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Abstract
Based on the previously established detection system for gene expression levels
related to calcium metabolism in the animal gastrointestinal tract and expres-
sion profile analysis, this study aimed to further determine the effects of dietary
cation-anion difference (DCAD) levels on blood calcium concentration and the
relative mRNA expression level of calcium-binding protein 9ku (CaBP-D9k) in
gastrointestinal tissues, so as to provide a basis for revealing the mechanism
by which low DCAD levels prevent and treat hypocalcemia in animals. One
hundred and twenty Kunming mice were randomly divided into three groups
(n=40 per group) and fed diets with DCAD levels of +300 (high DCAD level
group, HD group), +150 (control group, CON group), and -50 (low DCAD level
group, LD group) starting from 3 days before mating. Blood calcium concen-
tration and relative mRNA expression level of CaBP-D9k in gastrointestinal
tissues were measured in dams at 20 days prepartum (-20 d), 5 days prepartum
(-5 d), the day of parturition (0 d), and 3 days postpartum (+3 d). The results
showed that, compared with the HD group, the LD group significantly increased
blood calcium concentration in mice at 0 d and +3 d during the peripartum
period (P<0.05), and significantly upregulated the relative mRNA expression
level of CaBP-D9k in small intestinal segments (duodenum, jejunum, ileum)
and colon (P<0.05). This upregulatory effect was most pronounced at -5 d and
0 d (P<0.05), and at +3 d, the LD group also increased the relative mRNA
expression level of CaBP-D9k in the jejunum and colon of mice (P<0.05). Sta-
tistical results showed that the relative mRNA expression levels of CaBP-D9k
at the three sites of duodenum, jejunum, and colon were significantly correlated
with DCAD levels and blood calcium concentration (P<0.05). Thus, reducing
DCAD levels can upregulate the relative mRNA expression level of CaBP-D9k in
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small intestinal and colonic segments of animals, accompanied by higher blood
calcium concentration. This may be an important pathway through which low
DCAD levels effectively maintain blood calcium homeostasis during the peri-
partum period and reduce the incidence of hypocalcemia.
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Abstract

Building upon our previous establishment of a detection system for calcium
metabolism-related gene expression profiles in the gastrointestinal tract, this
study aimed to further determine the effects of dietary cation-anion difference
(DCAD) level on plasma calcium concentration and gastrointestinal tissue cal-
cium binding protein 9ku (CaBP-D9k) mRNA relative expression levels, thereby
providing mechanistic insights into how low DCAD levels prevent hypocalcemia.
One hundred twenty Kunming mice were randomly divided into three groups
(n=40 each) and fed diets with DCAD levels of +300 (high DCAD, HD group),
+150 (control, CON group), and -50 (low DCAD, LD group) beginning three
days before mating. Plasma calcium concentration and gastrointestinal CaBP-
D9k mRNA relative expression levels were measured at 20 days prepartum (-20
d), 5 days prepartum (-5 d), the day of parturition (0 d), and 3 days postpartum
(+3 d).

The results demonstrated that compared with the HD group, the LD group sig-
nificantly elevated plasma calcium concentrations at 0 d and +3 d during the
peripartum period (P<0.05) and significantly upregulated CaBP-D9k mRNA
relative expression in small intestinal segments (duodenum, jejunum, ileum)
and colon (P<0.05). This effect was most pronounced at -5 d and 0 d (P<0.05),
with elevated expression persisting in jejunum and colon at +3 d (P<0.05).
Statistical analysis revealed significant associations between CaBP-D9k mRNA
relative expression levels in the duodenum, jejunum, and colon with both DCAD
level and plasma calcium concentration (P<0.05). These findings indicate that
reducing DCAD level upregulates CaBP-D9k mRNA expression in the small
intestine and colon while concurrently increasing plasma calcium concentration,
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representing a likely mechanism through which low DCAD levels maintain peri-
partum calcium homeostasis and reduce hypocalcemia incidence.

