, X. Advances in early biomarkers of diabetic nephropathy. Rev. Assoc. Med. Bras. (1992) 64(1), 85–92 (2018).
	12.	 Xu, T. et al. Lipidomics reveals serum specific lipid alterations in diabetic nephropathy. Front. Endocrinol. 12, 781417 (2021).
	13.	 Boddana, P., Caskey, F., Casula, A. & Ansell, D. UK renal registry 11th annual report. December 2008: Chapter 14 UK renal registry 

and international comparisons. Nephron Clin. Pract. 111(Suppl 1), c269–c276 (2009).
	14.	 Draznin, B. et al. 11. Chronic kidney disease and risk management: Standards of medical care in diabetes-2022. Diabetes Care 

45(Suppl 1), S175–S184 (2022).
	15.	 Sodré, L. F., Costa, J. C. B. & Lima, J. C. C. Evaluation of renal function and damage: A laboratorial challenge. Jornal Brasileiro de 

Patologia e Medicina Laboratorial. 43(5), 8 (2007).
	16.	 Besseling, P. J. et al. A plasma creatinine- and urea-based equation to estimate glomerular filtration rate in rats. Am. J. Physiol. 

Renal. Physiol. 320(3), F518–F524 (2021).
	17.	 Wang, N. et al. Serum cystatin c trajectory is a marker associated with diabetic kidney disease. Front. Endocrinol. 13, 824279 (2022).
	18.	 Zhao, W. B., Zhu, L. & Rahman, T. Increased serum concentration of apolipoprotein B is associated with an increased risk of 

reaching renal replacement therapy in patients with diabetic kidney disease. Ren. Fail. 42(1), 323–328 (2020).
	19.	 Deora, A. A., Philp, N., Hu, J., Bok, D. & Rodriguez-Boulan, E. Mechanisms regulating tissue-specific polarity of monocarboxylate 

transporters and their chaperone CD147 in kidney and retinal epithelia. Proc. Natl. Acad. Sci. USA. 102(45), 16245–16250 (2005).
	20.	 Dear, J. W. et al. Liver proteomics for therapeutic drug discovery: Inhibition of the cyclophilin receptor CD147 attenuates sepsis-

induced acute renal failure. Crit. Care Med. 35(10), 2319–2328 (2007).
	21.	 Carlsson, A. C. et al. Soluble TNF receptors and kidney dysfunction in the elderly. J. Am. Soc. Nephrol. 25(6), 1313–1320 (2014).
	22.	 Zhang, Q. et al. VEGF levels in plasma in relation to metabolic control, inflammation, and microvascular complications in type-2 

diabetes: A cohort study. Medicine 97(15), e0415 (2018).
	23.	 Zhu, X. N., Wang, Y. H., Wu, J. J., Dong, P. & Zhang, M. Correlation between expressions of VEGF and TRPC6 and their roles in 

podocyte injury in rats with diabetic nephropathy. Nan Fang Yi Ke Da Xue Xue Bao 38(3), 296–304 (2018).
	24.	 Barutta, F., Bellini, S., Canepa, S., Durazzo, M. & Gruden, G. Novel biomarkers of diabetic kidney disease: Current status and 

potential clinical application. Acta Diabetol. 58(7), 819–830 (2021).
	25.	 Shi, J., Xu, W., Zheng, R., Miao, H. & Hu, Q. Neuregulin 4 attenuate tubulointerstitial fibrosis and advanced glycosylation end 

products accumulation in diabetic nephropathy rats via regulating TNF-R1 signaling. Am. J. Transl. Res. 11(9), 5501–5513 (2019).
	26.	 Araújo, R. V. D. S., Silva, F. O., Melo-Júnior, M. R. & Porto, A. L. F. Metaloproteinases: aspectos fisiopatológicos sistêmicos e sua 

importância na cicatrização/Metalloproteinases: systemic pathophysiological aspects and their importance in healing. Revista de 
Ciências Médicas e Biológicas/J. Med. Biol. Sci. 10(1), 7 (2010).

