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Simple Summary

This study investigated how low ruminal pH affects the blood concentrations of macromin-
erals, trace elements, and vitamins and the oxidative status of dairy cows in early lactation.
Ruminal pH often drops below 5.5 during the day. Blood samples and ruminal fluid were
collected from 53 Holstein cows at three points in early lactation (days 30, 90, and 150). The
obtained results show that low pH did not significantly affect most minerals, vitamins, or
oxidative stress markers. However, cows with low pH had higher levels of copper, iron,
and cobalt in their blood—especially by day 150. In brief, low ruminal pH changes some
trace minerals but does not impact overall vitamin levels or oxidative status.

Abstract

Due to the feeding system (high-concentrate diet) during the early lactation stage, ruminal
pH in dairy cows follows a diurnal pattern and can remain below the critical level of 5.5 for
extended periods of the day. This study aimed to evaluate the effect of low ruminal pH on
blood concentrations of certain macrominerals, trace minerals, and fat-soluble vitamins and
on the oxidative status of dairy cows during the first half of lactation. Fifty-three randomly
selected lactating Holstein cows were used; blood and ruminal fluid samples were collected
from all cows on days 30, 90 and 150 of lactation. Blood samples were obtained via
coccygeal venipuncture, while the ruminal fluid was obtained by rumenocentesis and the
pH was measured immediately after collection. Using a threshold pH of 5.5, samples were
classified as normal (pH > 5.5) or low pH (pH ≤ 5.5). Serum concentrations of Ca, Mg, K,
Cr, Mn, Zn, Se, and vitamins A, D3, E, and K were not significantly affected by ruminal
pH, either by days in milk or by their interaction (p > 0.05). Plasma malondialdehyde
and reduced glutathione followed the same trend (p > 0.05). Copper concentration was
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significantly higher (p < 0.05), and Fe concentration tended to be higher in cows with low
pH compared to those with normal pH (p = 0.052). On day 150 of lactation, Cu, Fe, and Co
concentrations were significantly higher in low-pH cows compared to normal-pH cows
(p < 0.05). Low ruminal pH is associated with significant changes in serum concentrations
of copper, iron, and cobalt but has no significant effect on the oxidative status of the animals
or on the serum concentrations of the macro elements and fat-soluble vitamins studied.

Keywords: trace elements; macro elements; serum vitamins; oxidative stress; ruminal fluid
pH; dairy cattle

1. Introduction
Rumen plays a central role in the digestion and nutrient metabolism of ruminants,

providing the primary site for microbial fermentation and nutrient absorption [1]. One
of the most critical factors influencing ruminal function is pH, which directly affects
microbial population dynamics, fermentation patterns, and the bioavailability of essential
nutrients [2]. Under physiological conditions, rumen pH is tightly regulated; however,
dietary changes, especially the inclusion of high-concentrate feeds, can lead to fluctuations
that predispose dairy cows to subacute or acute ruminal acidosis. These pH alterations
not only compromise feed efficiency and milk production but may also have systemic
consequences extending beyond the gastrointestinal tract [3]. A reduction in ruminal
pH has been demonstrated to influence the composition of rumen bacterial populations,
patterns of fermentation, and concentrations of rumen fatty acids [4]. Such alterations may
also impact the bioavailability of specific nutrients, including macrominerals, fat-soluble
vitamins, and trace elements, which may subsequently influence their concentrations in
the blood serum [5,6]. Furthermore, there is evidence in the literature indicating that low
ruminal pH induces an inflammatory response and leads to oxidative stress due to an
increase in reactive oxygen species [7,8]. This may necessitate an augmented requirement
for nutrients to facilitate antioxidant processes, including vitamin E, Se, Zn, Mn, and Cu [9].
Previous studies have primarily focused on the impact of ruminal pH on fermentation
end-products and animal performance, while fewer have examined its effects on systemic
biochemical parameters. In particular, the influence of varying rumen pH levels on the
serum concentrations of macrominerals (e.g., calcium, phosphorus, magnesium), trace
elements (e.g., copper, zinc, selenium), fat-soluble vitamins (e.g., vitamins A and E), and
oxidative stress markers remains insufficiently elucidated [10–12]. These parameters are
critical not only for maintaining metabolic homeostasis but also for immune function,
reproductive performance, and antioxidant defense mechanisms [13,14].

Trace elements are indispensable for the maintenance of health, immune function,
growth, production, and reproduction [15]. Copper (Cu) and manganese (Mn) function as
cofactors in a number of enzymatic reactions and are involved in lipid metabolism [16,17].
Chromium (Cr) plays a significant role in glucose metabolism as a glucose tolerance
factor [18] and in lipid metabolism by reducing cortisol and non-esterified fatty acids
(NEFAs) [19]. Iron (Fe) is an essential trace element for cows, as it is responsible for blood
production, oxidative and energy metabolism, immune regulation, and the inflammatory
response [20]. Selenium (Se) and zinc (Zn) contain multiple antioxidant and immune
components and are involved in numerous physiological processes through metalloen-
zymes [17,21]. Furthermore, Zn has been demonstrated to markedly enhance milk yield [22].
Cobalt (Co) is essential for maintaining the cobalamin-producing ruminal microbiota and
ruminal metabolism [23]. Given that trace minerals such as Se, Cu, and Zn are integral
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components of antioxidant enzymes (e.g., glutathione peroxidase, superoxide dismutase),
alterations in their metabolism due to low ruminal pH may impair oxidative defense mech-
anisms. Thus, the interaction between rumen pH, mineral availability, and oxidative stress
represents a tightly interlinked regulatory axis with implications for systemic health and
productivity in dairy cows [24].