Keywords: dietary cation-anion difference; plasma calcium concentration;
calcium-binding protein; gastrointestinal tract tissues

Introduction
Prepartum low dietary cation-anion difference (DCAD) levels effectively main-
tain peripartum calcium homeostasis in mammals, accelerate postpartum cal-
cium recovery, and reduce the incidence of clinical hypocalcemia and subsequent
metabolic disorders, establishing it as an effective preventive measure against
hypocalcemia. Research suggests that low DCAD promotes bone calcium mo-
bilization into circulation, decreases urinary calcium excretion, and enhances
gastrointestinal calcium absorption, thereby facilitating systemic calcium home-
ostasis and maintaining normal plasma calcium levels to prevent hypocalcemia.
However, the detailed mechanisms remain unclear and represent an important
research topic in animal nutrition with significant practical implications for im-
proving animal performance.

Among the three major pathways of calcium homeostasis, renal resorption re-
sponds most rapidly to calcium deficiency, occurring within minutes, but its
contribution to peripheral calcium replenishment is limited due to low urinary
calcium content and finite reabsorptive capacity. Bone resorption responds
most slowly, often requiring over one week and occurring only after inadequate
dietary calcium absorption, making it ineffective for short-term calcium home-
ostasis. In contrast, dietary calcium absorbed by gastrointestinal epithelial cells
enters circulation via capillaries, with observable responses to blood calcium
balance within short timeframes, playing a crucial role in maintaining calcium
homeostasis. Under normal physiological conditions, gastrointestinal absorption
represents the most probable pathway for rapid supplementation of peripheral
calcium and prompt restoration of calcium balance.

As a vitamin D-dependent calcium binding protein belonging to the EF-hand
calcium binding protein family, CaBP-D9k serves as a critical component medi-
ating intracellular calcium transport to the basolateral membrane and regulates
kinetic parameters of calcium metabolism in mammalian bone, kidney, and gas-
trointestinal tract. CaBP-D9k is specifically expressed in calcium transport-
related tissues including the gastrointestinal tract, kidney, and bone. Studies
have demonstrated strong positive correlations between intestinal CaBP-D9k
expression levels and site-specific calcium uptake capacity. Reduced intesti-
nal calcium absorption in elderly individuals correlates highly with decreased
CaBP-D9k expression, and the expression sites and relative levels of CaBP-D9k
show close positive correlations with calcium absorptive capacity in respective
organs/tissues. These findings provide valuable insights into the mechanisms
underlying low DCAD prevention of hypocalcemia. However, research on the
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relationship between different DCAD levels and gastrointestinal CaBP-D9k ex-
pression remains scarce, hindering deeper understanding of peripartum calcium
nutrition interventions and their kinetic processes. Therefore, building upon
our established detection system for gastrointestinal calcium metabolism-related
gene expression, this study utilized mice as a model to investigate the effects
of low DCAD on gastrointestinal CaBP-D9k mRNA expression, aiming to elu-
cidate the molecular mechanisms through which low DCAD prevents hypocal-
cemia.

Materials and Methods
1.1 Reagents

Plasma calcium assay kits were obtained from Nanjing Jiancheng Bioengineer-
ing Institute. RNA storage solution (RNAstore) and total RNA extraction kits
(RNAsimple) were purchased from Tiangen Biotech (Beijing). Reverse transcrip-
tion kits (RT reagent Kit with gDNA eraser), conventional PCR kits (TaKaRa
PCR amplification Kit), and real-time quantitative PCR kits (SYBR® Premix
Ex Taq™ II) were products of Dalian Bao Biological Engineering Co., Ltd. All
other reagents were analytically pure domestic products.

