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Telomere length (TL) is a recognized biomarker for ageing in multiple species. In dairy cattle, the 
transition period is considered a very stressful period. We hypothesized that TL shortens during this 
period. Holstein cows (n = 61) were followed during the transition period. Blood and milk samples were 
collected at − 7, 3, 6, 9, 21d relative to calving to determine concentrations of oxidative, energetic 
metabolic, and inflammatory markers. Average relative leukocyte TL was measured by a modified 
qPCR protocol 7d before and 21d after parturition. We confirmed TL attrition during the transition 
period (P = 0.02), as TL was 1.05 ± 0.229 (mean ± SD) before, and 0.97 ± 0.191 (mean ± SD) after 
parturition. Univariable analyses assessed associations between blood markers and TL shortening. 
Greater plasma oxidative parameters, including oxidized glutathione and glutathione peroxidase, were 
positively and negatively (respectively) associated with TL attrition. Higher blood α- and β-globulin 
were all positively associated, while IGF-1, albumin-globulin ratio and albumin were negatively 
associated with TL attrition. Greater serum amyloid A and haptoglobin were linked with greater TL 
shortening. This study reveals significant TL shortening during the transition period in dairy cows and 
identifies significant associations with oxidative stress, metabolic stress, and inflammation. While 
these associations are observed, no causality can be established. Our findings suggest the need for 
further research to explore the effects of transition-related stress on TL dynamics.
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The evolutionary theory states that reproduction comes at the expense of somatic maintenance and longevity. In 
human medicine, the number of pregnancies is related to accelerated cellular ageing in women1. Their findings 
demonstrate that both mitotic and non-mitotic measurements of cellular ageing show similar associations with 
the number of pregnancies, indicating a potential cost of reproduction in terms of accelerated ageing.

Cellular ageing can be measured using telomere length (TL), and TL attrition correlates with increased 
mortality risk2,3. Telomeres consist of tandemly repeated DNA nucleotides “TTAGGG”4, which shorten after 
each cell cycle5. When telomeres are critically short, a response is triggered leading to senescence6. Thus, TL has 
been considered a biomarker for human health, ageing, and lifespan7. Recently, TL has also emerged in high-
yielding dairy cattle as potential marker for longevity8, welfare9, and energetic metabolic stress10.

Telomere length in cattle tends to shorten significantly in early life and remains relatively stable thereafter11. 
This observation aligns with longitudinal studies in other species, such as humans, which also report an initial 
telomere attrition followed by a plateau phase in adulthood12. However, telomere attrition is accelerated 
by intrinsic and external factors, such as UV-light13, chronic infection14, and exposure to oxidative stress15. 
In addition, TL change in dairy cattle appears to be influenced by environmental variables, such as weather 
conditions, making it a promising biomarker for the consequences of physiological stress16.

The transition period of dairy cows is defined as the period from three weeks before until three weeks after 
calving17. It has been characterized as a crucial stage, during which cows undergo significant metabolic and 
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physiological adaptations18, often resulting in metabolic stress. Increased oxygen consumption is needed to cope 
with the physiological stress brought on by the development of the nearly full-term calf, parturition, and the 
beginning of milk synthesis and secretion. This increased oxygen consumption results in the generation of free 
radicals (oxidants), finally leading to oxidative stress18,19. Furthermore, hormonal changes such as the decrease 
in progesterone and the increase in estrogens, as well as immune system dysfunction around calving, make cows 
more susceptible to systemic inflammation, leading to a higher incidence of both metabolic as well as infectious 
diseases in the transition period20.

Although both oxidative and energetic metabolic stress as well as systemic inflammation are significant 
risk factors for health disturbances during the transition period, they rarely have been studied simultaneously. 
In addition, results solely based on markers of stress without association to cellular damage may be difficult 
to interpret. In the present study, we aimed to assess TL dynamics during the transition period in relation to 
biological stress. We hypothesize that TL shortening occurs during the transition period in dairy cows. We aim 
to identify associations between TL attrition and specific blood variables related to oxidative stress, metabolic 
stress, and inflammation during this critical phase.

Results
Descriptives
For the determination of the TL, the first blood collection took place 7.13 ± 3.95 (mean ± SD) days before 
parturition. Telomere length before parturition was 1.05 ± 0.229. The second blood collection for TL assessment 
took place 21.0 ± 0.70 days after parturition. Telomere length after parturition was 0.97 ± 0.191. The sampling 
interval to assess the Δ-TL was on average 26.65 ± 5.28 days.