	27.	 Halestrap, A. P. & Wilson, M. C. The monocarboxylate transporter family - role and regulation. IUBMB Life 64(2), 109–119 (2012).
	28.	 Pérez-Escuredo, J. et al. Monocarboxylate transporters in the brain and in cancer. Biochim. Biophys. Acta. 1863(10), 2481–2497 

(2016).
	29.	 Becker, H. M. et al. Localization of members of MCT monocarboxylate transporter family Slc16 in the kidney and regulation 

during metabolic acidosis. Am. J. Physiol. Renal Physiol. 299(1), F141–F154 (2010).
	30.	 dos Santos, A. Análise da frequência cardíaca de ratos induzidos ao diabetes mellitus tipo 1 e tipo 2 (Universidade Federal Rural de 

Pernambuco; tese, 2016).
	31.	 Güzel, A. et al. The efficiency of oxerutin on apoptosis and kidney function in rats with renal ischemia reperfusion injury. Ulus 

Travma Acil Cerrahi Derg. 28(3), 344–351 (2022).

https://www.ebi.ac.uk/biostudies/arrayexpress/studies/E-MTAB-13000


12

Vol:.(1234567890)

Scientific Reports |        (2023) 13:17927  | https://doi.org/10.1038/s41598-023-41061-0

www.nature.com/scientificreports/

	32.	 Sahin, I. et al. Paricalcitol counteracts the increased contrast induced nephropathy caused by renin-angiotensin-aldosterone system 
blockade therapy in a rat model. Eur. Rev. Med. Pharmacol. Sci. 18(19), 2895–2902 (2014).

	33.	 Derakhshanian, H. et al. Quercetin ameliorates lipid and apolipoprotein profile in high-dose glucocorticoid treated rats. Arq. Bras. 
Cardiol. 115(1), 102–108 (2020).

	34.	 de Castro, B., Colugnati, F., Cenedeze, M., Suassuna, P. & Pinheiro, H. Padronização da avaliação da função renal de ratos (Rattus 
norvegicus) Wistar do biotério da Universidade Federal de Juiz de Fora. Braz. J. Nephrol. 36, 139–149 (2014).

	35.	 Pereira, W. Análises bioquímicas, biométricas, histológicas e imunológicas em ratos com nefropatia induzida pela doxorrubicina 
(Faculdade de Medicina da Universidade Federal de Minas Gerais, 2013).

	36.	 Klein, J. D., Blount, M. A. & Sands, J. M. Urea transport in the kidney. Compr. Physiol. 1(2), 699–729 (2011).
	37.	 Delanaye, P., Cavalier, E. & Pottel, H. Serum creatinine: Not so simple!. Nephron 136(4), 302–308 (2017).
	38.	 Dusse, L. M. S. et al. Biomarcadores da função renal: do que dispomos atualmente? Revista Brasileira de Análise Clínicas (2017).
	39.	 Pichler, R., Afkarian, M., Dieter, B. P. & Tuttle, K. R. Immunity and inflammation in diabetic kidney disease: Translating mecha-

nisms to biomarkers and treatment targets. Am. J. Physiol. Renal Physiol. 312(4), F716–F731 (2017).
	40.	 Gohda, T. et al. Circulating TNF receptors 1 and 2 predict stage 3 CKD in type 1 diabetes. J. Am. Soc. Nephrol. 23(3), 516–524 

(2012).
	41.	 Papazian, I. et al. Fundamentally different roles of neuronal TNF receptors in CNS pathology: TNFR1 and IKKβ promote microglial 

responses and tissue injury in demyelination while TNFR2 protects against excitotoxicity in mice. J. Neuroinflamm. 18(1), 222 
(2021).

	42.	 Enesa, K. et al. NF-kappaB suppression by the deubiquitinating enzyme Cezanne: A novel negative feedback loop in pro-inflam-
matory signaling. J. Biol. Chem. 283(11), 7036–7045 (2008).

	43.	 Ma, C. et al. Mycobacterium bovis BCG triggered MyD88 induces miR-124 feedback negatively regulates immune response in 
alveolar epithelial cells. PLoS ONE 9(4), e92419 (2014).

	44.	 Bao, W. et al. Monocyte CD147 is induced by advanced glycation end products and high glucose concentration: Possible role in 
diabetic complications. Am. J. Physiol. Cell Physiol. 299(5), C1212–C1219 (2010).

	45.	 Zhai, Y. et al. CD147 promotes IKK/IκB/NF-κB pathway to resist TNF-induced apoptosis in rheumatoid arthritis synovial fibro-
blasts. J. Mol. Med. 94(1), 71–82 (2016).

	46.	 Kirk, P. et al. CD147 is tightly associated with lactate transporters MCT1 and MCT4 and facilitates their cell surface expression. 
EMBO J. 19(15), 3896–3904 (2000).

	47.	 Hamid, T. et al. TNF receptor signaling inhibits cardiomyogenic differentiation of cardiac stem cells and promotes a neuroadren-
ergic-like fate. Am. J. Physiol. Heart Circ. Physiol. 311(5), H1189–H1201 (2016).

	48.	 Mattisson, I. Y. et al. Elevated markers of death receptor-activated apoptosis are associated with increased risk for development of 
diabetes and cardiovascular disease. EBioMedicine 26, 187–197 (2017).

