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Abstract

:

The loss of proteostasis, which results in the accumulation of misfolded proteins, is one of the hallmarks of aging and is frequently associated with the aging process. Fibroblasts are a cellular model widely used in the study of aging and can mimic the loss of proteostasis that occurs in the human body. When studying human aging using fibroblasts, two approaches can be used: fibroblasts from the same donor aged in vitro until senescence or fibroblasts from donors of different ages. A previous study by our group showed that the first approach can be used in the study of aging. Thus, this work aimed to study the spectroscopic profile of human dermal fibroblasts from four donors of different ages using Fourier-transform infrared spectroscopy to identify changes in protein conformation and to compare results with those obtained in the previous study. Partial least squares regression analysis and peak intensity analysis suggested that fibroblasts from older donors were characterized by an increase in the levels of antiparallel β-sheets and a decrease in intermolecular β-sheets, in agreement with our previous results.
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1. Introduction


The aging of the human population that has been reported in the last few decades entails social, economic, and medical problems and leads to the burdening of health systems. In this sense, the study of physiological aging is of huge importance to unravel this complex process and increase the quality of life of the elderly [1].



One of the aging hallmarks is the loss of proteostasis [2], which occurs due to the accumulation of misfolded proteins and the failure of their degradation mechanisms, namely, the ubiquitin–proteasome system (UPS) and the autophagy–lysosome pathway [3,4]. The accumulation of misfolded proteins has deleterious consequences for the cell, as these proteins tend to aggregate, becoming cytotoxic and leading to aging [5,6,7]. Other important aging hallmarks have also been reported [2], and more recently, the contribution of nuclear envelope dysfunction to the aging process was also described [8].



Due to the obvious ethical and time-consuming problems associated with aging studies in humans, cellular models, namely, human fibroblasts, are a good alternative to study aging, as they present similar characteristics to human aging, namely, replicative senescence and proteostasis loss [9,10,11,12]. Although human fibroblast cell models are among the most used cell models for the study of aging, they are simpler than humans, being only a monolayer of one cell type, lacking the extracellular matrix, and consequently not allowing one to observe the interactions between different cell types, tissues, and organs [11,13]. Nevertheless, the fibroblasts retain representative alterations of the aging process that are related to the biological age of the donors and are easy to obtain and manipulate in vitro [10,12,14,15,16,17].



In the study of aging using fibroblasts as cellular models, two distinct approaches can be used. One can use fibroblasts that are collected from the same donor, usually a young donor, and age them in vitro until cells reach senescence, so that the sequential cell passages can be analyzed and compared. In this case, there is less heterogeneity of results, as the cells are from the same donor and there is less influence of external factors; however, this is a time-consuming process, as the cells need to be cultured until they reach senescence [14,18,19,20,21,22]. The other approach uses fibroblasts from donors of different ages. In this case, there is the influence of external factors, which increases heterogeneity; however, it is a less time-consuming process [14,17,23]. Both approaches have already demonstrated success in the study of the aging process. Regarding fibroblasts from the same donor aged in vitro, it was already identified that there are metabolomic changes associated with aging using Fourier-transform infrared (FTIR) spectroscopy, namely, changes regarding proteins [20]. Another metabolomic study using nuclear magnetic resonance (NMR) spectroscopy additionally identified a decrease in phosphocholine, ADP and ATP levels [18]. Furthermore, a previous study in our group revealed that the aging process can be studied using human fibroblasts from a newborn subcultured from passage 3 until passage 17, and, using FTIR spectroscopy, there were detected changes in protein conformation, namely, an increased antiparallel β-sheet conformation and a decrease in proteins in intermolecular β-sheet conformation, as well as a decrease in fibril formation [22]. According to aging studies using fibroblasts from donors of different ages, as far as we are concerned, there are still few studies that are focused on metabolic approaches or changes in protein conformation rather than genetic alterations [17,23].



In this sense, the present study aimed to analyze and compare the spectroscopic profile of human dermal fibroblasts from donors of different ages using FTIR spectroscopy, to contribute to the identification of an age-related protein conformational profile. Furthermore, the results obtained in this study using fibroblasts from donors of different ages were compared with the results obtained with fibroblasts aged in vitro.