1.2 Animal Management and Grouping

One hundred twenty clean-grade healthy female Kunming mice aged 10 weeks
were obtained from the Laboratory Animal Center of Guiyang Medical College.
Using a randomized block design, mice were equally divided into three groups
(n=40 each). Beginning three days before mating (preliminary period), groups
were fed diets with DCAD levels of +300 (basal diet + NaHCO�, high DCAD,
HD group), +150 (basal diet, control, CON group), and -50 (basal diet + NH�Cl,
low DCAD, LD group). Sterilized mouse diets were provided by Suzhou Shuang-
shi Laboratory Animal Feed Technology Co., Ltd. DCAD levels were calculated
as Na + K - Cl - S. Mice were housed in cages (4 per cage) with ad libitum access
to feed and water. The basal diet consisted of corn, soybean meal, wheat bran,
vitamins, and trace minerals with primary nutrient levels: crude protein (CP)
20.5%, crude ash 6.9%, neutral detergent fiber (NDF) 13.1%, acid detergent
fiber (ADF) 7.5%, calcium 0.51%, and phosphorus 0.40%.

1.3 Sample Collection

At four time points—mating day +1 (-20 d), 5 days prepartum (-5 d), parturition
day (0 d), and 3 days postpartum (+3 d)—10 mice per group were randomly
selected, anesthetized with ether, and euthanized by enucleation. Orbital blood
was collected, centrifuged at 3,000 rpm for 20 minutes to prepare plasma, and
stored at -20°C. Gastrointestinal tissues (stomach, duodenum, jejunum, ileum,
cecum, colon) were rapidly collected under RNase-free conditions, rinsed with
precooled phosphate-buffered saline (PBS), and placed in cryovials prefilled with
RNAstore. All samples were stored at -80°C until analysis.
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1.4 Measurements

Plasma calcium concentration was determined according to kit instructions.
CaBP-D9k mRNA relative expression levels in various tissues at different time
points were measured and calculated using the real-time quantitative PCR de-
tection system established by our research group.

1.5 Statistical Analysis

Data are expressed as mean ± standard deviation. Statistical analysis was per-
formed using SAS 9.3. Plasma calcium concentrations were analyzed using the
Proc GLM module with Duncan’s multiple range test. mRNA expression level
normalization and relative expression calculations were performed according to
established methods. To examine treatment effects, time effects, and their in-
teractions on these parameters, LSMEANS, TDIFF, and PDIFF options were
included in the GLM procedure. Proc REG and CORR modules were used for
Pearson linear correlation analysis between DCAD level, plasma calcium concen-
tration, and CaBP-D9k mRNA relative expression at different gastrointestinal
sites. Significance was set at P<0.05.

Results
2.1 Plasma Calcium Concentration

As shown in Figure 1 [Figure 1: see original paper], plasma calcium concen-
tration increased gradually as parturition approached, peaking at -5 d before
declining. Compared with -5 d, calcium concentrations at 0 d decreased by
17.68% (HD group), 25.83% (CON group), and 6.59% (LD group). Postpar-
tum (+3 d), calcium concentrations showed recovery trends in all groups, with
the LD group significantly higher than the other two groups (P<0.05). Over-
all mean calcium concentrations were 1.052, 1.209, and 1.525 mmol/L for HD,
CON, and LD groups, respectively, with the LD group showing the highest
values significantly exceeding HD and CON groups at 0 d and +3 d (P<0.05).
No significant differences were observed between HD and CON groups (P>0.05).
Neither time effects nor interactions between time and DCAD level significantly
affected plasma calcium concentration (P>0.05).

2.2 Gastrointestinal CaBP-D9k mRNA Relative Expression Levels

Using baseline samples from each group as references, changes in gastrointestinal
CaBP-D9k mRNA relative expression during the peripartum period are shown
in Figure 2 [Figure 2: see original paper]. Gastric CaBP-D9k mRNA expression
decreased gradually after trial initiation, reaching its lowest level at parturition
(0 d). In contrast, duodenal CaBP-D9k mRNA expression peaked at -5 d and
0 d, significantly higher than at -20 d and +3 d (P<0.05). Expression levels in
jejunum, ileum, cecum, and colon decreased substantially at -5 d, then gradually
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increased to peak at parturition (0 d). By +3 d postpartum, CaBP-D9k mRNA
expression at all gastrointestinal sites gradually returned to -20 d levels.