In addition to trace elements, vitamins are responsible for several biological functions,
including antioxidant activity, growth, milk production, fertility, and immunity [25]. Vita-
min A plays a role in pathogen resistance and epithelial tissue defense [26]. Furthermore,
it has been demonstrated that vitamin A supplementation enhances milk production and
immune function in cows [27]. Vitamin D has been demonstrated to stimulate the innate
immune system and maintain calcium and phosphorus homeostasis [28]. Similarly, in
addition to its critical effects on the immune system and fertilization, vitamin E is known
to increase macrophage and neutrophil function, reduce somatic cell count (SCC), and
improve mammary health [29,30]. Although vitamin K is widely recognized for its role
in blood coagulation, recent research has also demonstrated the beneficial effects of vi-
tamin K supplementation on lactation performance, ruminal fermentation, and the gut
microbiome [31,32].

In light of the pivotal role of macrominerals, vitamins, and trace elements in the health
and productivity of dairy cows, and given the prevalence of low ruminal pH, we hypothe-
sized that exposure to low ruminal pH alters the serum concentrations of macrominerals,
trace elements, and fat-soluble vitamins and increases oxidative stress in cows. This study
aimed to examine the impact of low ruminal pH on the blood concentration of these
parameters and on the oxidative status of dairy cows.

2. Materials and Methods
2.1. Animals and Experimental Design

The study was conducted on a Greek commercial dairy farm with high prevalence
(50%, farm#11, [33]) of subacute ruminal acidosis (SARA) and is considered a part of a
previous study [4]. The lactating animals on the farm were housed collectively in a two-row
free stall barn. The animals were provided with a total mixed ration (TMR) at an ad libitum
level, with the composition of the TMR adjusted throughout the study in accordance
with the herd’s milk production level. The TMR consisted of the following components:
corn silage (45% of dry matter (DM)), alfalfa hay (11% of DM), wheat straw (4–9% of
DM), corn grain (12–15% of DM), wheat bran (6% of DM), soybean meal (12–14% of DM),
Ca-soap fat supplement (1.5% of DM), and a premix of vitamins and minerals (3.5% of
DM). This premix contained 20.79% Ca, 3.37% P, 7.50% Mg, 6% Na, 600,000 IU/kg vitamin
A, 120,000 IU/kg vitamin D3, 3 g/kg vitamin E, 1.44 g/kg ZnO, 2.85 g/kg Zn chelate,
1.86 g/kg MnO, 1.98 g/kg Mn chelate, 0.675 g/kg Cu chelate, 0.18 g/kg I, 0.04 g/kg Co and
0.02 g Se. The TMR was formulated in accordance with the net energy and metabolizable
protein recommendations set forth by the National Research Council [34]. The feed was
supplemented with sodium bicarbonate (0.75% DM); however, no other buffer was included.
The bunk space for lactating cows was 60 cm, and the stocking density for the lactating
group ranged from 90% to 125% throughout the study period.

A total of 53 clinically healthy lactating Holstein cows were randomly selected for
inclusion in the study. The median parity was 1.49 (SD: 0.69), with 19 multiparous and
34 primiparous cows. The study period spanned a duration of 120 days, commencing at
30 days in milk (DIM) and concluding at 150 DIM. On days 30, 90, and 150 of lactation,
blood samples and a sample of ruminal fluid were collected after a comprehensive clinical
examination of the animals. A clinical examination was conducted whenever the farmer
observed the presence of a clinical disease or a reduction in milk production.
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Rumen fluid was collected via rumenocentesis, and the pH was immediately measured
as previously described [4]. Rumenocentesis was consistently performed between 12:00 and
14:00, in order to be within the suggested timeframe of 5–8 h after morning feeding [35]. The
pH status of cows at each rumenocentesis was categorized as either low pH (pH values ≤ 5.5)
or normal pH (pH values > 5.5) using the aforementioned cut-off value of 5.5 [36].

2.2. Blood Collection and Laboratory Analysis

Blood was collected via coccygeal venipuncture into 10 mL evacuated polyethylene
tubes containing K3EDTA (BD Vacutainer® BD, Franklin Lakes, NJ, USA) and not contain-
ing anticoagulant (BD Vacutainer® BD, Franklin Lakes, NJ, USA) following the morning
milking and prior to feeding. The samples were transported to the laboratory on ice,
whereupon the serum/plasma was separated by low-speed centrifugation (1600× g for
20 min) approximately two to three hours after collection. Subsequently, the serum/plasma
was transferred to Eppendorf tubes and stored at −80 ◦C. Serum samples were utilized for
the quantification of Ca, P, Mg, K, Zn, Cu, Fe, Mn, Co, Se, Cr, and vitamins A, D3, E, and K.
Additionally, the concentrations of MDA and GSH were determined in plasma.

2.3. Macro and Trace Element Analysis

The macro and trace element analysis of the serum samples was carried out by using an
inductively coupled plasma–optical emission spectrophotometer (ICP-OES; Thermo iCAP
6000 series; Thermo Fisher Co., Cambridge, UK) at the Cerrahpasa Faculty of Medicine,
Istanbul University-Cerrahpasa. In order to carry out the trace element analysis, serum
samples were diluted (1:10) with distilled water in a sterile disposable polyethylene tube
using an automatic pipette. ICP-OES device parameters for the determination of elements
are presented in Table 1. For quality assurance of the ICP-OES analysis, we used proper test
solutions containing 2000 ppm (mg/L) for each tested element obtained from Chem-Lab
NV. Standard solutions of all elements were prepared by taking appropriate amounts of
standards containing 1000 ppm (mg/L) for each tested element obtained from Chem-Lab
NV in deionized water. Using standard and blank solutions as reference material, 3-point
calibration was performed. Reproducible and linear calibration curves were obtained for
analysis, and the correlation coefficient of the calibration curve was found for each of the
elements measured. The calibration graph was obtained from the ICP-OES device using blank
and standard solutions, and element-level analyses of the prepared samples were carried out.

