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Abstract

:

The neonatal leptin surge is important for hypothalamic development, feed intake regulation, and long-term metabolic control. In sheep, the leptin surge is eliminated with maternal overnutrition and an elevated dam body condition score (BCS), but this has not been assessed in dairy cattle. The aim of this study was to characterize the neonatal profile of leptin, cortisol and other key metabolites in calves born to Holstein cows with a range of BCS. Dam BCS was determined 21 d before expected parturition. Blood was collected from calves within 4 h of birth (d 0), and on days 1, 3, 5, and 7. Serum was analyzed for concentrations of leptin, cortisol, blood urea nitrogen, β-hydroxybutyrate (BHB), free fatty acids (FFA), triglycerides, and total protein (TP). Statistical analysis was performed separately for calves sired by Holstein (HOL) or Angus (HOL-ANG) bulls. Leptin tended to decrease after birth in HOL calves, but there was no evidence of an association between leptin and BCS. For HOL calves, the cortisol level increased with an increasing dam BCS on day 0 only. Dam BCS was variably associated with the calf BHB and TP levels, depending on the sire breed and day of age. Further investigation is required to elucidate the impacts of maternal dietary and energy status during gestation on offspring metabolism and performance, in addition to the potential impact of the absence of a leptin surge on long-term feed intake regulation in dairy cattle.
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1. Introduction


Maternal nutrition during gestation can influence offspring performance through DNA methylation, placental efficiency, and fetal organ development [1,2]. Historically, in livestock sciences, research has evaluated the effects of maternal malnutrition during gestation on offspring performance because of the typical demands placed on the dam by environmental and production factors [1,2]. In contrast, the opposite may also present a challenge to both dam and offspring. A growing body of evidence demonstrates that maternal overnutrition during gestation has negative effects on the progeny’s ability to maintain a healthy body weight later in life in sheep [3,4] and rodents [5,6]. In dairy cattle, a greater gestational body condition score (BCS) predisposes the dam to excessive postpartum body fat mobilization and metabolic disorders [7], alters the neonate’s metabolic profile at birth [8], and is also positively associated with offspring BCS in adulthood [9].



A known modulator of lifelong feed intake and growth is leptin. In the neonate, leptin is critical for the innervation of arcuate nucleus fibers into the hypothalamus [10], with the hypothalamus serving as the site for central feed intake control. Occurring during the neonatal period, a characteristic leptin surge (LS) in mammals is known to modulate feed intake and body weight throughout life [11], and occurs between 5 to 10 d postnatally in sheep [12,13] and within 3 d postnatally in cattle [14,15]. While leptin release from adipose tissue in adult animals increases energy metabolism and decreases feed intake [16], leptin does not alter feed intake in mouse pups during the neonatal period [17]. In contrast, the experimental elimination of the neonatal LS via leptin antagonists leads to long-term leptin resistance and diet-induced obesity later in life [18]. Interestingly, the offspring of overweight ewes lack the neonatal LS [13], which may contribute to the association between dam gestational BCS, offspring BCS and feed intake perturbations. These perturbations may have multi-generational impacts, especially within breeding and production herds. In sheep, induced maternal obesity has a negative impact on the metabolism of adult daughters, and alters the metabolism and eliminates the LS of their granddaughters [19].



The potential for dairy cow BCS to have multigenerational impacts on health and metabolism warrants further investigation. The objective of this experiment was to characterize the neonatal profile of leptin, cortisol, and other serum metabolites (blood urea nitrogen, ß-hydroxybutyrate, free fatty acids, triglycerides, and total protein) in calves from normal or over-conditioned Holstein dams. We hypothesized that the offspring of dams with a greater BCS would have an ablated LS, elevated circulating cortisol levels at birth, and altered blood energy metabolites.




2. Materials and Methods


2.1. Animal Use, Treatments, and Handling


All animal use and handling protocols for this study were approved by the University of Wisconsin—Madison College of Agricultural and Life Sciences Institutional Animal Care and Use Committee under protocol A006338. Multiparous Holstein cows (n = 94) were housed in a bedded pack facility 21 d before expected parturition and were offered one of four dietary treatments, which varied in their rumen-protected choline dose and formulation, as described previously [20]. The dietary treatments were not of primary interest in this study but served as an avenue via which to utilize an ongoing study aiming to test the hypothesis stated herein. The cows in this study were inseminated with either reverse-sorted Holstein semen to result in female calves (HOL), or conventional Angus semen (HOL-ANG). For the purposes of this study, only cows carrying female calves sired by either breed were enrolled; this was because previous research has demonstrated a difference between male and female bovine LS [15]. At enrollment, the cow body condition score (BCS) was evaluated by three trained investigators on a 5-point scale (1 = thin, 5 = fat; [21]). Cows with a BCS from 3.0 to 3.5 were classified as having a normal or ideal prepartum BCS [7], and cows with a BCS ≥ 3.75 were classified as having excessive prepartum BCS. The original project design sought to obtain complete and balanced datasets of Holstein- and Angus-sired calves from dams who had either normal or excessive BCS in a 2 × 2 factorial design. However, due to management and breeding decisions unrelated to this study, and likely typical of commercial dairies utilizing beef-on-dairy breeding strategies, only two HOL-ANG calves were born from dams with excessive BCS. Therefore, this combination of factors was eliminated from analysis because realistic comparisons could not be made. The final range of dam BCS was 3.0 to 4.68 for HOL and 3.83 to 4.58 for HOL-ANG.