2.3 Effect Analysis of DCAD Level on Gastrointestinal CaBP-D9k
mRNA Expression

As shown in Figure 3 [Figure 3: see original paper], DCAD level effects on
CaBP-D9k mRNA expression were observed only in duodenum, jejunum, ileum,
and colon. After trial initiation, the LD group induced significantly higher
CaBP-D9k mRNA expression in duodenum, jejunum, and colon compared with
the HD group (P<0.05). In duodenum and colon, this effect persisted through
parturition (0 d) (P<0.05). At +3 d postpartum, the LD group showed signifi-
cantly elevated CaBP-D9k mRNA expression in duodenum, jejunum, and colon
compared with the HD group (P<0.05). Further statistical analysis (Table 1
) revealed significant correlations between CaBP-D9k mRNA expression levels
in duodenum, jejunum, and colon with both DCAD level and plasma calcium
concentration (P<0.05), indicating that decreased DCAD level and increased
plasma calcium concentration were associated with increased CaBP-D9k mRNA
expression.

Discussion
3.1 Effects of DCAD Level on Peripartum Calcium Homeostasis

Systemic calcium homeostasis is essential for nerve transmission, muscle contrac-
tion, and signal transduction, and forms the basis for meeting calcium require-
ments for skeletal integrity and animal products. Disruption of calcium home-
ostasis due to impaired vitamin D metabolism or excessive acute calcium loss
triggers negative calcium balance symptoms. During homeostatic disturbances,
organisms regulate parathyroid hormone (PTH) and 1,25-dihydroxyvitamin D�
[1,25-(OH)�D�] secretion at the tissue level to enhance the efficiency of three cal-
cium acquisition pathways—renal resorption, bone mobilization, and gastroin-
testinal absorption—thereby modulating the kinetic parameters of exchangeable
calcium pool (TEP) release/storage to buffer plasma calcium fluctuations.

Some researchers propose that compromised gastrointestinal active calcium ab-
sorption may represent the molecular pathological basis for frequent hypocal-
cemia in peripartum animals with high calcium demand, and that low DCAD
levels may prevent hypocalcemia by upregulating gastrointestinal active trans-
membrane calcium uptake to replenish TEP calcium sources. This hypothesis
has garnered widespread attention in nutrition science, though supporting re-
search remains limited. To test this hypothesis, we utilized peripartum mice as
a model organism and examined CaBP-D9k—a key macromolecule associated
with the rate-limiting step of calcium transmembrane absorption—measuring
its mRNA expression across gastrointestinal segments while monitoring plasma
calcium changes to evaluate nutritional intervention effects. Our results demon-
strated a dose-dependent relationship between decreasing DCAD levels and in-
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creasing plasma calcium concentration, with the LD group showing significantly
higher calcium levels than the other groups. This finding aligns with previous
research identifying increased plasma calcium as the classic response to low
DCAD diets in peripartum dairy animals.

Regarding the peripartum timeline, initial calcium demands at trial onset im-
posed minimal stress on maternal calcium homeostasis, resulting in limited
DCAD effects on plasma calcium and non-significant intergroup differences. As
fetal development progressed, maternal blood volume expanded while calcium
was actively transferred to the placenta. To counteract negative calcium bal-
ance, PTH and 1,25-(OH)�D� secretion increased, promoting bone calcium mo-
bilization, upregulating intestinal calcium uptake, and reducing urinary calcium
excretion to maintain rising plasma calcium concentrations, consistent with our
observations at -5 d. Benefiting from activated gastrointestinal calcium absorp-
tion regulation by low DCAD, the LD group showed even greater plasma calcium
increases compared with the previous timepoint. Although lactation volume is
limited in mice compared with dairy cows, peripartum mice still lose calcium
through colostrum synthesis, making rapid TEP replenishment challenging and
causing substantial calcium declines at parturition across all groups. However,
the LD group exhibited a smaller calcium decrease at 0 d than HD and CON
groups, suggesting enhanced peripheral calcium capacity/transport efficiency,
corroborated by the high plasma calcium concentrations observed in this group
before -5 d. These results, consistent with previous findings, confirm that low
DCAD levels mitigate the magnitude of peripartum calcium decline, increase
plasma calcium concentration, and maintain calcium homeostasis, thereby pre-
venting hypocalcemia.