A total of 142 blood samples from the 71 animals were included for TL assessment. Six of the 142 blood 
samples were classified as inadequate due to excessive dilution, impeding accurate TL assessment. Furthermore, 
the qPCR curves of two additional samples were excessively skewed, resulting in their exclusion from the analysis. 
Eight cows calved prematurely, and blood samples were taken from these animals on the day of parturition. 
Notably, there was overlap between the inadequate samples and those from the prematurely calved cows, with 4 
cows contributing to both categories. After excluding the inadequate and skewed samples, as well as those related 
to the premature calvings, TL data were available for 61 animals.

Only animals with successful TL assessment both before and after parturition (n = 61) were included in the 
subsequent analyses to identify factors that were associated with TL attrition. To determine energetic metabolic 
stress parameters, blood sampling took place 7.13 ± 3.95 days prior to calving and 3.1 ± 0.28, 5.9 ± 0.55, 9.1 ± 0.49, 
and 21.0 ± 0.70 days after calving. Additionally, blood for oxidative and inflammatory markers, along with other 
metabolic stress parameters, was collected 21.0 ± 0.70 days after calving (Fig. 1).

Descriptive data (BCS, DMI, weight, and results of the blood and milk analyses) are shown in Table 1.

Factors associated with TL attrition
There was a decrease in TL of 0.08 ± 0.243 (P = 0.02) in samples collected before versus after parturition. Parity 
ranged from two to seven, but no association was observed between TL and parity (P = 0.17). Presence of clinical 

Fig. 1.  Schematic overview of the experimental design, showing the selected timepoints for sample collection 
(− 7, 3, 6, 9, 21 relative to calving). EDTA blood samples were tested for telomere length. Heparin blood 
samples were analysed for oxidative markers (GSSG, GPx, MDA, ORAC, SOD) and inflammation (Hp and 
SAA). Serum and sodium fluoride blood samples were used for the analysis of the metabolic markers (glucose, 
BHB, NEFA, IGF-1, insulin, fructosamine, AG ratio, Albumin, α-globulin, β-globulin, γ-globulin, Total 
protein, Urea, AST). Milk samples for measuring BHB and Urea were collected daily for 21 days, excluding the 
first two days following parturition. (Number of animals = 61).
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disease in the transition period (N = 9) was also not associated with TL (P = 0.07). Table 2 shows results from 
the univariable analyses of the oxidative, metabolic, and inflammatory markers on day 21 post parturition. For 
oxidative stress parameters associated with TL attrition, GSSG% (P < 0.0001) was positively associated with 
TL shortening, while GPx (P < 0.0001) was negatively associated. The metabolic parameters, α- (P < 0.0001) 
and β-globulin (P < 0.001) were positively associated with telomere attrition, while albumin (P < 0.001) was 
negatively associated. Similarly, the albumin-to-globulin ratio (P < 0.001) was negatively associated. For systemic 
inflammation, SAA (P < 0.0001) and Hp (P = 0.002), were both positively associated with telomere attrition. The 
descriptives and results from the univariable models for the six energetic metabolic markers, measured in both 
blood and milk, are presented in Table 3. Among these markers, solely IGF-1 exhibited significant negative 
associations with Δ-TL on days 3 (P < 0.01), 6 (P < 0.1), and 21 (P < 0.001) post partum (Fig. 2).

Telomere length Mean ± SD

Before parturition 
(TLBP) 1.05 ± 0.229

After parturition (TLPP) 0.97 ± 0.191

Δ-TL 0.08 ± 0.242

Cow characteristics DTP

Total dry matter intake 
(kg) − 7 15.12 ± 2.887

3 17.44 ± 4.336

6 18.23 ± 4.351

9 19.68 ± 4.716

21 22.67 ± 3.625

Body condition score 
(1–5) − 7 3.42 ± 0.297

3 3.38 ± 0.247

6 3.40 ± 0.253

9 3.39 ± 0.247

21 3.22 ± 0.258

Body weight (kg) − 7 797.60 ± 71.304

3 722.52 ± 71.236

6 713.88 ± 72.662

9 704.18 ± 69.175

21 692.48 ± 66.887

Oxidative parameters

 GSSG (GSSG/
GSH + GSSG) 21 9.16 ± 4.238

 GPx (µmol/(min·mL 
plasma)) 21 0.055 ± 0.027

 MDA (nmol/g plasma) 21 4.27 ± 0.999

 ORAC (µM Trolox eq.) 21 12.17 ± 3.167

 SOD (U/mL plasma) 21 14.82 ± 13.012

Metabolic parameters (blood)