Upon birth, calves were separated from their dam and fed 3.8 L of previously frozen colostrum. Calves were individually housed in a straw-bedded hutch, and fed a traditional (0.8 kg dry matter/d; HOL-ANG) or accelerated (1.0 kg dry matter/d; HOL) milk replacer twice daily, and offered grain ad libitum. The complete calf nutrition and management procedures are outlined by Holdorf et al. [22].




2.2. Sample Collection and Analysis


Blood samples from calves were obtained via jugular venipuncture within 4 h of birth (d 0), and 4 h before afternoon feeding on postnatal days 1, 2, 3, 5 and 7. Blood was collected directly into a red-top vacuum tube containing a silica clotting activator (BD Vacutainer) and allowed to clot for at least 30 min. After sample coagulation, the tubes were centrifuged at 3000× g for 15 min. The resulting sera was aliquoted and immediately frozen at −80 °C for enzyme-linked immunoassay (ELISA) analysis or at −20 °C for other metabolite analysis.



Serum leptin was quantified using an internally validated competitive ELISA specific to bovine leptin (Cat. #CSB-E06771b; Cusabio Technology, LLC; Houston, TX, USA), according to the manufacturer’s instructions. Serum cortisol was quantified using an internally validated multi-species competitive ELISA (Cat. #K003-H1W/H5W; Arbor Assays; Ann Arbor, MI, USA) according to the manufacturer’s directions. For both assays, samples were analyzed in triplicate and an internal control sample was analyzed on each plate to assess repeatability across plates. The overall intraplate coefficients of variation (CV) were less than 4% and 6% for leptin and cortisol, respectively, and the inter-plate CV was less than 8% for both assays.



Other metabolites were assayed for samples obtained on days 0, 1, 2 and 5. The samples from days 3 and 7 were excluded from this analysis because a more comprehensive analysis of dam dietary affects have been presented previously [22]. The methods used to collect blood urea nitrogen (BUN) [23] and β-hydroxybutyrate have been reported previously [24] and were quantified according to those methods using the VETSPEC reagents on the Catachem Well-T Autoanalyzer (C264-04, BUN; C442-0A, BHB; Catachem; Oxford, CT, USA). Serum triglyceride concentrations were quantified on the CatachemWell-T Autoanalyzer using a modified protocol with the VETSPEC reagents (C114-0A, Catachem, Oxford, CT, USA) and triglyceride standard (998-02992; Multi-calibrator lipids, Fujifilm Wako Diagnostics; Osaka, Japan) as reported previously [24]. Serum free fatty acid (FFA) concentrations were determined enzymatically with a modified plate assay, as previously described, using a serial dilution standard curve of FFA (276-76491; NEFA Standard Solution, Fujifilm Wako Diagnostics; Osaka, Japan) and VETSPEC reagents (C541-0A, Catachem; Oxford, CT, USA) [24]. The serum total protein (TP) concentration was determined using a Pierce BCA Protein Assay kit (23227; Thermo Fisher Scientific; Waltham, MA, USA) and a serially diluted bovine serum albumin standard provided in the assay. An internal control sample was included on each plate or autoanalyzer run, with an overall intra-assay CV of less than 10% and an inter-assay CV of less than 6.5% across all assays.




2.3. Statistical Analysis


Data were analyzed using repeated measures in SAS (version 9.4, SAS Inc., Cary, NC, USA), using the fixed effects of linear and quadratic dam BCS as continuous variables, as well as time, the interaction of time and BCS, and the random effect of calf. The day was specified in the repeated statement, and a first-order autoregressive structure for heterogenous variances was specified. Quadratic effects were removed from the model when p > 0.10. While not of primary interest, the fixed effect of dam dietary treatment was tested and subsequently removed when p > 0.10. Data were analyzed separately for each breed because calves of each breed were fed and housed differently.



Model assumptions were evaluated using externally studentized residuals. To meet model expectations, dependent variable transformations were required. Estimated least square means and the corresponding 95% confidence intervals were presented. Pairwise comparisons for differences between days were conducted using a Tukey–Kramer adjustment in order to avoid the inflation of a Type I error rate due to multiple comparisons, and a Bonferroni adjustment was used to separate the means for interactions.





3. Results and Discussion


Dairy cows present a unique model with which to determine the gestational effect on offspring performance given that calves are routinely separated from the dam at birth and are offered a consistent and similar diet across animals. There is a growing body of evidence that maternal factors, such as cow cooling, diet, and BCS, can have both short- and long-term effects on offspring performance [25,26,27]. Of particular interest in this study is cow BCS, an indicator of the body energy status over a period of time and an important management indicator [7]. Several studies have assessed the impact of dam BCS on offspring, demonstrating both immediate effects on neonatal calf growth and metabolism, and long-term production outcomes [8,9]. Considering that the LS may present a mechanistic mode of action for long-term feed intake regulation and metabolic control, the influence of dam BCS on the dairy calf neonatal leptin, cortisol, and metabolic profile could be useful in explaining the previously observed gestational effects on subsequent performance.



3.1. Leptin


There was no evidence of an association between BCS and leptin concentration in HOL or HOL-ANG calves (p ≥ 0.12; Table 1). Time tended to have an effect on the HOL leptin concentration (p = 0.09; Table 1) whereby leptin consistently declined from birth through day 5 (Figure 1). A decline in the circulating leptin concentration after birth was also previously observed in Holstein calves by Schäff et al. [28], but many researchers have observed a peak in neonatal leptin concentration in dairy calves at 2 d of age [14,29,30]. The circulating leptin concentration in suckling neonatal dairy calves [31] and beef calves [15,32,33] increases through the first few days of life, but remains elevated or exhibits a less marked decline over the following 2 weeks. Additional sampling beyond the 7 d window examined in the present study may have yielded additional useful information.