	49.	 Pang, X. et al. Hirudin reduces the expression of markers of the extracellular matrix in renal tubular epithelial cells in a rat model 
of diabetic kidney disease through the hypoxia-inducible factor-1α (hif-1α)/vascular endothelial growth factor (VEGF) signaling 
pathway. Med. Sci. Monit. 26, e921894 (2020).

	50.	 Lin, C. L. et al. Modulation of notch-1 signaling alleviates vascular endothelial growth factor-mediated diabetic nephropathy. 
Diabetes 59(8), 1915–1925 (2010).

	51.	 Veron, D. et al. Podocyte. Front. Pharmacol. 12, 788886 (2021).
	52.	 Yoshioka, T. et al. CD147/Basigin deficiency prevents the development of podocyte injury through fak signaling. Am. J. Pathol. 

189(7), 1338–1350 (2019).
	53.	 Chiu, P. F. et al. Cyclophilin A and CD147 associate with progression of diabetic nephropathy. Free Radic. Res. 52(11–12), 1456–

1463 (2018).
	54.	 Fisel, P., Schaeffeler, E. & Schwab, M. Clinical and functional relevance of the monocarboxylate transporter family in disease 

pathophysiology and drug therapy. Clin. Transl. Sci. 11(4), 352–364 (2018).
	55.	 Li, H. et al. Expression and clinical significance of CD147 in renal cell carcinoma: A meta-analysis. Oncotarget 8(31), 51331–51344 

(2017).
	56.	 Min, X. et al. HSPA12A unstabilizes CD147 to inhibit lactate export and migration in human renal cell carcinoma. Theranostics. 

10(19), 8573–8590 (2020).
	57.	 Lousa, I., Reis, F., Santos-Silva, A. & Belo, L. The signaling pathway of TNF receptors: Linking animal models of renal disease to 

human CKD. Int. J. Mol. Sci. 23(6), 3284 (2022).
	58.	 Omote, K. et al. Role of the TNF pathway in the progression of diabetic nephropathy in KK-A(y) mice. Am. J. Physiol. Renal Physiol. 

306(11), F1335–F1347 (2014).
	59.	 MacIsaac, R. J. et al. Changes in soluble tumor necrosis factor receptor type 1 levels and early renal function decline in patients 

with diabetes. J. Diabetes Investig. 10(6), 1537–1542 (2019).
	60.	 Tesfamichael, D. H., Wood, M. W. & Pritchard, J. C. Comparison of commercial manual extraction kits for RNA isolation from 

canine whole blood. J. Vet. Diagn. Investig. 32(5), 737–741 (2020).
	61.	 Di, K. et al. Highly efficient and automated isolation technology for extracellular vesicles microRNA. Front. Bioeng. Biotechnol. 

10, 948757 (2022).
	62.	 Poulain, S. et al. Signalling with retinoids in the human lung: Validation of new tools for the expression study of retinoid receptors. 

BMC Cancer 9, 423 (2009).
	63.	 Xu, L. & Ren, Y. Sitagliptin inhibits cell apoptosis and inflammation of renal tissues in diabetic nephropathy model rats. Xi Bao 

Yu Fen Zi Mian Yi Xue Za Zhi 35(3), 217–222 (2019).
	64.	 Brennan, E., Kantharidis, P., Cooper, M. E. & Godson, C. Pro-resolving lipid mediators: Regulators of inflammation, metabolism 

and kidney function. Nat. Rev. Nephrol. 17(11), 725–739 (2021).
	65.	 Mohanty, S. et al. Evidence of brain alterations in noncerebral falciparum malaria. Clin. Infect. Dis. 75(1), 11–18 (2022).
	66.	 Yamagata, K., Takahashi, N., Akita, N. & Nabika, T. Arginine vasopressin altered the expression of monocarboxylate transporters in 

cultured astrocytes isolated from stroke-prone spontaneously hypertensive rats and congenic SHRpch1_18 rats. J. Neuroinflamm. 
14(1), 176 (2017).

	67.	 Takahashi, M., Eda, A., Fukushima, T. & Hohjoh, H. Reduction of type IV collagen by upregulated miR-29 in normal elderly mouse 
and klotho-deficient, senescence-model mouse. PLoS ONE 7(11), e48974 (2012).

	68.	 Cabiati, M. et al. Aging and biomarkers: Transcriptional levels evaluation of Osteopontin/miRNA-181a axis in hepatic tissue of 
rats in different age ranges. Exp. Gerontol. 133, 110879 (2020).