 AG ratio (A:G) 21 0.73 ± 0.153

 Albumin (%) 21 41.80 ± 5.16

 α-globulin (%) 21 15.95 ± 1.753

 β-globulin (%) 21 8.99 ± 1.300

 γ-globulin (%) 21 26.55 ± 6.994

 Total protein (g/L) 21 79.54 ± 16.661

 Urea (mmol/L) 21 2.81 ± 0.578

 AST (IU/L) 21 87.67 ± 19.151

Inflammatory parameters

 SAA (μg/mL) 21 41.02 ± 67.471

 Hp (mg/mL) 21 0.38 ± 0.460

Table 1.  Cow characteristics, telomere length, oxidative, metabolic, and inflammatory parameters along 
with respective units of measurement, based on days relative to parturition (PTD) (Mean ± SD) (Number of 
animals = 61).
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Discussion
The cost of reproduction is established in other species1,2 and has been linked to telomere attrition21. Although 
the transition period has been proven to be an important period of biological stress in high-producing dairy 
cows22–24, no link has yet been researched with TL. Therefore, we hypothesize TL shortening occurs during the 
transition period in dairy cows. Additionally, we aim to identify associations between TL attrition and specific 
blood variables related to oxidative stress, metabolic stress, and inflammation during this critical phase.

Variable Unit

Days in milk

− 7 3 6 9 21

Blood

 Glucose mmol/L 3.42 ± 0.297 3.24 ± 0.397 2.97 ± 0.369 2.87 ± 0.387 3.12 ± 0.497

 BHB mmol/L 0.69 ± 0.140 0.85 ± 0.281 0.94 ± 0.378 1.06 ± 0.665 0.97 ± 0.463

 NEFA mmol/L 0.18 ± 0.142 0.52 ± 0.314 0.64 ± 0.300 0.58 ± 0.268 0.55 ± 0.278

 Insulin ng/mL 1.08 ± 0.674 0.28 ± 0.239 0.26 ± 0.227 0.23 ± 0.171 0.28 ± 0.150

 IGF1 ng/mL 143.49 ± 58.731 125.96 ± 57.828** 116.18 ± 53.110* 109.75 ± 53.767 115.57 ± 57.942***

 Fructosamine μmol/L 281.02 ± 49.035 261.62 ± 38.862 257.15 ± 41.345 253.58 ± 38.154 266.41 ± 44.642

Milk

 BHB mmol/L 0.02 ± 0.034 0.09 ± 0.069 0.11 ± 0.095 0.143

 Urea mmol/L 17.00 ± 6.690 17.02 ± 7.285 16.20 ± 4.987 14.79 ± 4.762

Table 3.  Summary of blood and milk energetic metabolic markers at d −7, 3, 6, 9, and 21 in lactation, 
including cow characteristics; presented as mean ± SD. Additionally, univariate analysis results for the outcome 
variable Δ-TL, with disease and parity forced into the model, while season and BCS were offered and retained 
when P < 0.1 (N = 61). *P < 0.1 **P < 0.01 ***P < 0.001; Model covariates are season and BCS (P < 0.01 and 
P < 0.1, respectively).

 