Table 1. ICP-OES device parameters for determination of trace and toxic elements.

Parameters Assigned Value

Plasma gas flow rate 15 L/min
Argon carrier flow rate 0.5 L/min

Sample flow rate 1.51 L/min
The speed of the peristaltic pump 100 rpm

RF power 1150 W

In the study, appropriate wavelengths of Cr (267.716 nm), Cu (324.754 nm),
Fe (259.940 nm), Mg (285.213 nm), Mn (257.610 nm), Se (196.090 nm), Zn (206.200 nm),
Co (228.616 nm), Ca (317.933 nm), P (213.618 nm), and K (766.490 nm) were used for analy-
sis with the ICP-OES device. Each measurement was repeated three times and averaged
for analysis.

2.4. Vitamin (A, D, E, and K) Analysis

Alpha-tocopherol, retinol, phylloquinone, and cholecalciferol stock solutions were
prepared at 500 µg/mL. To prepare a standard solution, the stock solutions were diluted
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suitably with methanol. To determine proper calibration, linear regression analysis of the
peak area was used to standardize the solution concentrations.

To minimize sample degradation due to exposure to UV light, the samples, which
were covered with plastic sleeves, were thawed at ambient temperature under fluorescent
light. Retinol, cholecalciferol, α-tocopherol, and phylloquinone in serum were extracted as
follows: 100 µL serum was deproteinized by adding 100 µL ethanol and antioxidants such as
0.025% BHT to the extraction solvent. The samples were mixed via vortexing for 1 min [37].
The samples were extracted twice with 600 µL n-hexane. After mixing the samples via
vortexing, they were centrifuged at 8000 rev/min for 10 min. A total of 500 µL of hexane
layer was extracted, and it was evaporated under a nitrogen stream of 37 ◦C to dryness. The
residue was dissolved in 50 µL tetrahydrofuran and was added to 150 µL methanol. After
vortexing the samples for 1 min, 100 µL samples were autosampled using amber glass vials.

The chromatographic system consisted of HP Agilent 1100 with a G-1328 Diode Array
Detector (DAD) and G1329 ALS autosampler (−8 ◦C). Agilent Technologies HP software
version B.04.03 was used to process the data. A 5 µm Gl Science C18 reversed-phase
column (250 × 4.6 mm ID) was used for separation. Then, the mobile phase of a methanol–
tetrahydrofuran mixture (80:20, v/v) was modified [38]. The pump was adjusted to achieve
a flow rate of 1.5 mL/min. Chromatographic analysis was performed at 40 ◦C using
isocratic elution. The chromatogram was monitored with DAD array detection at 290, 325,
265, and 248 nm for the simultaneous measurement of α-tocopherol, retinol, cholecalciferol,
and phylloquinone, respectively.

2.5. Malondialdehyde (MDA) Determination

Plasma was extracted from the blood for oxidative stress assessments. The resulting
samples, comprising malondialdehyde (MDA) from lipid peroxidation reacting with thio-
barbituric acid (TBA), were measured according to the method of Draper and Hadley [39].
Each plasma sample (0.25 mL) was mixed with 1 mL of TCA (75%), 1.5 mL of TBA (30%),
and 0.2 mL of HCL (5 M), then incubated at 95 ◦C for 15 min. After reaching room tem-
perature, the samples were centrifuged at 10,000 rpm for 10 min, and the supernatants
were measured at a wavelength of 532 nm using a spectrophotometer (Shimadzu UV-1800).
Absorbance values for MDA were obtained from the spectrophotometer device. MDA
results were given in µmol/L.

2.6. Glutathione (GSH) Determination

For antioxidant measurements, plasma was obtained from the blood. GSH levels were
measured using Beutler’s method [31], which involves coloration with Ellman’s reagent
(DTNB) [5,5′-Dithiobis (2-nitrobenzoic acid)]. First, 0.3 mL of the precipitation solution
was added to a 0.2 mL sample and centrifuged at 4000 rpm for 5 min. Then, 0.5 mL of
secondary phosphate solution and 0.1 mL of Ellman’s reagent were added to the 0.2 mL
supernatant obtained after centrifugation, and the mixture was incubated for 5 min at room
temperature. The GSH levels were then analyzed using a spectrophotometer (Shimadzu
UV-1800, Shimadzu, Tokyo, Japan) at a wavelength of 412 nm. Absorbance values for GSH
were recorded, and the results were expressed in µmol/L.