It is unclear why the leptin concentration in this study tended to decline in the HOL calves from birth, along with a numerical decline in HOL-ANG calves. In our study, calves were fed colostrum once at birth and milk replacer thereafter. Although a study with a similar feeding regimen resulted in a LS [34], most of the studies reporting a successful LS fed the calves with colostrum or transition milk for at least 3 d [14,30] or allowed the calf to suckle [15,32,33]. One potential explanation for the lack of LS in the current study is that bioactive components in whole milk or colostrum may increase circulating leptin [35], or that the colostrum may have a greater energy density than milk replacer (depending on replacer formulation) [36,37]. To assess the non-nutritive effects of colostrum vs. milk replacer, Liermann et al. [29] fed calves either colostrum or milk replacer formulated for a similar nutrient profile for the first 2 d of life. The colostrum-fed calves had a LS, but calves fed milk replacer had a declining leptin concentration similar to calves in the current study [29]. Schäff et al. [28] observed a leptin decline in calves fed either colostrum or milk replacer in another study. Additionally, long-chain fatty acids differently reduce the expression of leptin mRNA in cultured bovine adipocytes [38], and an increasing FA chain length over 8 C drastically inhibits leptin secretion in cultured rat adipocytes [39]. Therefore, it may be possible that the FA profile of the milk replacer used in the study herein could have influenced the circulating leptin concentration in the calves. In general, it seems that the bioactive components or energy density of the colostrum and transition milk may be beneficial factors for the LS, and early life nutrition should be considered when evaluating the LS in dairy calves in the future.




3.2. Cortisol


There was an interaction between BCS and time on the HOL cortisol concentration (p = 0.02; Table 1), and the daily cortisol mean concentrations are reported in Table 2. Th neonatal serum cortisol concentration and dam BCS were positively associated on day 0 (p = 0.01; Figure 2), but there was no evidence of an association on the remaining days of neonatal age (p ≥ 0.18). Other researchers have reported elevated cortisol in the first days of life for offspring of overweight dams. In lambs born to obese ewes, the plasma cortisol concentration was greater for the first 2 d of life compared with lambs from ewes with normal weight at parturition [13], and this effect was carried over to the second generation offspring [19].



In adult animals, cortisol increases leptin mRNA expression and secretion [40], including in bovine adipose tissue [41]. However, this relationship appears to differ in the immediate neonatal period as cortisol decreases while leptin concentration increases over the first week of life in sheep [42]. Research by Lewis et al. [32] demonstrated the potential direct role of glucocorticoids in the regulation of the neonatal LS, whereby the administration of hydrocortisol sodium succinate to calves at birth and 24 h of age eliminated the LS in beef calves [32]. In sheep, the administration of glucocorticoids to the dam during gestation had similar negative effects on the LS [43]. It has been hypothesized that the elevated glucocorticoid concentrations noted in the offspring of obese dams at birth may not exhibit the characteristic positive relationship between cortisol and leptin because of immature signaling or the production in neonatal adipose tissue [13], although attempts to demonstrate this mechanistically in the neonate have not been conducted to our knowledge. As we proposed earlier, it is possible that the milk feeding strategy of only offering colostrum at one feeding in the current study prevented the normal neonatal LS in our calves. Since the HOL calves had an elevated cortisol concentration at birth, as expected for the offspring of overweight dams, it would have been interesting to observe the relationship between serum cortisol and leptin had they been fed transition milk beyond the single colostrum feeding.




3.3. Other Serum Metabolites


Dam BCS was positively associated with HOL calf BHB concentration (p < 0.01; Table 1), but not in HOL-ANG calves (p = 0.31; Table 1). This is in contrast to the results of Alharthi et al. [8], where plasma BHB was lower on the day of birth in calves born to dams with a greater dam BCS. Furthermore, there was no evidence of an effect of time on the circulating BHB concentration in HOL or HOL-ANG calves (p ≥ 0.19; Table 1). Measurements of BHB over the first week of life in calves are limited, but Diesch and colleagues [44] observed a decline in the circulating BHB concentration during the first 4 d of life. In general, the circulating BHB concentration in calves is considered an indicator of rumen development and the initiation of ruminal fermentation with the increased consumption of starter feeds over the first 6 weeks of life [45,46], and these changes are most notably observed around weaning [47,48]. Starter intake in these calves during the first week of life was negligible (52 g/d), and there was no relationship between the average serum BHB and week 1 starter intake (R2 < 0.02). It is unlikely that the changes we observed in the circulating BHB with the increasing dam BCS were related to starter intake. Another explanation for the greater BHB concentration with the increasing dam BCS in HOL calves may be the greater body fat mobilization and incomplete hepatic oxidation of FFA; however, there was no relationship between dam BCS and serum FFA for HOL or HOL-ANG calves (p ≥ 0.43). In fact, serum FFA decreased from the d 0 concentrations in both HOL and HOL-ANG calves (p = 0.01; Figure 3), which has also been observed in other studies [49]. Additional work is needed to understand the relationship between dam BCS and calf BHB concentration in the early neonatal period, as circulating BHB may be influenced by ruminal development or hepatic ketogenesis.