2. Materials and Methods


2.1. Cell Lines and Cell Culture


Human dermal fibroblast cell lines AG22153, AG10803, AG02222 and AG16102 were obtained from the NIA Aging Cell Culture Repository, Apparently Healthy Collection, Coriell Institute for Medical Research (Camden, NJ, USA). These cell lines were collected from 1-day- and 22-, 49-, and 69-year-old male donors, respectively (Table 1). All of them were cultured in a 1:1 mixture of Dulbecco’s modified Eagle’s medium (DMEM) and Ham’s F-12 Nutrient Mixture (Gibco, Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS; Gibco, Thermo Fisher Scientific, Waltham, MA, USA). Cells were maintained at 37 °C with 5% CO2 in a humidified incubator. Every 3–4 days, cells were washed with phosphate-buffered saline (PBS) and culture medium was changed. When they had reached about 80–90% confluence, cells were subcultured until passage 12 using 0.05% trypsin–EDTA. Flasks were left in a CO2 incubator for 2 min at 37 °C and then, to stop the trypsinization, complete cell culture medium was added to the flasks. Cells were detached from the flask and centrifuged for 3 min at 1000 rpm at room temperature (RT). After that, the supernatant was discarded and the pellet was resuspended in complete cell culture medium and plated into new flasks [22].




2.2. FTIR Spectroscopy


2.2.1. Sample Preparation


At passage 12, cells were counted and cell viability was assessed using trypan blue, as previously described [24]. Then, two aliquots with 5 × 105 cells each were centrifuged for 3 min, 1000 rpm, RT. Then, culture medium was discarded, cells were washed twice with 1 mL of PBS and centrifuged again for 3 min at 2000 rpm at RT. The supernatant was discarded, and the pellet was kept at −80 °C until FTIR analysis. The number of cells used for FTIR was based on a previous study using human fibroblasts and FTIR spectroscopy [22].



The four different cell lines were analyzed in passage 12 using an ATR-FTIR Bruker Alpha Platinum spectrometer (Bruker©, Billerica, MA, USA) coupled with OPUS software (Bruker©, Billerica, MA, USA) in mid-IR range (4000–600 cm−1), with a resolution of 8 cm−1 and 64 co-scans. FTIR spectroscopy was performed in a room with controlled and constant temperature and relative humidity (23 °C and 35%, respectively). In sum, 5 × 105 cells were placed in a diamond crystal and air-dried to eliminate the water in the samples.



For each cell line, 9 replicates were acquired. Between readings of each sample, the diamond crystal was cleaned with 70% ethanol and distilled water and a background spectrum was acquired to eliminate possible interference from alterations in room conditions. The FTIR spectra were exported in OPUS format.




2.2.2. Spectra Processing


FTIR spectra were analyzed using Unscrambler X software (V.10.5., Camo Analytics, Oslo, Norway). First, spectra were visualized in a line plot and principal component analysis (PCA) was performed to identify outliers [25,26,27]. Then, spectra were cut between 1800 and 1500 cm−1. A baseline correction using the baseline offset method and an area normalization correction were applied. After that, spectra were derived using 2nd derivative with the Savitzky–Golay algorithm and 3 smoothing points to resolve overlapping peaks.




2.2.3. Peak Intensity Analysis


As in previous studies, the intensity of specific spectral bands for the four different cell lines was calculated using two different approaches [22,28]. The intensity of peaks assigned to protein secondary structures was calculated using the 2nd derivative spectra factored by −1, namely, β-sheets (1693 cm−1, 1682 cm−1, and 1628 cm−1) [22,29,30,31,32,33,34]. The ratio between antiparallel β-sheets and the total of β-sheets was calculated using I1693/I1693 + 1682 + 1628 and the ratio between intermolecular β-sheets and the total of β-sheets was calculated using I1628/I1693 + 1682 + 1628.



With a different approach, total protein amount and fibril formation were calculated using the baseline-corrected and area-normalized non-derivative spectra to extract the intensity of amide I and amide II peaks. Total protein amount was calculated using the sum of intensities of amide I and amide II peaks (I1648/51 + I1543/46), and fibril formation was calculated using the ratio between amide II and amide I peak intensities (ratio I1543/46/I1648/51).