2.7. Data Analysis

The statistical software Jeffreys’ Amazing Statistics Program JASP (v 0.18.3) was used
for data analysis. A two-way ANOVA was performed to assess the effect of pH status,
DIM, and their interaction on the biochemical parameters evaluated. Homogeneity of
variances was assessed using Levene’s test and the normality of the data was assessed by
evaluating Q-Q plots of the residuals. Post hoc analysis was performed using the Tukey
test. A significance level of p ≤ 0.05 was used for all comparisons.
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3. Results
The frequency of low-pH cows on DIM 30 was 45.3% (24/53); on DIM 90, it was 54.71%

(29/53); and on DIM 150, it was 66% (35/53).
The mean calcium concentrations remained unaffected by the pH status and DIM

(p > 0.05; Table 2). However, although no significant difference was detected between the
pH status of cows on the sampling days, the mean values on DIM 30 exhibited a tendency
toward higher levels in cows with a low pH compared to those with normal pH (p = 0.058).
The mean P concentration was found to be only significantly affected by DIM (p < 0.05),
exhibiting a significant increase from DIM 30 to DIM 90 (Table 2). No significant effect was
observed for pH status, and no significant difference was detected among the pH status
of cows on the sampling days. The mean Mg and K concentrations were not significantly
affected by either pH status or DIM (p > 0.05; Table 2). However, on DIM 150, the mean Mg
values of low-pH cows were significantly higher than those of normal-pH cows (p < 0.05).

Table 2. Mean ± SE serum concentrations of calcium (Ca), inorganic phosphorus (P), magnesium
(Mg), and potassium (K) in cows with low (pH ≤ 5.5) and normal (pH > 5.5) ruminal pH on the three
sampling days—days 30, 90, and 150 of lactation (DIM)—and the mean ± SE values according to
ruminal pH status for each DIM.

Parameter
DIM

pH Status Mean
30 90 150

Ca (µg/mL)
Low pH 90.03 ± 2.54 85.77 ± 2.45 90.41 ± 2.45 88.73 ± 1.44

Normal pH 83.27 ± 2.45 88.27 ± 2.59 89.67 ± 2.90 87.07 ± 1.53
DIM mean 86.65 ± 1.77 87.02 ± 1.80 90.04 ± 1.90

P (µg/mL)
Low pH 117.47 ± 7.34 144.51 ± 7.20 162.56 ± 7.07 141.51 ± 4.16

Normal pH 115.83 ± 7.07 145.14 ± 7.48 152.06 ± 8.37 137.68 ± 4.42
DIM mean 116.65 ± 5.10 A 144.82 ± 5.19 B 157.31 ± 5.48 B

Mg (µg/mL)
Low pH 20.78 ± 0.67 20.70 ± 0.66 21.35 ± 0.65 20.95 ± 0.38

Normal pH 20.72 ± 0.65 21.34 ± 0.68 19.23 ± 0.77 20.43 ± 0.40
DIM mean 20.75 ± 0.47 A 21.02 ± 0.48 A 20.29 ± 0.502 A

K (µg/mL)
Low pH 108.04 ± 6.69 120.07 ± 6.69 103.85 ± 6.43 110.65 ± 3.81

Normal pH 94.58 ± 6.55 111.90 ± 6.55 102.25 ± 7.52 102.91 ± 4.00
DIM mean 101.31 ± 4.68 115.98 ± 4.68 A 103.05 ± 4.94

Different uppercase letters within rows indicate statistically significant differences among DIM points (p < 0.05).

The mean copper concentration was found to be significantly higher in cows with
low pH levels compared to those with normal pH levels (mean ± SE: 10.55 ± 0.32 and
9.45 ± 0.32 µmol/L for low- and normal-pH cows, respectively; p < 0.05). No significant
difference was observed between sampling days (mean ± SE: 9.61 ± 0.32, 10.08 ± 0.32,
and 10.24 ± 0.32 µmol/L for DIM 30, 90, and 150, respectively; p > 0.05). As illustrated
in Figure 1, serum copper concentration exhibited no statistically significant difference
between animals with different pH status on DIM 30 and 90 (p > 0.05). However, on
DIM 150, it was observed to be significantly higher (p < 0.05) in low-pH cows compared to
normal-pH cows (Figure 1). The mean iron concentration was not significantly affected by
either pH status or DIM (mean ± SE: 23.63 ± 1.61, 27.57 ± 1.61, and 24.70 ± 1.61 µmol/L
for DIM 30, 90, and 150, respectively; p > 0.05). However, there was a tendency for the
low-pH cows to exhibit higher levels than the normal-pH cows (mean ± SE: 27.03 ± 1.25
and 23.45 ± 1.25 µmol/L for low- and normal-pH cows, respectively; p = 0.052). The mean
Fe values were found to be significantly higher in the low-pH animals compared to those
with normal pH on DIM 150 (Figure 2; p < 0.05). No other differences were observed
between the groups on the other sampling days (p > 0.05). Cobalt concentrations remained
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practically stable among days in milk (DIM) (mean ± SE: 80.05 ± 14.02, 56.29 ± 14.15,
and 75.31 ± 14.79 nmol/L for DIM 30, 90, and 150, respectively; p > 0.05) and were not
significantly affected by pH status (mean ± SE: 83.13 ± 11.38 and 57.97 ± 12.01 nmol/L for
low- and normal-pH cows, respectively; p < 0.05). However, on day 150 of the experiment,
the mean values were found to be significantly higher in the animals with low pH levels
compared to those with normal pH levels on DIM 150 (Figure 3; p < 0.05). No significant
difference was observed among the pH status groups on the other DIM (Figure 3; p > 0.05).
As indicated in Table 3, the mean serum concentrations of Cr, Se, Mn, and Zn were not
significantly influenced by pH status or DIM. Furthermore, no significant differences were
observed between groups on any sampling day (p > 0.05).

 

*

Figure 1. Mean ± SE serum concentrations of copper (Cu) in cows with low (pH ≤ 5.5) and
normal (pH > 5.5) ruminal pH on the three sampling days—days 30, 90, and 150 of lactation (DIM).
* significant difference (p < 0.05).