Variable (unit) Estimate ± Std. Error P-value P-value* R2** Note

Oxidative parameters

 GSSG (GSSG/GSH + GSSG) 0.005 ± 0.0015 0.001 0.005 0.08 1

 GPx (µmol/(min·mL plasma)) − 0.828 ± 0.2354 0.004 0.005 0.08 2

 MDA (nmol/g plasma) 0.008 ± 0.0063 0.352 0.9250 0.06 3

 ORAC (µM Trolox eq.) − 0.0007 ± 0.00192 0.850 1.0000 0.06 4

 SOD (U/mL plasma) − 0.0001 ± 0.00047 0.666 1.0000 0.06 4

Metabolic parameters

 AG ratio (A:G) − 0.152 ± 0.0413 0.007 0.008 0.13 5

 Albumin (%) − 0.004 ± 0.0012 0.007 0.008 0.13 6

 α-globulin (%) 0.017 ± 0.0036 0.0004 0.0008 0.16 4

 β-globulin (%) 0.012 ± 0.0046 0.009 0.012 0.10 7

 γ-globulin (%) 0.001 ± 0.0011 0.366 1.00 0.08 6

 Total protein (g/L) 0.0008 ± 0.00037 0.524 1.00 0.07 3

 Urea (mmol/L) 0.013 ± 0.0102 0.609 1.00 0.06 3

 AST (IU/L) 1.86 e-05 ± 3.168 e-04 0.520 1.00 0.06 4

Inflammatory parameters

 SAA (μg/mL) 2.80 e-04 ± 8.976 e-05 0.004 0.02 0.11 4

 Hp (mg/mL) 0.040 ± 0.0131 0.032 0.04 0.11 8

Table 2.  Univariate analysis of blood parameters related to oxidative, metabolic, and inflammatory stress on 
Day 21 (D21). The results shown are from the univariable model associated with the outcome variable Δ-TL 
(telomere length before parturition – telomere length after parturition). Disease and parity were forced into 
the model, while season and BCS were offered and retained when P < 0.1 (see Note). (N = 61). *P-value after 
multiple testing, using the Bonferroni correction (p.adjust () function). **The multiple R-squared. 1. Model 
covariate is BCS (P < 0.05). 2. Model covariate is season (P < 0.05). 3. Model covariates are BCS and season 
(P < 0.05 and P < 0.01, respectively). 4. Model covariates are BCS and season (P < 0.05). 5. Model covariates are 
BCS and season (P < 0.005 and P < 0.0005, respectively). 6. Model covariates are BCS and season (P < 0.005). 
7. Model covariate is BCS (P < 0.005). 8. Model covariates are BCS and season (P < 0.005 and P < 0.05, 
respectively).
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In the present study, TL ranged from 0.76 to 1.63 before parturition to 0.71–1.40 after parturition. Literature 
reports similar levels of average TL to the levels found in the current study11,16. In cattle, telomere length 
undergoes substantial shortening during early life, followed by a period of relative stability11. This pattern is 
consistent with longitudinal studies in other species, such as humans12, where the rate of TL attrition in adults is 
typically slow, averaging less than 40 base pairs per year25. Given that TL remains relatively stable in adult cows, 
and we observed significant TL shortening over a 26-day interval, the observed telomere shortening is likely 
attributable to the specific stressors of the transition period rather than a general effect of ageing. However, it 
would be valuable in future research to collect blood samples again during the lactation period to determine if 
TL recovers. This might also be an explanation as to why no significant association was found between TL and 
parity. Furthermore, future research could also benefit from longitudinal comparisons across different life stages 
to further elucidate the specific impact of various life events on telomere dynamics.

Descriptives of the stress parameters are consistent with findings from other studies on stress during the 
transition period22–24. Our findings show that GSSG, α- and β-globulin, SAA and Hp are positively associated 
with TL attrition, meaning that greater blood concentrations of these markers are correlated with TL shortening. 
On the other hand, greater peripheral concentrations of GPx, IGF-1, albumin and the AG-ratio were negatively 
associated with TL shortening (= less TL attrition). To the best of our knowledge, this study is the first to 
research the association between TL and oxidative and metabolic parameters, as well as markers for systemic 
inflammation in the transition period of dairy cows.

Oxidative stress, arising from ROS production exceeding antioxidant defenses, plays a crucial role in cellular 
physiology18,19. In the present study, we evaluated five oxidative markers. These markers profoundly impact 
TL and integrity across species, including humans, birds and mouse26. Oxidative stress disrupts the proper 
structure and function of TL in multiple ways: by the accumulation of oxidized bases27, by impeding the binding 
of shelterin proteins 27, and by increasing DNA double-strand breaks (DSBs) or replication stress28. Prolonged 
oxidative culminates in cellular senescence, a state of irreversible growth arrest associated with ageing28. 
Redox parameters like GPx and GSSG exhibit robust correlations with TL, while others like MDA and SOD 
lack commensurate associations29. GPx and GSSG promote longevity by counteracting H2O2 and mitigating 
oxidative stress. In the present study, associations between GSSG and GPx concentrations and telomere length 
attrition were observed, consistent with findings reported in literature in mice and dairy cows29–32.

During the transition period, high-yielding dairy cows undergo systemic inflammation, leading to the 
investigation of markers like serum amyloid A (SAA), haptoglobin, and the albumin-to-globulin ratio to assess 
inflammation and immune dysfunction33. Systemic inflammation significantly affects cellular biology, including 
telomere length, through various mechanisms34. The current study found a negative association between the 
AG ratio and telomere attrition. Comparable findings have been reported in human medicine, where the AG 
ratio has been suggested as a potential indicator of individual ageing35. However, the mechanism linking AG 
ratio and TL remains unknown. Similarly, the positive association between Hp and SAA levels and telomere 
attrition found in this study, lacks comprehensive research and documentation in literature. In human medicine, 
a positive linear correlation between SAA and telomere shortening was observed, while another study in wild 
passerines showed no association between haptoglobin and telomere attrition36,37. While the connection between 
stress, health, and longevity has been extensively discussed, additional research is required to fully clarify the 
underlying mechanisms of SAA, Hp, and the AG ratio in the regulation of TL.