Statistical analysis was performed with GraphPad Prism 9.5.0 software (GraphPad software, San Diego, CA, USA), applying ordinary one-way ANOVA test and Tukey’s multiple comparison test, considering the normal distribution of samples. Results are expressed as means ± standard deviation and were considered statistically significant at p value ≤ 0.05.




2.2.4. Partial Least Squares Regression Analysis


Preprocessed spectra were analyzed using supervised multivariate partial least squares regression (PLS-R) analysis in the 1800–1500 cm−1 region. The X matrix (predictors) was composed of 2nd derivative spectra and the Y matrix (responses) corresponded to the age of the donor, and it was used to produce a correlation plot between spectral profile and age of the donors. A random intern cross-validation with Kernel PLS algorithm was used. For this region, and after analyzing the plot of cumulative explained variance, PLS-R was built using 2 factors to avoid model overfitting [35,36].






3. Results


In order to identify age-related changes, fibroblasts from 1-day- and 22-, 49-, and 69-year-old donors were analyzed by ATR-FTIR coupled with multivariate analysis.



Firstly, the line plots of baseline and area normalized average spectra of all samples were analyzed (Figure 1). Then, peak intensity analysis and PLS-R analysis were performed in the 1800–1500 cm−1 region of the mid-IR spectra, in order to identify changes that occur at the protein level with aging.



3.1. Peak Intensity Analysis


In order to understand the complexity of the physiological aging process, peak intensity analysis was carried out for the peaks associated with different protein structures at the four time points under study (Figure 2).



Regarding total protein levels (Figure 2A), calculated using the sum of amide I and amide II peaks in the non-derivative spectra, there was a significant decrease in these levels from the 1-day- to the 49-year-old donor, and then an increase to the 69-year-old sample. The ratio between antiparallel β-sheet and β-sheet sum (Figure 2B) constantly increased with age, while the intermolecular β-sheet/β-sheet sum ratio (Figure 2C) showed a significant decrease with age. Concordantly, the fibril formation ratio (Figure 2D) also decreased with age.




3.2. Spectroscopic Profile of Human Dermal Fibroblasts


A PLS-R analysis was then performed in the 1800–1500 cm−1 region to understand what changes occur with aging at a protein level. In this region of the spectra, two prominent peaks stand out, namely, the amide I and amide II peaks, which can be observed in the non-derived spectra (Figure 3A), and which give important information about proteins and protein structure. In the 2nd derivative spectra (Figure 3B), it is possible to observe the subpeaks of amide I and amide II.



Regarding the PLS-R predicted vs. reference plot built with two factors (Figure 3C), it was possible to observe a very high linear and positive relationship between the spectroscopic profile and the age of donors, with a correlation coefficient of 0.97 in the calibration set and 0.95 in the internal cross-validation set [37].



Figure 3D shows the β-coefficient plot of PLS-R in the 1800–1500 cm−1 region of the spectra, and the main peaks of these region were identified (Table 2). In this plot, it is possible to observe that younger samples were characterized by antiparallel β-sheets (1693 cm−1) [22,29,30], β-sheets (1682 cm−1) [22,31,32] and α-helices of proteins (1651 cm−1) [22,30,32], whereas older samples were characterized by intermolecular β-sheets (1628 cm−1) [22,33,34].





4. Discussion


Aging is a complex process and varies from one person to another, which makes it necessary for geriatric care to be increasingly personalized rather than generalized [1,39]. Given the difficulty of studying it in humans, it is necessary to use simpler models, such as human dermal fibroblasts [9,40,41].



When studying human physiological aging using fibroblasts, two different approaches can be adopted. Our group has already demonstrated that the aging process can be studied using human dermal fibroblasts from a newborn donor at different cell passages until cells reach senescence [22]. In the present study, we aimed to study the spectroscopic profile of human dermal fibroblasts from 1-day- and 22-, 49-, and 69-year-old donors and compare our results with the results of the previous study.