 

*

Figure 2. Mean ± standard error serum concentrations of serum iron (Fe) in cows with low (pH ≤ 5.5)
and normal (pH > 5.5) ruminal pH on the three sampling days—days 30, 90, and 150 of lactation
(DIM). * Significant difference (p < 0.05).
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*

Figure 3. Mean ± SE serum concentrations of serum cobalt (Co) in cows with low (pH ≤ 5.5) and
normal (pH > 5.5) ruminal pH on the three sampling days, days 30, 90, and 150 of lactation (DIM).
* Significant difference (p < 0.05).

Table 3. Mean ± standard error serum concentrations of chromium (Cr), manganese (Mn), selenium
(Se), and zinc (Zn) in cows with low (pH ≤ 5.5) and normal (pH > 5.5) ruminal pH on the three
sampling days—days 30, 90, and 150 of lactation (DIM)—and mean ± SE values according to ruminal
pH status for each DIM.

Parameter
DIM

pH Status Mean
30 90 150

Cr (µg/mL)
Low pH 0.032 ± 0.010 0.032 ± 0.010 0.039 ± 0.009 0.034 ± 0.006

Normal pH 0.036 ± 0.009 0.027 ± 0.010 0.020 ± 0.011 0.028 ± 0.006
DIM mean 0.034 ± 0.007 0.029 ± 0.007 0.029 ± 0.007

Mn (µg/mL)
Low pH 0.004 ± 0.0006 0.003 ± 0.0006 0.005 ± 0.0006 0.004 ± 0.0004

Normal pH 0.003 ± 0.0006 0.004 ± 0.0006 0.004 ± 0.0007 0.004 ± 0.0004
DIM mean 0.004 ± 0.0004 0.004 ± 0.0004 0.004 ± 0.0005

Se (µg/mL)
Low pH 0.457 ± 0.030 0.469 ± 0.029 0.483 ± 0.029 0.470 ± 0.017

Normal pH 0.399 ± 0.029 0.496 ± 0.030 0.459 ± 0.034 0.451 ± 0.018
DIM mean 0.428 ± 0.021 0.483 ± 0.021 0.471 ± 0.022

Zn (µg/mL)
Low pH 0.507 ± 0.027 0.500 ± 0.026 0.572 ± 0.026 0.526 ± 0.015

Normal pH 0.464 ± 0.026 0.519 ± 0.027 0.500 ± 0.030 0.494 ± 0.016
DIM mean 0.485 ± 0.019 0.510 ± 0.019 0.536 ± 0.020

No significant difference was detected either between ruminal pH groups or among DIM points (p > 0.05).

The mean concentrations of the fat-soluble vitamins evaluated, as well as those of
MDA and GSH, remained practically stable throughout the study period and were not
significantly affected by the animals’ ruminal pH status (p > 0.05; Table 4). Moreover, no
notable discrepancies were discerned between the various pH status groups on any given
sampling day (p > 0.05).
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Table 4. Mean ± standard error serum/plasma concentrations of vitamins A, D, E, and K, malondi-
aldehyde (MDA), and glutathione (GSH) in cows with low (pH ≤ 5.5) and normal (pH > 5.5) ruminal
pH on the three sampling days—days 30, 90, and 150 of lactation (DIM)—and mean ± SE values
according to ruminal pH status for each DIM.

Parameter
DIM

pH Status Mean
30 90 150

Vit. A (µg/mL)
Low pH 1.109 ± 0.141 1.042 ± 0.164 1.126 ± 0.128 1.092 ± 0.084

Normal pH 1.208 ± 0.148 1.318 ± 0.141 1.092 ± 0.164 1.206 ± 0.082
DIM mean 1.158 ± 0.102 1.180 ± 0.108 1.109 ± 0.104

Vit. D (µg/mL)
Low pH 0.183 ± 0.025 0.178 ± 0.028 0.169 ± 0.022 0.177 ± 0.014

Normal pH 0.160 ± 0.025 0.209 ± 0.024 0.165 ± 0.028 0.178 ± 0.015
DIM mean 0.171 ± 0.018 0.193 ± 0.018 0.167 ± 0.018

Vit. E (µg/mL)
Low pH 1.020 ± 0.121 1.195 ± 0.140 1.290 ± 0.114 1.168 ± 0.072

Normal pH 0.943 ± 0.129 0.900 ± 0.124 1.096 ± 0.140 0.980 ± 0.076
DIM mean 0.982 ± 0.089 1.048 ± 0.093 1.193 ± 0.090

Vit. K (µg/mL)
Low pH 0.797 ± 0.110 0.715 ± 0.124 0.731 ± 0.099 0.748 ± 0.064

Normal pH 0.752 ± 0.112 0.856 ± 0.107 0.699 ± 0.124 0.769 ± 0.066
DIM mean 0.774 ± 0.078 0.785 ± 0.082 0.715 ± 0.079

MDA (µmol/L)
Low pH 17.485 ± 1.155 15.526 ± 1.138 16.657 ± 1.155 16.556 ± 0.664

Normal pH 16.022 ± 1.414 14.500 ± 1.106 16.868 ± 1.254 15.797 ± 0.730
DIM mean 16.753 ± 0.913 15.013 ± 0.793 16.763 ± 0.852

GSH (µmol/L)
Low pH 23.691 ± 2.962 23.018 ± 2.918 27.367 ± 2.962 24.692 ± 1.702

Normal pH 26.880 ± 3.628 21.562 ± 2.836 26.474 ± 3.216 24.972 ± 1.872
DIM mean 25.285 ± 2.342 22.290 ± 2.035 26.921 ± 2.186

No significant difference was detected either between ruminal pH groups or among DIM points (p > 0.05).