The circulating TP concentration in neonatal calves is one indicator of the passive transfer of colostrum immunoglobulins. The interaction between dam BCS and TP (p = 0.03; Table 1) revealed a negative association between both variables in HOL calves on day 0 (p < 0.01), but not on other days (Figure 4). The overall means and 95% confidence intervals by day for TP are reported in Table 2. Albumin represents approximately half of the serum TP in the neonatal calf [50], and a high maternal BCS decreased the circulating calf albumin concentration at birth in a recent study [8]. In contrast, increasing the dam dietary energy density in the prepartum period does not affect the calf TP concentration [34]. The circulating TP concentration in neonatal calves is used as an indicator of the passive transfer of immunoglobulins; however, at the time of sampling on day 0 in the current study (within 4 h of birth), colostrum would not have been a factor in TP concentration because it can take up to 24 h for TP to increase following the first feeding [29]. Contrary to our results for HOL calves, the HOL-ANG calf TP concentration was positively associated with dam BCS (p = 0.01; Table 1), but there was no effect of time. The potential influence of the dam BCS on neonate TP concentrations at birth and throughout the first week of life warrants further investigation.



Despite the association between dam BCS and offspring serum TP, there was no evidence of an association between BCS and BUN (p ≥ 0.66; Table 1), suggesting that dam BCS does not influence protein metabolism. In contrast, calves born to dams with high BCS had depressed urea concentration at birth [8], with the authors speculating that there was greater amino acid deamination for use in gluconeogenesis. While the range in the BCS between our data and that of Alharthi et al. [8] is similar, there could be a myriad of factors beyond dam BCS that could create the observed discrepancy for offspring BUN, such as dam nutritional factors or calf rearing protocols. Furthermore, in the current study, there was no evidence of a change in serum BUN over time in either breed (p ≥ 0.39; Table 1), which aligns with another study in which calves were fed colostrum and transition milk for 3 d [49]. However, other researchers observed a marked increase in BUN concentration through day 3 of age in mixed dairy breed male calves when fed the first colostrum from powder for 3 d [49,51]. This contrasts with our study, where calves were fed the first colostrum at the initial feeding and may be a reason for the discrepancy between datasets. Overall, the inconsistency in the literature and dearth of data available regarding neonatal BUN indicates that more research is needed to fully understand the factors contributing to protein metabolism in the neonatal dairy calf under 1 week of age.





4. Conclusions


Dam BCS was not associated with offspring leptin concentration, and the serum leptin unexpectedly declined with age. The lack of LS may have been reflective of the milk replacer feeding program, although this study was not designed to directly compare different milk feeding strategies. Future studies should consider early life colostrum and milk feeding strategies when evaluating the bovine LS. In HOL, the dam BCS was associated with an increase in the offspring serum cortisol concentration, as expected, and supports previous work highlighting the potential stress imparted on the offspring by an excessive dam body condition during gestation. The dam BCS altered factors related to fatty acid metabolism and the serum protein concentration, but the mechanisms of action for those changes are not clear. Overall, elevated dam BCS at birth appears to alter the offspring metabolic profile. Controlled studies administering moderate or excessive gestational energy intake may assist in elucidating the impacts of the maternal plane of nutrition on neonatal calf metabolism, and further work is necessary in order to understand how these gestational modifications may influence the long-term performance in dairy cattle.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/metabo13050631/s1, Table S1: Least square means and 95% confidence intervals of blood metabolites in female Holstein calves by neonatal day of age; Table S2: Least square means and 95% confidence intervals of blood metabolites in female Angus × Holstein calves by neonatal day of age.





Author Contributions


Conceptualization, W.E.B., H.T.H. and H.M.W.; Data curation, W.E.B.; Formal analysis, W.E.B. and H.M.W.; Funding acquisition, H.M.W.; Investigation, W.E.B. and H.T.H.; Methodology, W.E.B., H.T.H. and H.M.W.; Project administration, W.E.B., H.T.H., S.J.K. and H.M.W.; Resources, W.E.B., H.T.H., S.J.K. and H.M.W.; Supervision, W.E.B. and H.M.W.; Validation, W.E.B. and H.M.W.; Visualization, W.E.B., H.T.H., S.J.K. and H.M.W.; Writing—original draft, W.E.B. and H.M.W.; Writing—review and editing, W.E.B. and H.M.W.; Validation, W.E.B. and H.M.W. All authors have read and agreed to the published version of the manuscript.




Funding


The in utero portions of this study were funded by Balchem Corporation (West Hampton, NY). The data presented herein and William E. Brown’s postdoctoral research fellowship were supported by the Dairy Innovation Hub (University of Wisconsin—Madison). Henry Holdorf was supported by a Purina Animal Nutrition LLC graduate student fellowship.




Institutional Review Board Statement


All animal use and handling protocols for this study were approved by the University of Wisconsin—Madison College of Agricultural and Life Sciences Institutional Animal Care and Use Committee (Protocol #A006338).




Informed Consent Statement


Not applicable.




Data Availability Statement


Data will be made available upon request to the corresponding author due to privacy.




Acknowledgments


The authors wish to thank Jessica Cederquist and the staff at the University of Wisconsin—Madison Emmons Blaine Dairy Research Center and Beef Cattle Grazing Units for their dedicated animal care and attention to detail. The authors are also grateful for the assistance from staff and students in Heather White’s laboratory during sample collection and analysis. Graphical abstract created in Biorender.com.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Funston, R.N.; Summers, A.F. Effect of Prenatal Programming on Heifer Development. Vet. Clin. Food Anim. 2013, 29, 517–536. [Google Scholar] [CrossRef]

	



Du, M.; Ford, S.; Zhu, M. Optimizing Livestock Production Efficiency through Maternal Nutritional Management and Fetal Developmental Programming. Anim. Front. 2017, 7, 5–11. [Google Scholar] [CrossRef]

	