In this study, the 1800–1500 cm−1 region of the mid-IR spectra was analyzed to obtain the maximum information about alterations in the secondary protein conformation with aging [32]. This region of the spectra showed a very high correlation between the spectroscopic profile and the age of donors (Figure 3C) [37]. Firstly, total protein levels were estimated using the sum of amide I and amide II peaks in the non-derived spectra (Figure 2A), as previously described [22,28], and it was observed that it varies with age: until 49 years old, total protein levels decreased, and then increased in fibroblasts from the 69-year-old donor. Previous work by Magalhães et al. (2022) showed that fibroblasts aged in vitro did not follow a linear tendency with increased passage number [22]. Altogether, these oscillations illustrate the complexity of the aging process and might correlate with the hallmark of loss of proteostasis, which leads to changes in both protein synthesis and degradation [4]. To assure homeostasis, the protein network requires a balance of protein synthesis and degradation. However, in the aging process, this balance is affected and an accumulation of damaged proteins is observed, which can lead to cell dysfunction [42]. It has already been shown that the aging process is characterized by a decrease in protein synthesis [42,43], but also by a deregulation in the degradation systems [44,45], showing once again the imbalance of the protein network.



In the PLS-R analysis, it was also possible to observe that younger donors had a peak at 1693 cm−1, corresponding to antiparallel β-sheets, and a peak at 1682 cm−1, corresponding to β-sheets (Figure 3D and Table 2). Peak intensity analysis was performed and confirmed PLS-R data by calculating the ratio between antiparallel β-sheets and total β-sheets, and Figure 2B shows that this ratio increased with age, in concordance with the results of fibroblasts aged in vitro by Magalhães et al. (2022) [22]. As already mentioned above, one of the primary hallmarks of aging is the loss of proteostasis, which leads to protein aggregation [4]. It is known that proteins organized in antiparallel β-sheet conformation are prone to form small toxic oligomers [46]. A previous study using FTIR spectroscopy to analyze protein conformation in control and Alzheimer’s disease patients corroborated these results. The authors demonstrated that both fibrils and oligomers have β-sheets, but in different conformations [47]. Oligomers are characterized by antiparallel β-sheets, which cause membrane disruption and/or permeabilization, as they can lead to pore formation in membranes, leading to cell toxicity and death and consequently to aging [47,48].



Regarding intermolecular β-sheets, the β-coefficient plot showed a peak at 1628 cm−1 associated with older samples (Figure 3D and Table 2), showing that this peak of the spectra can discriminate between older and younger samples. A peak intensity analysis was performed using the ratio between intermolecular β-sheet and β-sheet sum, and the results showed a decrease with age in this ratio (Figure 2C). These results are in accordance with the results of our previous study, which showed a significant decrease in this ratio in fibroblasts with higher passage number [22]. Intermolecular β-sheets are formed when either parallel or antiparallel β-sheet structures bond through hydrophobic bonds. These structures are known as aggregate prone structures that tend to lead to the formation of fibrils [46,49,50]. Two proteins can interact by hydrophobic forces and form amorphous structures that can subsequently lead to the formation of fibrils [51]. The formation of fibrils alters the function of the proteins that can lose their function or become toxic [7,52]. Besides that, the fibrils are more stable and insoluble, which makes the elimination of these toxic aggregates difficult [7,53]. Furthermore, in aging, UPS is compromised, hindering the elimination of misfolded proteins, which accumulate and aggregate, causing proteostasis failure and contributing to aging [7]. A peak intensity analysis was performed to understand age-related changes in protein conformation. Figure 2D shows that the formation of fibrils decreased with increasing age, that is, in concordance with the ratio of intermolecular β-sheets, and in concordance with the results obtained by Magalhães et al. (2022) for fibroblasts at higher passage number [22]. Given that aging is characterized by the loss of proteostasis, one would expect that with increasing age, intermolecular β-sheets would increase and there would be higher formation of fibrils. However, a decrease in the ratio between intermolecular β-sheets and total β-sheets was observed in older fibroblasts, as well as a decrease in the fibril formation ratio. Comparing antiparallel and intermolecular β-sheets, there seemed to be a tendency to increased antiparallel β-sheets in older fibroblasts. Besides, the decrease in intermolecular β-sheets and in the fibril formation ratio could be due to a decrease in the formation of proteins in β-sheet conformation with age [22].