Alfa- and beta-globulin were found to be positively associated with TL attrition. Both α- and β- globulins are 
acute-phase proteins, and their levels may increase in response to inflammation38. On the other hand, higher 

Fig. 2.  Standardized regression coefficients for the association between blood parameters of oxidative stress, 
inflammation, and metabolic stress, and Δ-TL on day 21 post parturition (change in telomere length before 
and after parturition), adjusted for lactation number, health status, season, and BCS. The green color represents 
a positive association, while the red shows a negative association.
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albumin levels are linked with a lower inflammatory state in human literature39. Furthermore, another study 
showed that people with the highest average serum albumin values had the lowest risk of mortality and vice 
versa40. Our research indicates a negative association between albumin and TL attrition, suggesting that higher 
levels of albumin may be associated with less TL shortening. However, research on the pathways between TL and 
albumin, α- and β- globulins is scarce.

We found IGF-1 to be negatively associated with TL attrition. Insulin- like growth factor-1 may counteract 
oxidative stress and inflammation, due to the upregulation of nitric oxide synthase by IGF-1, diminishing 
oxidative stress41,42. Our results are in line with other research where lower concentrations of IGF-1 have been 
linked with accelerated cellular ageing and TL shortening41,42. In human medicine, higher IGF-1 was associated 
with longer TL, which was suggested to be indicative of healthy ageing41. While literature provides insights into 
the association between IGF-1 and TL, it also acknowledges discrepancies among studies41,42, indicating more 
research is warranted to elucidate the association between TL and IGF-1.

During the transition period of high yielding dairy cows, there is an increased demand for energy. However, 
limitations in dry matter intake coupled with high milk yield result in a negative energy balance (NEB)33,43. In 
the context of fat metabolism, previous studies in human medicine have revealed a nuanced relationship with 
TL. Van der Spek et al. identified a positive association between telomere length and specific energetic metabolic 
biomarkers, including cholesterol to lipid ratios44. Gavia-García et al. further supported this connection, 
highlighting the fat metabolism as a contributor to telomere attrition45. Surprisingly, in the present study, 
neither NEFA, BHB nor glucose were associated with TL dynamics. Non-esterified fatty acids are known for 
their volatility during the transition period46, which might explain the absence of an association with telomere 
attrition. However, no literature is available to explain the lack of association between telomere length and 
energetic metabolic biomarkers in cattle, in contrast to the apparent link observed in human medicine. Further 
research is needed to explore the mechanisms behind TL and energetic metabolic parameters in dairy cows.

The present study has 2 major limitations. The first is the time course around calving in which blood samples 
have been taken. To assess the effect of the stressful events that take place during the transition period on TL 
length, blood sample were taken from the cows at 7 days prior to expected calving and 21 days after calving. 
However, the transition period of dairy cows is defined as the period from three weeks before until three weeks 
after calving. Despite this reduction in time, a significant reduction in TL could be shown. The latter confirms 
the applied study design was appropriate to assess the effect of the transition period on TL-attrition. Second, we 
acknowledge that the absence of a control group, such as animals not subjected to the biological stress of the 
transition period or comparisons with other periods of the cows’ life, is a limitation of our study. While our focus 
was on the transition period due to its recognized biological stress, this approach limits our ability to definitively 
attribute the observed telomere shortening solely to biological stress during the transition period. Future research 
should incorporate a control group of cows in less stressful periods or non-lactating cows to provide a more 
robust comparison and further validate the specific impact of transition-related stress on telomere dynamics.

This study demonstrates that TL shortens during the transition period in dairy cows and identifies significant 
associations with oxidative stress, metabolic stress, and inflammation. While these associations are observed, 
no causality can be established. Literature remains inconclusive, and the underlying mechanisms are not fully 
understood. Our findings suggest the need for further research to explore the effects of transition-related stress 
on TL dynamics. Future studies, including control groups or comparisons across different life stages, are crucial 
to better determine the specific impacts of transition-related stress on TL and its long-term implications for 
dairy cattle longevity.

Materials and methods
Animals and housing
The present longitudinal observational study was conducted at the Flemish research dairy farm of the Institute 
for Agriculture, Fisheries and Food (ILVO) (Melle, Belgium) from May 2019 until October 2020. The study was 
approved by the Ethics Committee of ILVO (Melle, Belgium) under the EC number 2018/329. Samples were 
taken in accordance with the relevant guidelines and regulations and all authors complied with the ARRIVE 
guidelines47.