	69.	 Cheng, L., Qiu, X., He, L. & Liu, L. MicroRNA-122-5p ameliorates tubular injury in diabetic nephropathy via FIH-1/HIF-1α 
pathway. Ren. Fail. 44(1), 293–303 (2022).

	70.	 Zeng, Y. et al. Diminution of microRNA-98 alleviates renal fibrosis in diabetic nephropathy by elevating Nedd4L and inactivating 
TGF-β/Smad2/3 pathway. Cell Cycle 19(24), 3406–3418 (2020).

	71.	 Liu, L. et al. miR-136 improves renal fibrosis in diabetic rats by targeting down-regulation of tyrosine kinase SYK and inhibition 
of TGF-β1/Smad3 signaling pathway. Ren. Fail. 42(1), 513–522 (2020).

	72.	 Hall, J. E. Guyton and Hall Textbook of Medical Physiology (Elsevier, 2016).
	73.	 Federiuk, I. F., Casey, H. M., Quinn, M. J., Wood, M. D. & Ward, W. K. Induction of type-1 diabetes mellitus in laboratory rats by 

use of alloxan: Route of administration, pitfalls, and insulin treatment. Comp. Med. 54(3), 252–257 (2004).



13

Vol.:(0123456789)

Scientific Reports |        (2023) 13:17927  | https://doi.org/10.1038/s41598-023-41061-0

www.nature.com/scientificreports/

	74.	 Silva, V. D. D. & Nogueira, R. M. B. Diabetes mellitus experimental induzido com aloxana em ratos Wistar/Experimental diabetes 
mellitus induced with alloxan in Wistar rats. Revista de Ciências Farmacêuticas Básica e Aplicada/J. Basic Appl. Pharm. Sci. 36(1), 
8 (2015).

	75.	 Lerco, M. M., Spadella, C. T., Machado, J. L. M., Schellini, S. A. & Padovani, C. R. Caracterização de um modelo experimental de 
Diabetes Mellitus, induzido pela aloxana em ratos: estudo clínico e laboratorial. Acta Cir. Bras. 18, 132–142 (2003).

	76.	 Lenzen, S. The mechanisms of alloxan- and streptozotocin-induced diabetes. Diabetologia 51(2), 216–226 (2008).
	77.	 Casare, F. Avaliação da função renal em ratos suplementados de forma crônica com ácidos graxos poliinsaturados (Universidade 

Federal do Paraná, 2008).
	78.	 Pfaffl, M. W. A new mathematical model for relative quantification in real-time RT-PCR. Nucleic Acids Res. 29(9), e45 (2001).
	79.	 Bustin, S. A. et al. The MIQE guidelines: Minimum information for publication of quantitative real-time PCR experiments. Clin. 

Chem. 55(4), 611–622 (2009).

Acknowledgements
We thank CAPES (88887.373913/2019-00) and FAPESP for the financial support (FAPESP 2018/24808-0). Cred-
its to the entire team at the clinical analysis laboratory at Centro Universitário FMABC.

Author contributions
J.R.S.R.: project idealization, monitoring and induction of animals, euthanasia, samples RNA extraction and RT-
qPCR. Data generation and analysis and manuscript writing. B.C.A.A.: project idealization and co-orientation, 
primers design and manuscript review. J.F.A.E.: animal induction, samples RNA extraction. K.C.G.: data genera-
tion and analysis. A.M.S.: RT-qPCR and data generation. M.M.P.: samples RNA extraction. G.P., J.F.R.S.: moni-
toring animals and euthanasia. F.L.A.F.: project coordination and manuscript review. G.L.V.: project idealization 
and orientation and manuscript review.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​023-​41061-0.

Correspondence and requests for materials should be addressed to J.R.S.R.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2023

https://doi.org/10.1038/s41598-023-41061-0
https://doi.org/10.1038/s41598-023-41061-0
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Expression of TNFR1, VEGFA, CD147 and MCT1 as early biomarkers of diabetes complications and the impact of aging on this profile
	Results
	Biochemical parameters
	Expression profile of the studied genes

	Discussion
	Conclusion
	Methods
	Arrive guideline statement
	Animals and experimental model
	DM induction and glycemic monitoring
	Metabolic cage
	Sample collection
	Determination of biochemical and renal function evaluations
	Glycemia and HbA1c
	Plasma urea
	Serum and urine creatinine
	Creatinine clearance
	Proteinuria
	Microalbuminuria
	ApoA, ApoB in plasma and urine
	Cystatin C

	Tissue preparation for molecular biology analysis
	Synthesis of DNA complementary to messenger RNA (cDNA)
	q-PCR for evaluation of gene expression
	Statistical analysis
	Ethics approval

	References
	Acknowledgements