4. Discussion
The objective of this study was to evaluate the impact of low ruminal pH on the blood

concentration of macrominerals, trace minerals, and fat-soluble vitamins, as well as on the
oxidative status of dairy cows during the initial 150 days following calving, encompassing
the first half of the lactation period. The cows were classified as having either low or normal
pH at each sampling point based on their ruminal pH. This is the reason why the number
of animals in each category differs at each sampling point.

According to the TMR formulations, the cows’ diet contained a high proportion of
concentrates, and based on the amount of starch and effective NDF, the predicted ruminal
pH was 6.3 [40]. The high frequency of low-pH cows in this study may have been induced
by feeding changes throughout the study, diet presentation (e.g., small particles in the
forage sources used), inadequate bunk space (60 cm and not the appropriate 75 cm per
highly lactating cow), and occasionally increased stocking density, instead of the diet
composition per se.

Rumen pH is a critical determinant of the microbial ecology and biochemical dynamics
within the rumen, with downstream effects on mineral solubility, absorption, and vitamin
synthesis. For instance, magnesium and calcium solubility has been shown to decrease at
lower pH values due to alterations in ionized forms and precipitation dynamics, thereby
reducing their ultrafilterable fractions in the rumen fluid [41]. A sustained reduction
in ruminal pH alters the balance between cellulolytic and amylolytic bacteria, reducing
the population of fiber-degrading species and favoring acid-tolerant, lactate-producing
microbes [10,42]. These microbial shifts not only impair fiber digestion but may also
suppress the synthesis of certain B vitamins, particularly cobalamin (vitamin B12), which
requires cobalt as a precursor and is synthesized by rumen microbes under neutral pH
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conditions [23,43]. Moreover, acidic ruminal conditions reduce the availability of sulfide,
thereby disrupting the formation of thiomolybdate, a compound that modulates copper
absorption by binding to molybdenum [6]. The altered thiomolybdate formation may thus
increase apparent copper availability, as observed in the current study. Additionally, low
ruminal pH increases epithelial permeability and facilitates the translocation of endotoxins
into circulation, potentially inducing hepatic synthesis of acute-phase proteins such as
ceruloplasmin and haptoglobin, which in turn affect trace mineral distribution, particularly
copper and iron [44–46]. Collectively, these mechanisms suggest that ruminal acidosis
has the potential to disturb the homeostasis of multiple micronutrients by altering both
microbial activity and host physiology.

The results of the present study indicate that pH status has a negligible impact on
the serum concentration of the macro elements in question. With regard to calcium, the
results of previous studies are inconclusive. In accordance with our findings, ref. [47]
observed no alteration in Ca concentration in SARA-induced animals. However, other
studies have reported a significant reduction in serum Ca in cattle with spontaneous long-
lasting SARA [48] and in SARA-induced animals [49]. In the aforementioned studies, a
reduction in serum calcium was associated with endotoxemia and the detoxification of
lipopolysaccharides that had been translocated into the bloodstream from the ruminal
fluid. It is possible that, in the present study, either the low pH status of the animals was
not long lasting or the production of lipopolysaccharides was not sufficiently elevated to
impact serum calcium concentrations. In contrast to our observations, serum P was found
to be significantly lower in cattle with spontaneous long-lasting SARA [48], and this was
attributed to concurrent hypocalcemia. The significant increase in serum phosphorus con-
centrations between days 30 and 90 is probably associated with the increase in dry matter
and phosphorus dietary intake since there is a linear relationship between phosphorous
intake and its serum concentration [50].

The concentration of serum Cu was found to be significantly influenced by the ruminal
pH status of the animals. Although plasma Cu concentration is considered an unreliable
indicator of Cu status, this parameter may be useful in situations where animals experience
markedly elevated or decreased hepatic Cu concentrations [51]. The present study demon-
strated that cows with low pH exhibited significantly elevated Cu concentrations compared
to those with normal pH. This effect may be associated with alterations in the ruminal envi-
ronment that occur during periods of low pH, which in turn affect the Cu, molybdenum,
and sulfur complex by altering the production of thiomolybdate. It is well documented
that a reduction in ruminal pH results in a decrease in the availability of bisulfide, which is
combined with molybdenum to form thiomolybdate [52]. It is plausible that the ruminal
production of thiomolybdate is diminished in cows with low pH, which may consequently
result in augmented apparent Cu availability and absorption and serum Cu concentration.
Increased copper availability, determined by increased liver Cu concentration, has been
observed in cattle fed potentially acidogenic high-starch diets, but this was not reflected in
the plasma Cu concentration [53].

An additional potential explanation is that elevated serum copper levels in cows
with low pH are linked to enhanced ceruloplasmin activity. Ceruloplasmin is a mild
to moderate acute-phase protein that increases in response to inflammation [54,55] and
contains more than 95% of the copper present in plasma [56]. It is well documented that
feeding cows a high-concentrate diet induces an inflammatory response as a result of
ruminal acidosis [8,57] and is associated with an increase in acute-phase proteins such as
haptoglobin and serum amyloid-A [57]. An increase in ceruloplasmin was observed in
dairy cows fed high-starch diets, yet the plasma Cu concentration remained unaltered [53].
The activity of ceruloplasmin and the concentration of copper both increase immediately
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following calving, subsequently declining gradually during the early and middle stages
of lactation [58]. It seems plausible that, in addition to the anticipated increase in ceru-
loplasmin activity during the early lactation period, cows with low pH had even higher
levels of ceruloplasmin and, consequently, serum Cu than cows with normal pH. This may
also account for the consistently elevated serum Cu concentrations observed in low-pH
cows throughout the experimental period, as well as the significantly higher concentrations
observed after 150 DIM, when ceruloplasmin activity is expected to be normalized in
normal-pH cows.