Long, N.M.; George, L.A.; Uthlaut, A.B.; Smith, D.T.; Nijland, M.J.; Nathanielsz, P.W.; Ford, S.P. Maternal Obesity and Increased Nutrient Intake before and during Gestation in the Ewe Results in Altered Growth, Adiposity, and Glucose Tolerance in Adult Offspring. J. Anim. Sci. 2010, 88, 3546–3553. [Google Scholar] [CrossRef] [PubMed]

	



Long, N.M.; Rule, D.C.; Tuersunjiang, N.; Nathanielsz, P.W.; Ford, S.P. Maternal Obesity in Sheep Increases Fatty Acid Synthesis, Upregulates Nutrient Transporters, and Increases Adiposity in Adult Male Offspring after a Feeding Challenge. PLoS ONE 2015, 10, e0122152. [Google Scholar] [CrossRef]

	



Nivoit, P.; Morens, C.; Van Assche, F.A.; Jansen, E. Established Diet-Induced Obesity in Female Rats Leads to Offspring Hyperphagia, Adiposity and Insulin Resistance. Diabetologia 2009, 52, 1133–1142. [Google Scholar] [CrossRef]

	



Kirk, S.L.; Samuelsson, A.M.; Argenton, M.; Dhonye, H.; Kalamatianos, T.; Poston, L.; Taylor, P.D.; Coen, C.W. Maternal Obesity Induced by Diet in Rats Permanently Influences Central Processes Regulating Food Intake in Offspring. PLoS ONE 2009, 4, e5870. [Google Scholar] [CrossRef] [PubMed]

	



Roche, J.R.; Friggens, N.C.; Kay, J.K.; Fisher, M.W.; Stafford, K.J.; Berry, D.P. Invited Review: Body Condition Score and Its Association with Dairy Cow Productivity, Health, and Welfare. J. Dairy Sci. 2009, 92, 5769–5801. [Google Scholar] [CrossRef]

	



Alharthi, A.S.; Coleman, D.N.; Alhidary, I.A.; Abdelrahman, M.M.; Trevisi, E.; Loor, J.J. Maternal Body Condition during Late-Pregnancy Is Associated with in Utero Development and Neonatal Growth of Holstein Calves. J. Anim. Sci. Biotechnol. 2021, 12, 44. [Google Scholar] [CrossRef] [PubMed]

	



Banos, G.; Brotherstone, S.; Coffey, M.P. Prenatal Maternal Effects on Body Condition Score, Female Fertility, and Milk Yield of Dairy Cows. J. Dairy Sci. 2007, 90, 3490–3499. [Google Scholar] [CrossRef] [PubMed]

	



Bouret, S.G. Neurodevelopmental Actions of Leptin. Brain Res. 2010, 1350, 2–9. [Google Scholar] [CrossRef]

	



Granado, M.; Fuente-Martín, E.; García-Cáceres, C.; Argente, J.; Chowen, J.A. Leptin in Early Life: A Key Factor for the Development of the Adult Metabolic Profile. Obes. Facts 2012, 5, 138–150. [Google Scholar] [CrossRef] [PubMed]

	



McFadin, E.L.; Morrison, C.D.; Buff, P.R.; Whitley, N.C.; Keisler, D.H. Leptin Concentrations in Periparturient Ewes and Their Subsequent Offspring. J. Anim. Sci. 2000, 80, 738–743. [Google Scholar] [CrossRef]

	



Long, N.M.; Ford, S.P.; Nathanielsz, P.W. Maternal Obesity Eliminates the Neonatal Lamb Plasma Leptin Peak. J. Physiol. 2011, 589, 1455–1462. [Google Scholar] [CrossRef]

	



Kesser, J.; Korst, M.; Koch, C.; Romberg, F.; Rehage, J.; Müller, U.; Schmicke, M.; Eder, K. Different Milk Feeding Intensities during the First 4 Weeks of Rearing Dairy Calves: Part 2: Effects on the Metabolic and Endocrine Status during Calfhood and around the First Lactation. J. Dairy Sci. 2017, 100, 3109–3125. [Google Scholar] [CrossRef] [PubMed]

	



Long, N.M.; Schafer, D.W. Sex Effects on Plasma Leptin Concentrations in Newborn and Postnatal Beef Calves. Prof. Anim. Sci. 2013, 29, 601–605. [Google Scholar] [CrossRef]

	



Pelleymounter, M.A.; Cullen, M.J.; Baker, M.B.; Hecht, R.; Winters, D.; Boone, T.; Collins, F. Effects of the Obese Gene Product on Body Weight Regulation in Ob/Ob Mice. Science 1995, 269, 540–543. [Google Scholar] [CrossRef] [PubMed]

	



Proulx, K.; Richard, D.; Walker, C.D. Leptin Regulates Appetite-Related Neuropeptides in the Hypothalamus of Developing Rats without Affecting Food Intake. Endocrinology 2002, 143, 4683–4692. [Google Scholar] [CrossRef]

	



Attig, L.; Solomon, G.; Ferezou, J.; Abdennebi-Najar, L.; Taouis, M.; Gertler, A.; Djiane, J. Early Postnatal Leptin Blockage Leads to a Long-Term Leptin Resistance and Susceptibility to Diet-Induced Obesity in Rats. Int. J. Obes. 2008, 32, 1153–1160. [Google Scholar] [CrossRef]

	



Shasa, D.R.; Odhiambo, J.F.; Long, N.M.; Tuersunjiang, N.; Nathanielsz, P.W.; Ford, S.P. Multigenerational Impact of Maternal Overnutrition/Obesity in the Sheep on the Neonatal Leptin Surge in Granddaughters. Int. J. Obes. 2015, 39, 695–701. [Google Scholar] [CrossRef]

	