A schematic overview of the experimental design is shown in Fig. 1. The study comprised 71 Holstein cows 
exhibiting varying parities subsequent to calving, distributed as follows: parity 2 (n = 29), parity 3 (n = 15), parity 
4 (n = 11), parity 5 (n = 2), parity 6 (n = 3), and parity 7 (n = 2). Primiparous animals were excluded from the 
study, as they are still undergoing growth—a stressor that could independently affect TL attrition11. Lactating 
and non-lactating animals were housed separately in a naturally ventilated free stall barn with slatted floor. 
Stocking density was < 1 cow/cubicle. From imminent calving (e.g., pelvic ligament relaxation, teat filling) until 
d 3 after calving, cows were housed in maternity pens with straw bedding within the same building. From 
3 weeks before calving, cows received a mixed ration for lactating cows supplemented with a dry cow mineral 
premix and on average 1  kg of balanced concentrate per cow per day. Belgian-Dutch energy and protein 
evaluation systems were used: requirements and supply of proteins digestible at the level of the small intestine 
were assessed according to the Digestible Valuable Essential (DVE)-system48 and net energy requirements 
and supply according to the VEM-system49. The basic ration for the lactating cows consisted of a mixed ration 
that was calculated for an average adult cow of 650  kg, producing 26  kg of fat- and protein-corrected milk 
(FPCM), and was based on maize silage, grass silage, pressed beet pulp, and soybean meal to balance DVE and 
VEM requirements. Concentrate intake started at 1.7 kg of balanced concentrates, 0.2 kg formaldehyde-treated 
soybean meal (Covasoy Braz., FeedValid, Zaltbommel, The Netherlands) and 0.3 kg of soybean meal at d 3 after 
calving. Formaldehyde-treated soybean meal was increased over a period of 7 d to 1 kg, whereas the balanced 
concentrate was eventually increased to a maximum of 6 kg over a period of 20 d depending on individual 
milk yield. Detailed information about the chemical composition and concentrate increment over time is given 
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in Heirbaut et al.24. Individual feed intake was monitored throughout the trial using roughage intake control 
feeding bins (Insentec, Hokofarm Group, Emmeloord, The Netherlands), except at immediate calving. During 
lactation, concentrate intake was monitored at the automatic concentrate providers (Greenfeed, C-Lock Inc.; 
DeLaval, Tumba, Sweden). Cows had ad libitum access to water. Dam information, including parity and age were 
extracted from the herd databases. Cows were milked twice daily, at 05.30 and 16.30 h in a 2 × 7 herringbone 
milking parlor, and their milk yield (kg/d) was recorded electronically.

Body condition score (BCS) was determined using a camera from DeLaval (Tumba, Sweden)50. The 
measurement was performed roughly every 2 weeks during the dry period and daily during lactation. The BCS 
camera output data utilized in the present study ranged from 1 to 5 with 0.1 increments. Weight measurements 
were acquired post-milking, using an automated weighing scale (DeLaval, Ghent, Belgium). Daily body weight 
assessments were conducted throughout the lactation period, and biweekly weight measurements during the 
dry period.

Parity refers to the number of parturitions per cow. In this study, parity is treated as an ordinal variable.
The disease definitions used, were based on reported cases that required intervention by a veterinarian 

or farm staff. The diseases and corresponding diagnostic procedures were as follows: hypocalcemia (clinical 
symptoms and confirmation through a blood calcium test), ketosis (clinical symptoms and confirmation using a 
Keto-Test test (Elanco, Antwerp, Belgium), left displaced abomasum (clinical examination and surgery), metritis 
(fetid uterine discharge), and clinical mastitis (visually aberrant milk). Cows with clinical health disorders were 
kept in the trial and not removed from the data set.

Blood and milk collection and laboratory analyses
Average relative telomere length
Blood samples for the assessment of TL were collected at 7 d before expected and 21 d after parturition. Venous 
blood samples were taken in 10  mL Vacutainer® EDTA tubes (Becton Dickinson, Erembodegem, Belgium) 
using an 18-gauge needle and Venoject® system (Terumo, Leuven, Belgium). Samples were taken in the morning 
between 09.15 and 09.45 h (around 1.5 h after feeding).

Samples were analysed at the Centre for Environmental Sciences, Hasselt University (Belgium), where an 
interlaboratory comparison was performed of the in-house telomere assay with a US reference lab to standardize 
the protocol51,52. DNA from whole blood was extracted, using the QIAamp DNA Mini Kit (Qiagen, Inc., Venlo, 
The Netherlands). DNA quantity and purity were assessed using a Nanodrop 1000 spectrophotometer (Isogen, 
Life Science, Utrecht, The Netherlands). Average relative telomere length was measured using a modified 
singleplex quantitative PCR (qPCR) method adapted from Cawthon53,54. For detailed information on DNA 
integrity assessment and the qPCR protocol used in telomere length determination, see Supplementary File S1.