In addition to copper, ceruloplasmin, as a ferroxidase, plays a role in iron metabolism,
specifically in the mobilization of iron from tissue stores. An increase in ceruloplasmin has
been observed to be associated with a proportional increase in serum iron concentration [59].
This hypothesis may also explain the alterations observed in serum iron concentrations in
this study.

The decline in serum cobalt concentrations in cows with normal pH levels was gradual,
which is consistent with previous observations in dairy cattle [60]. This decline was
attributed to the removal of cobalt from milk during the lactation period. In cows with
low pH, the serum cobalt concentration was elevated on DIM 150, exhibiting a significant
difference compared to normal-pH cows. The reason for this increase is currently unknown.
The lower milk production of low-pH cows would be a plausible explanation. However,
this hypothesis cannot be supported since, as demonstrated in our previous study, which
included the same animals, milk yield remained unaffected by ruminal pH status [61].
The absorption of cobalt in the lumen is closely associated with the absorption of other
divalent cations, including copper, iron, and zinc, as they all utilize the divalent cation
transporter, which is influenced by vitamin D [62,63]. Given that Cu and Fe were also
significantly higher in low-pH cows on 150 DIM, an increase in the active transportation
of these elements in low-pH animals could be a reason for this. However, this cannot be
confirmed since the vitamin D concentrations were not significantly different among low-
and normal-pH cows, and serum Zn levels were also unaffected. An additional potential
explanation is that the alterations in the ruminal environment resulting from low pH do
not support the accumulation of Co for vitamin B12 production by flora. This may result in
an increased amount available for absorption, although this hypothesis lacks evidence and
warrants further investigation.

Previous research has indicated that the long-term feeding of high-concentrate diets
to dairy cows can lead to an increase in oxidative stress [8,64–66]. Furthermore, this is
associated with increased plasma concentrations of MDA [8,64,65] and decreased plasma
concentrations of GSH [8]. Consistent with the findings of Tsuchiya et al. [7], ruminal pH
status did not affect plasma MDA and GSH concentrations in the present study. This may
be attributed to the fact that the animals in the present study were classified according
to pH status based on a single measurement on the sampling day. In addition, oxidative
biomarkers are known to exhibit diurnal or circadian patterns and may be influenced
by transient physiological stimuli, including feeding, stress, or metabolic stage [67,68].
Although all samples were collected consistently during a certain time window to minimize
this variability, supporting valid group comparisons, the results may not fully reflect
potential diurnal fluctuations in oxidative status. The comparable oxidative status between
low- and normal-pH animals may also partially explain the similar concentrations of
vitamin E detected in these animals. The absence of significant differences in serum
concentrations of vitamins A and K indicates that low pH status, as defined here, does not
negatively affect these vitamins.

Several limitations should be acknowledged when interpreting the results of the
present study. Firstly, the concentrations of minerals and fat-soluble vitamins were mea-
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sured only in serum samples. Direct quantification of these nutrients in the total mixed
ration (TMR) and ruminal fluid was not performed. Consequently, potential relationships
between dietary intake, ruminal content, and systemic availability could not be fully estab-
lished. While the TMR formulation was standardized according to NRC [34] guidelines,
variations in individual feed intake and nutrient bioavailability may have contributed to
inter-animal variability in serum concentrations. Secondly, ruminal pH was assessed at
discrete time points using rumenocentesis, which reflects only a snapshot of rumen acidity
rather than the complete diurnal fluctuation. Although the categorization into “Low pH”
and “Normal pH” groups provided useful comparisons, continuous pH monitoring could
have yielded more comprehensive insights into the ruminal environment. Lastly, the study
was conducted on a single commercial dairy farm with a relatively small sample size, which
may limit the generalizability of the findings to broader populations and management
systems. Further multicenter, longitudinal studies incorporating dietary, microbial, and
immunological parameters are warranted to validate and expand upon these findings.

5. Conclusions
In the context of the present study, it was demonstrated that low ruminal pH values

have no significant impact on the oxidative status of animals or on the serum concentrations
of macro elements and fat-soluble vitamins. However, they are associated with signifi-
cant alterations in the serum concentrations of copper, iron, and cobalt. Further in-field
investigation is required to elucidate the mechanisms by which low ruminal pH alters
the concentrations of these trace elements. These findings emphasize the importance of
monitoring ruminal pH and trace element status—particularly copper, iron, and cobalt—in
dairy cows, as suboptimal ruminal pH may alter the bioavailability or metabolism of these
essential micronutrients. This suggests a need to adjust feeding strategies and supplemen-
tation protocols accordingly, especially in herds at risk of subacute ruminal acidosis, to
maintain optimal health and productivity
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55. Szczubial, M.; Dąbrowski, R.; Kankofer, M.; Bochniarz, M.; Albera, E. Concentration of Serum Amyloid A and Activity of
Ceruloplasmin in Milk from Cows with Clinical and Subelinical Mastitis. Bull. Vet. Inst. Puławy 2008, 52, 391–395.