Holdorf, H.; Kendall, S.; Ruh, K.; Caputo, M.; Combs, G.; Henisz, S.; Brown, W.; Bresolin, T.; Ferrerira, R.; Dorea, J.; et al. Increasing the Prepartum Dose of Rumen-Protected Choline: Effects on Milk Production and Metabolism in High Producing Holstein Dairy Cows. J. Dairy Sci. 2023, accepted. [Google Scholar]

	



Wildman, E.E.; Jones, G.M.; Wagner, P.E.; Boman, R.L.; Troutt, H.F.; Lesch, T.N. A Dairy Cow Body Condition Scoring System and Its Relationship to Selected Production Characteristics. J. Dairy Sci. 1982, 65, 495–501. [Google Scholar] [CrossRef]

	



Holdorf, H.; Brown, W.; Combs, G.; Henisz, S.; Kendall, S.; Caputo, M.; Ruh, K.; White, H. Increasing the Prepartum Dose of Rumen-Protected Choline: Effects of Maternal Choline Supplementation on Growth, Feed Efficiency, and Metabolism in Holstein and Holstein x Angus Calves. J. Dairy Sci. 2023, accepted. [Google Scholar]

	



Caputo Oliveira, R.; Sailer, K.J.; Holdorf, H.T.; Seely, C.R.; Pralle, R.S.; Hall, M.B.; Bello, N.M.; White, H.M. Postpartum Supplementation of Fermented Ammoniated Condensed Whey Improved Feed Efficiency and Plasma Metabolite Profile. J. Dairy Sci. 2019, 102, 2283–2297. [Google Scholar] [CrossRef]

	



Pralle, R.S.; Erb, S.J.; Holdorf, H.T.; White, H.M. Greater Liver PNPLA3 Protein Abundance in Vivo and in Vitro Supports Lower Triglyceride Accumulation in Dairy Cows. Sci. Rep. 2021, 11, 1–16. [Google Scholar] [CrossRef] [PubMed]

	



Laporta, J.; Fabris, T.F.; Skibiel, A.L.; Powell, J.L.; Hayen, M.J.; Horvath, K.; Dahl, G.E. In Utero Exposure to Heat Stress during Late Gestation Has Prolonged Effects on the Activity Patterns and Growth of Dairy Calves. J. Dairy Sci. 2017, 100, 2976–2984. [Google Scholar] [CrossRef]

	



Zenobi, M.; Gardinal, R.; Zuniga, J.; Dias, A.; Nelson, C.; Driver, J.; Barton, B.; Santos, J.; Staples, C. Effects of Supplementation with Ruminally Protected Choline on Performance of Multiparous Holstein Cows Did Not Depend upon Prepartum Caloric Intake. J. Dairy Sci. 2018, 101, 1088–1110. [Google Scholar] [CrossRef]

	



Abuelo, A. Symposium Review: Late-Gestation Maternal Factors Affecting the Health and Development of Dairy Calves. J. Dairy Sci. 2020, 103, 3882–3893. [Google Scholar] [CrossRef]

	



Schäff, C.T.; Rohrbeck, D.; Kanitz, E.; Sauerwein, H.; Bruckmaier, R.M. Effects of Colostrum versus Formula Feeding on Hepatic Glucocorticoid and A1- and Β2-Adrenergic Receptors in Neonatal Calves and Their Effect on Glucose and Lipid Metabolism. J. Dairy Sci. 2014, 97, 6344–6357. [Google Scholar] [CrossRef] [PubMed]

	



Liermann, W.; Schäff, C.T.; Gruse, J.; Derno, M.; Weitzel, J.M.; Kanitz, E.; Otten, W.; Hoeflich, A.; Stefaniak, T.; Sauerwein, H.; et al. Effects of Colostrum Instead of Formula Feeding for the First 2 Days Postnatum on Whole-Body Energy Metabolism and Its Endocrine Control in Neonatal Calves. J. Dairy Sci. 2020, 103, 3577–3598. [Google Scholar] [CrossRef]

	



Uken, K.L.; Vogel, L.; Gnott, M.; Görs, S.; Schäff, C.T.; Tuchscherer, A.; Hoeflich, A.; Weitzel, J.M.; Kanitz, E.; Tröscher, A.; et al. Effect of Maternal Supplementation with Essential Fatty Acids and Conjugated Linoleic Acid on Metabolic and Endocrine Development in Neonatal Calves. J. Dairy Sci. 2021, 104, 7295–7314. [Google Scholar] [CrossRef]

	



Blum, J.W.; Zbinden, Y.; Hammon, H.M.; Chilliard, Y. Plasma Leptin Status in Young Calves: Effects of Pre-Term Birth, Age, Glucocorticoid Status, Suckling, and Feeding with an Automatic Feeder or by Bucket. Domest. Anim. Endocrinol. 2005, 28, 119–133. [Google Scholar] [CrossRef] [PubMed]

	



Lewis, L.K.; Ricks, R.E.; Long, N.M. Short Communication: Manipulation of Neonatal Leptin Profile via Exogenous Glucocorticoids in Beef Calves. Animal 2019, 13, 1982–1985. [Google Scholar] [CrossRef]

	



Lemaster, C.T.; Taylor, R.K.; Ricks, R.E.; Long, N.M. The Effects of Late Gestation Maternal Nutrient Restriction with or without Protein Supplementation on Endocrine Regulation of Newborn and Postnatal Beef Calves. Theriogenology 2017, 87, 64–71. [Google Scholar] [CrossRef] [PubMed]

	