Mathematical calculation formulas are provided by Hellemans et al55. The method precision is shown by 
coefficients of variation (CVs) of 0.46%, 0.27% and 6.73% for telomere runs, single-copy gene runs and T/S 
ratios, respectively. In addition, the intraclass coefficient (ICC) with 95% CI of triplicate measures (T/S ratios) 
was 0.995 (95% CI 0.994 to 0.997), showing a high repeatability.

Leukocyte TL in relation to a standard reference DNA (T/S ratio) was measured. The T/S ratio (also referred 
to as ‘relative TL’) is proportional to the mean TL and it will be referred to as ‘TL’ throughout the rest of this 
manuscript.

Oxidative status
Five oxidative markers were measured in the blood of the cows at 21 d after parturition: the percentage of 
oxidized glutathione in red blood cells (GSSG%), glutathione peroxidase (GPx), superoxide dismutase (SOD), 
malondialdehyde (MDA), and oxygen radical absorbance capacity (ORAC)22. To do so, blood samples were 
obtained from the jugular vein using 10  mL Vacutainer® heparin tubes (Becton Dickinson, Erembodegem, 
Belgium), and centrifuged at 1,500 × g for 10  min. After centrifugation, 4  mL plasma was transferred into 
four 1.5  mL Eppendorf Safe-Lock tubes (Eppendorf Belgium N.V.- S.A., Aarschot, Belgium). Then, 300 
µL of the pelleted red blood cells was transferred into an Eppendorf Safe-Lock tube and 10 µL of 1 mmol/L 
bathophenanthrolinedisulfonic acid disodium salt hydrate solution (stored at 4 °C for max. 1 week) was added 
for determining the GSSG%. Next, all the Eppendorf tubes were immediately snap frozen in liquid nitrogen and 
stored at -80 ℃ until analysis. For more detailed information on oxidative markers measured in dairy cow blood 
plasma at 21 days post-partum, see Supplementary File S2.

The GPx activity assay was performed on blood plasma and followed the method described by Hernández 
et al. (2004)56.

The SOD assay kit 19160-1KT-F (Sigma Aldrich, St. Louis, USA) was used to determine plasma SOD activity 
by an indirect spectrophotometric method. The analysis was conducted following the manufacturer’s protocol.

The concentration of MDA in blood plasma was assessed based on the method of Grotto et al.57.
The ORAC assay was performed on blood58. For this purpose, a F-bottom black, 96-well microplate (VWR, 

Radnor, USA) was used with Trolox (0.02 mol/L) as stock solution to build the standard curve.
The GSSG (%) analysis was performed on blood plasma in high performance liquid chromatography (HPLC; 

Agilent 1200 series, with auto sampler, quaternary pump, column oven and DAD detector (Agilent Technologies, 
Diegem, Belgium))59.

Metabolic profile
Six energetic metabolic parameters were assessed in blood samples collected at − 7, 3, 6, 9, and 21 days relative 
to calving: glucose, β-hydroxybutyrate (BHB), non-esterified fatty acids (NEFA), insulin, insulin-like growth 
factor-1 (IGF-1), and fructosamine. Milk samples for measuring BHB were collected daily for 21 days, excluding 
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the first two days following parturition. Albumin-to-globulin ratio (AG ratio), albumin, α-, β-, γ-globulin, total 
protein, urea, and aspartate amino transferase (AST) were evaluated at 21 days post partum.

Blood serum and plasma were collected in the morning, between 09.15 and 09.45  h from the coccygeal 
vessels, using 10 mL serum blood tubes without coagulant (BD Diagnostics, Plymouth, UK) and sodium fluoride 
(NaF) tubes (BD Diagnostics, Plymouth, UK), respectively. Serum samples were kept at room temperature for at 
least 30 min before centrifugation (1500 × g for 15 min) and NaF tubes were kept in an ice box until they were 
centrifuged at 1000 × g for 10 min at room temperature. After centrifugation, the upper layer of the tubes (serum 
or plasma) was harvested and transferred into labeled Safe-Lock tubes (Eppendorf, Hamburg, Germany). All 
measurements were conducted on serum samples except for glucose, which was measured using NaF plasma 
samples. All samples were stored at -20 ℃, except the ones for IGF-1 determination which were stored at -80 ℃ 
until analysis. Glucose, BHB, NEFA, total protein, albumin, α-globulin, β-globulin, γ-globulin, urea, and AST 
were all analysed using a Gallery™ Discrete Analyser (ThermoFisher Scientific, MA, USA), Randox kits (Randox 
Laboratories Ltd, Ibach, Switzerland), and MINICAP PROTEIN(E) 6 (Sebia, Lisses, France) by the accredited 
laboratory of Dierengezondheidszorg Vlaanderen (DGZ, Belgium). Serum IGF-1 concentration was measured 
using a commercially available Bovine IGF-1 ELISA Kit (cat. no. 201–04–0024, standard range 60 to 960 ng/ml, 
Shanghai Sunred Biological Technology Co., Ltd., China). The detection assay ranged from 6.0 to 1.800 ng/mL.