56. Hellman, N.E.; Gitlin, J.D. Ceruloplasmin metabolism and function. Annu. Rev. Nutr. 2002, 22, 439–458. [CrossRef]
57. Zhao, C.; Liu, G.; Li, X.; Guan, Y.; Wang, Y.; Yuan, X.; Sun, G.; Wang, Z.; Li, X. Inflammatory Mechanism of Rumenitis in Dairy

Cows with Subacute Ruminal Acidosis. BMC Vet. Res. 2018, 14, 135. [CrossRef]
58. Hussein, H.A.; Staufenbiel, R. Variations in Copper Concentration and Ceruloplasmin Activity of Dairy Cows in Relation to

Lactation Stages with Regard to Ceruloplasmin to Copper Ratios. Biol. Trace Elem. Res. 2012, 146, 47–52. [CrossRef]
59. Gaware, V.; Kotade, K.; Dhamak, K.; Somawanshi, S. Ceruloplasmin its role and significance: A review. Int. J. Biomed. Res. 2010, 5,

10–7439. [CrossRef]
60. Kincaid, R.L.; Lefebvre, L.E.; Cronrath, J.D.; Socha, M.T.; Johnson, A.B. Effect of Dietary Cobalt Supplementation on Cobalt

Metabolism and Performance of Dairy Cattle. J. Dairy Sci. 2003, 86, 1405–1414. [CrossRef]
61. Kitkas, G.C.; Valergakis, G.E.; Kritsepi-Konstantinou, M.; Gelasakis, A.I.; Arsenos, G.; Kalaitzakis, E.; Panousis, N. Effects of

Ruminal pH and Subacute Ruminal Acidosis on Milk Yield and Composition of Holstein Cows in Different Stages of Lactation. J.
Hell. Vet. Med. Soc. 2019, 70, 1551–1560. [CrossRef]

62. Schwalfenberg, G.K.; Genuis, S.J. Vitamin D, Essential Minerals, and Toxic Elements: Exploring Interactions between Nutrients
and Toxicants in Clinical Medicine. Sci. World J. 2015, 2015, 318595. [CrossRef] [PubMed]

63. Brewer, K.; Maylin, G.; Fenger, C.; Tobin, T. Cobalt Use and Regulation in Horseracing: A Review. Comp. Exerc. Physiol. 2016, 12,
1–10. [CrossRef]

64. Guo, Y.; Xu, X.; Zou, Y.; Yang, Z.; Li, S.; Cao, Z. Changes in Feed Intake, Nutrient Digestion, Plasma Metabolites, and Oxidative
Stress Parameters in Dairy Cows with Subacute Ruminal Acidosis and Its Regulation with Pelleted Beet Pulp. J. Anim. Sci.
Biotechnol. 2013, 4, 31. [CrossRef]

65. Abaker, J.A.; Xu, T.L.; Jin, D.; Chang, G.J.; Zhang, K.; Shen, X.Z. Lipopolysaccharide Derived from the Digestive Tract Provokes
Oxidative Stress in the Liver of Dairy Cows Fed a High-Grain Diet. J. Dairy Sci. 2017, 100, 666–678. [CrossRef]

66. Zhang, H.; Xue, Y.; Xie, W.; Wang, Y.; Ma, N.; Chang, G.; Shen, X. Subacute Ruminal Acidosis Downregulates FOXA2, Changes
Oxidative Status, and Induces Autophagy in the Livers of Dairy Cows Fed a High-Concentrate Diet. J. Dairy Sci. 2023, 106,
2007–2018. [CrossRef] [PubMed]

67. Colakoglu, H.E.; Yazlik, M.O.; Kaya, U.; Colakoglu, E.C.; Kurt, S.; Oz, B.; Bayramoglu, R.; Vural, M.R.; Kuplulu, S. MDA and
GSH-Px Activity in Transition Dairy Cows Under Seasonal Variations and Their Relationship with Reproductive Performance. J.
Vet. Res. 2017, 61, 497–502. [CrossRef] [PubMed]

68. Younis, M.; El-Ashker, M.; El-Diasty, M.; Youssef, M.; El-khodery, S. Oxidative Stress in Transition Dairy Cattle: Current
Knowledge and the Potential Impact of Supplementing Organic Trace Elements. Asian J. Res. Anim. Vet. Sci. 2021, 7, 1–21.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3168/jds.2020-18453
https://www.ncbi.nlm.nih.gov/pubmed/32773307
https://doi.org/10.1136/vr.148.6.172
https://doi.org/10.1146/annurev.nutr.22.012502.114457
https://doi.org/10.1186/s12917-018-1463-7
https://doi.org/10.1007/s12011-011-9226-3
https://doi.org/10.7439/ijbr.v1i4.69
https://doi.org/10.3168/jds.S0022-0302(03)73724-2
https://doi.org/10.12681/jhvms.20861
https://doi.org/10.1155/2015/318595
https://www.ncbi.nlm.nih.gov/pubmed/26347061
https://doi.org/10.3920/CEP140008
https://doi.org/10.1186/2049-1891-4-31
https://doi.org/10.3168/jds.2016-10871
https://doi.org/10.3168/jds.2022-22222
https://www.ncbi.nlm.nih.gov/pubmed/36631320
https://doi.org/10.1515/jvetres-2017-0067
https://www.ncbi.nlm.nih.gov/pubmed/29978115
https://doi.org/10.9734/ajravs/2021/v4i1122

	Introduction 
	Materials and Methods 
	Animals and Experimental Design 
	Blood Collection and Laboratory Analysis 
	Macro and Trace Element Analysis 
	Vitamin (A, D, E, and K) Analysis 
	Malondialdehyde (MDA) Determination 
	Glutathione (GSH) Determination 
	Data Analysis 

	Results 
	Discussion 
	Conclusions 
	References