Osorio, J.S.; Trevisi, E.; Ballou, M.A.; Bertoni, G.; Drackley, J.K.; Loor, J.J. Effect of the Level of Maternal Energy Intake Prepartum on Immunometabolic Markers, Polymorphonuclear Leukocyte Function, and Neutrophil Gene Network Expression in Neonatal Holstein Heifer Calves. J. Dairy Sci. 2013, 96, 3573–3587. [Google Scholar] [CrossRef] [PubMed]

	



Hammon, H.M.; Steinhoff-Wagner, J.; Flor, J.; Schönhusen, U.; Metges, C.C. LACTATION BIOLOGY SYMPOSIUM: Role of Colostrum and Colostrum Components on Glucose Metabolism in Neonatal Calves. J. Anim. Sci. 2013, 91, 685–695. [Google Scholar] [CrossRef]

	



Hammon, H.M.; Blum, J.W. Metabolic and Endocrine Traits of Neonatal Calves Are Influenced by Feeding Colostrum for Different Durations or Only Milk Replacer. J. Nutr. 1998, 128, 624–632. [Google Scholar] [CrossRef]

	



Van Soest, B.; Cullens, F.; VandeHaar, M.J.; Nielsen, M.W. Short Communication: Effects of Transition Milk and Milk Replacer Supplemented with Colostrum Replacer on Growth and Health of Dairy Calves. J. Dairy Sci. 2020, 103, 12104–12108. [Google Scholar] [CrossRef]

	



Soliman, M.; Kimura, K.; Ahmed, M.; Yamaji, D.; Matsushita, Y.; Okamatsu-Ogura, Y.; Makondo, K.; Saito, M. Inverse Regulation of Leptin MRNA Expression by Short- and Long-Chain Fatty Acids in Cultured Bovine Adipocytes. Domest. Anim. Endocrinol. 2007, 33, 400–409. [Google Scholar] [CrossRef]

	



Cammisotto, P.G.; Gélinas, Y.; Deshaies, Y.; Bukowiecki, L.J. Regulation of Leptin Secretion from White Adipocytes by Free Fatty Acids. Am. J. Physiol.—Endocrinol. Metab. 2003, 285, E521–E526. [Google Scholar] [CrossRef]

	



Leal-Cerro, A.; Soto, A.; Martínez, M.A.; Dieguez, C.; Casanueva, F.F. Influence of Cortisol Status on Leptin Secretion. Pituitary 2001, 4, 111–116. [Google Scholar] [CrossRef]

	



Houseknecht, K.L.; Portocarrero, C.P.; Ji, S.; Lemenager, R.; Spurlock, M.E. Growth Hormone Regulates Leptin Gene Expression in Bovine Adipose Tissue: Correlation with Adipose IGF-1 Expression. J. Endocrinol. 2000, 164, 51–57. [Google Scholar] [CrossRef] [PubMed]

	



Forhead, A.J.; Thomas, L.; Crabtree, J.; Hoggard, N.; Gardner, D.S.; Giussani, D.A.; Fowden, A.L. Plasma Leptin Concentration in Fetal Sheep during Late Gestation: Ontogeny and Effect of Glucocorticoids. Endocrinology 2002, 143, 1166–1173. [Google Scholar] [CrossRef] [PubMed]

	



Long, N.; Smith, D.; Ford, S.; Nathanielsz, P. Elevated Glucocorticoids during Ovine Pregnancy Increase Appetite and Produce Glucose Dysregulation and Adiposity in Their Granddaughters in Response to Ad Libitum Feeding at One Year of Age. Am. J. Obs. Gynecol. 2014, 209, 1–16. [Google Scholar] [CrossRef] [PubMed]

	



Diesch, T.J.; Mellor, D.J.; Stafford, K.J.; Ward, R.N. Blood Metabolites and Body Temperature of Single Calves between 1 and 4 Days of Age in a Dairy Herd in New Zealand. N. Z. Vet. J. 2004, 52, 256–260. [Google Scholar] [CrossRef]

	



Deelen, S.M.; Leslie, K.E.; Steele, M.A.; Eckert, E.; Brown, H.E.; DeVries, T.J. Validation of a Calf-Side β-Hydroxybutyrate Test and Its Utility for Estimation of Starter Intake in Dairy Calves around Weaning. J. Dairy Sci. 2016, 99, 7624–7633. [Google Scholar] [CrossRef]

	



Eckert, E.; Brown, H.E.; Leslie, K.E.; DeVries, T.J.; Steele, M.A. Weaning Age Affects Growth, Feed Intake, Gastrointestinal Development, and Behavior in Holstein Calves Fed an Elevated Plane of Nutrition during the Preweaning Stage. J. Dairy Sci. 2015, 98, 6315–6326. [Google Scholar] [CrossRef] [PubMed]

	



Nemati, M.; Amanlou, H.; Khorvash, M.; Moshiri, B.; Mirzaei, M.; Khan, M.A.; Ghaffari, M.H. Rumen Fermentation, Blood Metabolites, and Growth Performance of Calves during Transition from Liquid to Solid Feed: Effects of Dietary Level and Particle Size of Alfalfa Hay. J. Dairy Sci. 2015, 98, 7131–7141. [Google Scholar] [CrossRef] [PubMed]

	



Omidi-Mirzaei, H.; Khorvash, M.; Ghorbani, G.R.; Moshiri, B.; Mirzaei, M.; Pezeshki, A.; Ghaffari, M.H. Effects of the Step-up/Step-down and Step-down Milk Feeding Procedures on the Performance, Structural Growth, and Blood Metabolites of Holstein Dairy Calves. J. Dairy Sci. 2015, 98, 7975–7981. [Google Scholar] [CrossRef]