Fructosamine was determined using the method of Johnson et al.60. For more details see Supplementary File 
S3.

Daily milk samples (30 mL) were collected in the morning (05.30) for the analysis of BHB, from d 3 until 
23 post partum. Samples contained preservatives (sodium azide, maximum concentration 0.02% m/m and 
bronopol, maximum concentration 0.005% m/m) and were stored at 4 °C. Milk BHB was determined by the 
accredited Qlip laboratory (Zutphen, The Netherlands), which routinely performs these analyses by means 
of Fourier transformed infrared spectrometry (Milkoscan FT6000, Foss Electric, Hillerød, Denmark), in the 
context of dairy herd improvement (DHI) analyses. Milk BHB concentration was estimated based on the mid-
infrared (MIR) spectra from in-house established equations.

Systemic inflammation
Serum amyloid A (SAA) and serum haptoglobin (Hp), two inflammatory markers, were assessed in the 
blood of cows 21  days after parturition. Serum samples were collected from the jugular vein using 10  mL 
Vacutainer® heparin (Becton Dickinson, Erembodegem, Belgium). SAA and Hp were determined using the 
SAA assay-multispecies ELISA kit and Haptoglobin assay kit (BioRepair, Sinsheim, Germany), respectively. For 
inflammatory status-related parameters, we maintained the intra-assay coefficient of variation below 10%.

Statistical analyses
Statistical analyses were performed in R version 4.2.1. Data on the determination of TL variations during the 
transition period in dairy cows are rare, especially in relation to metabolic stress and systemic inflammation. 
Therefore, sample size was calculated for the detection of differences in 4.2 ± 3.2% (mean ± SD) in TL before and 
after parturition (significance level = 0.05 and power = 80%)61. Therefore, the study required at least 62 calving 
cows to determine the effect of biological stress in the transition period on TL.

The delta TL (Δ-TL) from each cow, meaning the difference between TL before versus after calving, was set as 
the unit of interest and was normally distributed (Shapiro-Wilkinson normality test: W = 0.97; p-value = 0.25). 
All oxidative, inflammatory, and metabolic markers were analysed for normality by the Shapiro–Wilk test 
and, when not normally distributed (P < 0.05), they were transformed (square root or log10). The association 
between parity and TL and, disease and TL was examined using ANOVA. The effect of oxidative – (GSSG, GPx, 
MDA, ORAC, and SOD), inflammatory – (SAA and Hp), and metabolic biomarkers (AG ratio, albumin, α-, β-, 
γ-globulin, total protein, urea, AST and BHBZ) on Δ-TL were fitted in linear regression models using the lm () 
function. The models controlled for several covariates, including parity (ordinary), presence of clinical disease in 
the transition period (yes vs no), body condition score at calving (≤ 3.5 or > 3.5), and season of calving (summer 
vs fall vs winter vs spring). For all outcomes, the baseline measurement (day − 7) was included as covariate to 
account pre-transition values. The impact of six energetic metabolic markers (glucose, BHBA, NEFA, insulin, 
IGF-1, fructosamine) were assessed using linear mixed effects regression models using the lmer () function. 
The models accounted for the same covariates, while also addressing repeated measurements (days relative to 
calving) within individual animals by incorporating them as a random effect (1 | Cow ID).

Model residuals were assessed using a scatterplot of the studentized residuals for homoscedasticity, linear 
predictor for linearity, and a Shapiro–Wilk test for normality. For all transformed and non-transformed variables, 
the residuals of the models were normally distributed (Shapiro–Wilk P > 0.05). Differences between levels of 
explanatory variables were assessed with the Tukey post hoc test. Results are expressed as least squares means 
and standard errors. Statistical significance and tendency were declared at P < 0.05 and P < 0.1, respectively.

Data availability
Datasets used in this manuscript are available from the corresponding author on reasonable request.
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