In the present study, it was possible to observe that the study of changes in protein conformation with age is plausible using cell cultures of fibroblasts of donors of different ages. As shown in Table 1, dermal fibroblasts from white male donors were used, all in the same passage number. These fibroblasts were obtained from different areas of the body, namely, foreskin in the case of the 1-day-old donor, the abdomen of the 22- and 49-year-old donors and the arm of the 69-year-old donor. It has already been demonstrated that fibroblasts obtained from different regions of the body have similar morphology [54,55], although different studies have already shown that fibroblasts from different anatomical sites present some differences since they can have different embryonic origins [54]. Besides that, it was shown that the proliferation rate, apoptotic rate and migration rate differ in the different dermal fibroblasts, as well as the expression of growth factors [55]. Moreover, the gene expression of fibroblasts from different body parts is different, as well as the composition of the extracellular matrix [54,55,56,57,58]. It is also important to note that the sites from which the fibroblasts were obtained are not all equally exposed to ultraviolet (UV) radiation: fibroblasts from the arm tend to be more exposed to the UV radiation than fibroblasts from the abdomen. This is relevant because chronic exposure to UV radiation causes photoaging and accelerates the appearance of age-associated changes [59,60]. Despite all these stated limitations, it was possible to observe a strong relationship between the spectroscopic profile and age, and that there were spectroscopic alterations associated with protein secondary structure that were characteristic of physiological aging. Besides that, when comparing the results obtained here with the results previously obtained by our research group with fibroblasts from a single donor that were aged in vitro [22], it was possible to observe that the changes in the protein conformation with aging (1800–1500 cm−1 region) were similar between the studies. The main alterations observed in aged fibroblasts, in both studies, were an increase in antiparallel β-sheet ratio and a decrease in intermolecular β-sheet ratio and fibril formation, observed in peak intensity analysis using the results obtained with FTIR spectroscopy. These alterations that occurred regarding secondary structure of proteins were in concordance with loss of proteostasis.



Since both approaches have shown similar results in the study of aging, which is the best approach to use? This decision depends on the type of study one intends to conduct. If the objective is to conduct an initial exploratory study, one can consider using fibroblasts from the same donor aged in vitro until senescence, as this approach has less heterogeneity of results and less influence of external factors that alter the aging process. However, this approach is both more expensive and time-consuming, as fibroblasts need to be cultured until they reach senescence [14,18,19,20,21,22]. After the identification of biomarkers in this initial exploratory study, it would be interesting to analyze how the real population fits with these results. For this purpose, fibroblasts from different donors of different ages can be used, thus taking into account the factors that can alter the aging process, from genetic factors to external factors, such as diet or lifestyle [61,62], in a study that would be less time-consuming [14,17,23].



The identification of biomarkers of aging is becoming increasingly important. The goal should be to move towards a more personalized health-care system, with geriatric care becoming more and more effective [63]. The study of omics, from genomics to proteomics or metabolomics, is a great ally to personalized medicine, as it can be useful in identifying changes that might be useful to, for example, predict and prevent diseases associated with aging or understand which drugs are most suitable for each person, which ultimately might increase the average life expectancy but mainly the quality of life of the elderly [63,64].



The results obtained in this study prove that there are spectroscopic changes associated with the aging process, namely, changes in the secondary conformation of proteins. In the future, it would be interesting to study the metabolome of these cell lines using even more specific metabolomic techniques, namely, NMR and mass spectrometry (MS), in order to possibly corroborate the results obtained here and to identify biomarkers of physiological aging, contributing to personalized medicine in geriatric care.




5. Conclusions


In this study, we aimed to study the aging changes in protein conformation, using human dermal fibroblasts from four donors of different ages (1 day and 22, 49, and 69 years) and FTIR spectroscopy. Besides that, we aimed to compare the results with the results of a previous study in our group with fibroblasts aged in vitro [22]. It was possible to conclude that the spectroscopic results in both studies were similar, and that these two methodological approaches can be used to study age-related changes in proteostasis.



Although these results were in agreement with reported literature, this was an exploratory study in which only four samples collected from donors of different ages were analyzed. This is a limitation of the present work, and we are aware that a higher number of samples in each age under study could increase the significance of the results and decrease the associated error. Furthermore, the fibroblasts were not all obtained from the same region of the body, which might influence the obtained results, as fibroblasts from the same region of the body have similar morphologies but different genetic characteristics and are exposed differently to radiation, which also can cause alterations in the aging process. Despite this, it was possible to identify a relationship between the FTIR spectroscopic profile of the samples and the age of the donors, and it was possible to suggest that this methodological approach can be used in a larger data set in the study of alterations in protein conformation with aging.