	



Hammon, H.M.; Schiessler, G.; Nussbaum, A.; Blum, J.W. Feed Intake Patterns, Growth Performance, and Metabolic and Endocrine Traits in Calves Fed Unlimited Amounts of Colostrum and Milk by Automate, Starting in the Neonatal Period. J. Dairy Sci. 2002, 85, 3352–3362. [Google Scholar] [CrossRef]

	



Mccoy, G.C.; Reneau, J.K.; Hunter, A.G.; Williams, J.B. Effects of Diet and Time on Blood Serum Proteins in the Newborn Calf. J. Dairy Sci. 1970, 53, 358–362. [Google Scholar] [CrossRef]

	



Rauprich, A.B.E.; Hammon, H.M.; Blum, J.W. Influence of Feeding Different Amounts of First Colostrum on Metabolic, Endocrine, and Health Status and on Growth Performance in Neonatal Calves. J. Anim. Sci. 2000, 78, 896–908. [Google Scholar] [CrossRef] [PubMed]








[image: Metabolites 13 00631 g001 550] 





Figure 1. Effect of time on neonatal Holstein calf serum leptin concentration (p = 0.09). Means are reported with 95% confidence intervals. [* Denotes day is different than all subsequent days; † Denotes day is different from day 0, 3, 5, and 7]. 
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Figure 2. Interaction between dam BCS and time for neonatal serum cortisol in Holstein calves (p = 0.02; square root transformed). The d 0 serum cortisol was positively associated with dam BCS (blue line; p = 0.01; R2 = 0.20). 
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Figure 3. Effect of time on neonatal Holstein calf free fatty acid concentration (p = 0.01). Means are reported with 95% confidence intervals. [* Denotes that d 0 is different than all other days (p < 0.05); † Denotes a difference between day 2 and day 5 (p < 0.05)]. 
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Figure 4. Interaction of dam BCS and time for neonatal serum total protein concentration in Holstein calves (p = 0.03; transformed 1/x2). The day 0 serum total protein was negatively associated with dam BCS (blue line; p < 0.01; R2 = 0.19). 
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Table 1. Parameter estimate and the statistical significance of the association among dam BCS, the neonatal day of age and serum concentration of leptin, cortisol and other blood metabolites in Holstein and Angus-sired calves 1.
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Dam BCS 2

	
p-Value




	
Item

	
BCS Estimate

	
95% CI

	
BCS

	
Time

	
BCS × Time

	
Diet






	
Holstein, n = 22

	

	

	

	

	

	




	
 Leptin, ng/mL 3

	
−0.003

	
[−0.007, 0.001]

	
0.12

	
0.09

	
0.79

	
-




	
 Cortisol, ng/mL 4

	
−0.24

	
[−1.87, 1.40]

	
0.43

	
0.08

	
0.02

	
-




	
 BHB, mM 5

	
0.87

	
[0.31, 1.43]

	
<0.01

	
0.19

	
0.28

	
0.06




	
 BUN, mg/dL 4

	
−0.30

	
[−0.83, 0.23]

	
0.66

	
0.46

	
0.32

	
-




	
 FFA, mM 4

	
0.08

	
[−0.28, 0.44]

	
0.45

	
0.01

	
0.26

	
-




	
 TG, mg/dL 6

	
0.005

	
[−0.004, 0.013]

	
0.24

	
0.26

	
0.39

	
-




	
 Total Protein, g/dL 3

	
0.00

	
[−0.004, 0.004]

	
0.32

	
0.64

	
0.03

	
-




	
Holstein × Angus, n = 11

	

	

	

	

	

	




	
 Leptin, ng/mL 3

	
−0.006

	
[−0.018, 0.007]

	
0.68

	
0.51

	
0.58

	
-




	
 Cortisol, ng/mL 4

	
−1.73

	
[−4.96, 1.49]

	
0.13

	
0.88

	
0.91

	
-




	
 BHB, mM

	
0.02

	
[−0.09, 0.12]

	
0.31

	
0.53

	
0.58

	
0.06




	
 BUN, mg/dL

	
0.65

	
[−0.85, 2.16]

	
0.98

	
0.39

	
0.41

	
-




	
 FFA, mM 4

	
−0.01

	
[−0.34, 0.32]

	
0.43

	
0.27

	
0.49

	
-




	
 TG, mg/dL 3

	
−0.001

	
[−0.003, 0.001]

	
0.15

	
0.86

	
0.91

	
-




	
 Total Protein, g/dL

	
2.35

	
[0.47, 4.23]

	
0.01

	
0.45

	
0.20

	
0.02








1 Back-transformed data by day and breed that are not presented in the following tables and figures can be found in the supplemental file for informational purposes. 2 Estimates and confidence intervals are reported for the transformed data according to the following transformations: 3 (1/(x2)); 4 square root; 5 natural log; 6 1/(x).
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Table 2. Least square means and 95% confidence interval of serum cortisol and total protein by day of age in neonatal Holstein heifer calves.
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Day

	
Cortisol, mg/dL

	
Total Protein, g/dL






	
0

	
84.7

	
[72.5, 97.9]

	
5.5

	
[5.3, 5.6]




	
1

	
45.0

	
[36.3, 54.8]

	
8.3

	
[7.8, 8.8]




	
2

	
44.9

	
[36.1, 54.6]

	
7.7

	
[7.4, 8.2]




	
3

	
44.3

	
[35.6, 54.0]

	
-

	




	
5

	
29.8

	
[22.8, 37.9]

	
7.7

	
[7.4, 8.2]




	
7

	
20.6

	
[14.8, 27.4]

	
-
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