3.2 Effects of DCAD Level on Gastrointestinal CaBP-D9k mRNA
Expression

Acidification of the internal environment (pH reduction) represents another key
characteristic of low DCAD levels. Classical theory suggests that decreased
body fluid pH facilitates bone calcium dissolution and promotes gastrointesti-
nal calcium absorption. Accordingly, we examined gastrointestinal CaBP-D9k
mRNA responses to different DCAD levels. Our findings showed that gastric
and cecal CaBP-D9k mRNA expression did not respond significantly to DCAD
levels, likely because the stomach is not a primary calcium absorption organ and
the cecum’s short anatomical length limits its contribution to active/passive
transmembrane calcium absorption. Overall, this suggests that stomach and
cecum contribute minimally to low DCAD nutritional interventions for peripar-
tum calcium homeostasis.

Following low DCAD intake, small intestinal and colonic CaBP-D9k mRNA
expression was rapidly upregulated within 3 days postpartum, with this trend
continuing after delivery. Specifically, low DCAD induced higher CaBP-D9k
mRNA expression in all segments except stomach and cecum after pregnancy
initiation, most prominently at parturition (0 d) and demonstrating clear dose-
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dependency. We infer that low DCAD facilitated greater dietary calcium entry
into epithelial cells in these tissues, indicating enhanced active transmembrane
calcium absorption capacity that supports calcium homeostasis. This interpre-
tation is supported by the plasma calcium changes observed in the LD group
and aligns with reports that low DCAD activates calcium homeostasis responses
within approximately 2 days. Furthermore, statistical analysis revealed strong
associations between CaBP-D9k mRNA expression in duodenum, jejunum, and
colon with DCAD level and plasma calcium concentration. Japanese researchers
reported a statistically significant linear relationship between small intestinal
CaBP-D9k mRNA expression and plasma calcium (P=0.326, R²=0.053), with
slightly higher association strength than our study, possibly due to different
regression methodologies (Spearman rank vs. Pearson analysis).

Notably, although plasma calcium concentrations showed no statistical differ-
ences among groups at trial initiation (-20 d), low DCAD already significantly
upregulated CaBP-D9k mRNA expression in duodenum, jejunum, and colon
compared with high DCAD and control groups, most markedly in colon. This
supports the theory that gastrointestinal calcium absorption responds rapidly,
activating regulation before calcium metabolic disturbances occur to meet TEP
replenishment/consumption demands. Interestingly, while prepartum mice (-
5 d) showed increased plasma calcium compared with the previous timepoint,
CaBP-D9k mRNA expression did not increase in most tissues except duode-
num; instead, expression decreased markedly in other segments. Considering
segment-specific calcium uptake patterns reported in literature, we hypothe-
size that maternal calcium demands had not yet peaked at this timepoint, and
the downregulation of CaBP-D9k expression may relate to compensatory high
expression of other transmembrane calcium uptake-related genes in these seg-
ments. Therefore, we propose that duodenum, jejunum, and ileum represent
the primary target sites affecting maternal calcium homeostasis in peripartum
mammals, warranting further investigation of protein expression patterns and
net calcium transport rates.

In summary, based on reported effects of DCAD on acid-base balance and min-
eral homeostasis, we conclude that upregulation of CaBP-D9k mRNA expression
in four gastrointestinal sites (duodenum, jejunum, ileum, colon) is closely related
to the physiological regulatory effects of low DCAD. This suggests that low
DCAD possesses the capacity to upregulate key rate-limiting macromolecules
in the gastrointestinal active calcium absorption pathway, and that increased
expression of these biomolecules may represent an important mechanism for low
DCAD to effectively maintain normal plasma calcium concentrations.

This study demonstrates that low DCAD levels upregulate CaBP-D9k mRNA
expression in duodenal, jejunal, ileal, and colonic tissues of peripartum mice,
thereby increasing plasma calcium concentrations during the peripartum period.
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