This study has demonstrated, once again, the importance of FTIR spectroscopy in the study of aging. This is a simple and fast technique that allows one to trace the spectroscopic profile of a sample, as well as identify aging-associated alterations, when coupled with multivariate analysis. If coupled with a microscope, it is also possible to observe these spectroscopic alterations in living cells [65]. FTIR spectroscopy opens doors to move towards personalized medicine and improve the quality of life of the elderly population.
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Figure 1. Average FTIR line plot in the mid-infrared region of the spectra. Average baseline and area-normalized line plot of the human dermal fibroblasts of donors with 1-day- and, 22-, 49-, and 69-year-old donors. The box represents the analyzed region of the spectra (1800–1500 cm−1). 
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Figure 2. Peak intensity analysis of human dermal fibroblasts of 1-day- and 22-, 49-, and 69-year-old male donors. (A) Total protein levels, calculated using the sum of amide I and II peaks, in the non-derived spectra. (B) Ratio antiparallel β-sheet/β-sheet sum (I1693/I1693 + 1682 + 1628). (C) Ratio intermolecular β-sheet/β-sheet sum (I1628/I1693 + 1682 + 1628). (D) Fibril formation, calculated using the ratio between amide II and amide I peaks in the non-derived spectra. Data expressed as means ± SD. *** p ≤ 0.001; **** p ≤ 0.0001. A.U., arbitrary units. 
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Figure 3. FTIR PLS-R multivariate analysis of the four human dermal fibroblast cell lines in the 1800–1500 cm−1 region of the spectra. (A) Average baseline and area normalization-corrected spectra of human fibroblasts in the 1800–1500 cm−1 region. (B) Average second derivative corrected spectra of human fibroblasts in the 1800–1500 cm−1 region. (C) PLS-R predicted vs. reference plot of factor 2 of the second derivative spectra of human fibroblasts in the 1800–1500 cm−1 region. RMSEC (root mean square error of calibration): 6.03; RMSECV (root mean square error of cross-validation): 8.11. (D) β-coefficient plot of factor 2 in the 1800–1500 cm−1 region. 






Figure 3. FTIR PLS-R multivariate analysis of the four human dermal fibroblast cell lines in the 1800–1500 cm−1 region of the spectra. (A) Average baseline and area normalization-corrected spectra of human fibroblasts in the 1800–1500 cm−1 region. (B) Average second derivative corrected spectra of human fibroblasts in the 1800–1500 cm−1 region. (C) PLS-R predicted vs. reference plot of factor 2 of the second derivative spectra of human fibroblasts in the 1800–1500 cm−1 region. RMSEC (root mean square error of calibration): 6.03; RMSECV (root mean square error of cross-validation): 8.11. (D) β-coefficient plot of factor 2 in the 1800–1500 cm−1 region.



[image: Spectroscj 01 00004 g003]







[image: Table] 





Table 1. Characterization of the human dermal fibroblast cell lines.
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	Characteristics
	AG22153
	AG10803
	AG02222
	AG16102





	Age of the donor
	1 day old
	22 years old
	49 years old
	69 years old



	Passage cells were received
	P1
	P4
	P6
	P8



	Passage cells were used
	P12
	P12
	P12
	P12



	Biopsy source
	Foreskin
	Abdomen
	Abdomen
	Arm



	Gender of the donor
	Male
	Male
	Male
	Male



	Ethnicity of the donor
	White/East Indian
	White
	White
	White
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Table 2. Summary of the main peaks identified in the region 1800–1500 cm−1 according to the loading plot (Figure 3D).
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Samples

	
Peak

	
Biological Meaning

	
References






	
younger

	
1693

	
antiparallel β-sheets

	
[22,29,30]




	
1682

	
β-sheets

	
[22,31,32]




	
1651

	
α-helices

	
[22,30,32]




	
1554

	
amide II

	
[38]




	
1543




	
older

	
1628

	
intermolecular β-sheets

	
[22,33,34]




	
1512

	
amide II

	
[38]
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