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ABSTRACT

Two experiments were conducted to reveal the effects
of grain-induced subacute rumen acidosis (SARA) on
thiamine status in blood and rumen fluid in dairy cows.
In both experiments, 6 multiparous, rumen-fistulated
Holstein dairy cows were used in a 2-treatment, 2-pe-
riod crossover design. Each experimental period con-
sisted of 21 d (total of 42 d). Experiment 1 was to
investigate the effects of SARA on thiamine status in
blood and rumen fluid. Treatments were either control
(20% starch, dry matter basis) or SARA-inducing diet
(SAID, 33.2% starch, dry matter basis). In experiment
2, the effects of dietary thiamine supplementation on
attenuating SARA and ruminal fermentation charac-
teristics in dairy cows were studied. All cows received
the same SAID diet during the whole experimental
period; treatments were with or without thiamine (180
mg of thiamine/kg of dry matter intake). In both ex-
periments, rumen fluid samples were collected at 0, 3, 6,
9, and 12 h after morning feeding on d 21 and 42 of the
experiments for measurement of pH, thiamine, volatile
fatty acid, and lactate contents. Peripheral blood was
also collected at 3 h after morning feeding on d 21 and
42 to measure thiamine, carbohydrate metabolites, and
enzyme activities. In experiment 1, cows fed the SAID
diet had lower ruminal and plasma thiamine concen-
trations and higher lactate than cows fed the control
diet. The ruminal thiamine contents were positively
related to pH and the concentrations of acetate in
the rumen, and negatively correlated with the lactate
contents. Experiment 2 demonstrated that ruminal
pH and the concentrations of thiamine, acetate, and
total volatile fatty acids in the rumen were increased,
whereas ruminal lactate contents were reduced by thia-
mine supplementation. The concentrations of lactate
and the activity of lactate dehydrogenase in blood were
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reduced in the thiamine supplemented group, and the
opposite was true for the nonesterified fatty acids and
a-ketoneglutarate dehydrogenase contents. In conclu-
sion, the thiamine status was affected by SARA in
dairy cows and ruminal infusion of thiamine could help
attenuate SARA by improving the proportions of rumi-
nal volatile fatty acids and reducing lactate contents in
rumen fluid and blood.

Key words: dairy cow, rumen fermentation, subacute
rumen acidosis, thiamine

INTRODUCTION

It is well established that thiamine is an essential
cofactor required for carbohydrate metabolism and
that ruminants have no dietary thiamine requirements
because of the ability of the rumen microbes to synthe-
size ruminal thiamine (Breves et al., 1981; Miller et al.,
1986). However, SARA caused by feeding diets high in
readily fermentable carbohydrates is known to reduce
the ruminal pH and microbial activity (Mao et al.,
2016) and may therefore affect the amount of thiamine
production. Although several studies have indicated
that increasing nonfiber carbohydrates in the diet de-
creases the daily apparent synthesis of thiamine in the
rumen (Schwab et al., 2006) or increases the duodenal
flow of thiamine (Zinn et al., 1987), experimental data
are limited on the effects of SARA on thiamine status
when excess grain amounts are offered to dairy cows.

In addition, thiamine is the coenzyme of pyruvate
dehydrogenase (PDH) and a-ketoneglutaric acid dehy-
drogenase (a-KGDHC) in carbohydrate metabolism
(Bubber et al., 2004). Dairy cows in SARA caused by
excess grain diets may have higher thiamine require-
ments than cows under common feeding conditions; the
deficiency of thiamine would cause the accumulation of
pyruvate, and then pyruvate is converted into lactate
by lactate dehydrogenase (Kumar et al., 2015). Our
previous research found some evidence that adding 180
mg of thiamine/kg of DMI could increase the rumen pH
and regulate the structure of rumen microbial commu-
nity in vivo (Wang et al., 2015). Thus, we hypothesized
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that thiamine supplementation could attenuate SARA
by promoting the flow of pyruvate to the TCA cycle
and reducing the accumulation of lactate in the rumen.
The objective of this study was to reveal the relation-
ship between SARA and thiamine by investigating the
effects of SARA on thiamine status and the effects of
thiamine supplementation on SARA and carbohydrate
metabolism.

MATERIALS AND METHODS

Two experiments were conducted to reveal the re-
lationship between SARA and thiamine. Animal care
and procedures were in accordance with the Chinese
guidelines for animal welfare and approved by the Ani-
mal Care and Use Committee of the Chinese Academy
of Agricultural Sciences.

Animals and Experimental Design

Experiment 1. Six Chinese Holstein dairy cows (610
+ 35.8 kg of BW; 62 + 7.4 DIM) in second parity fitted
with 10-cm ruminal cannulas (Bar Diamond, Parma,
ID) were used in this experiment. The experiment was
run as a 2 X 2 (2 treatments, 2 periods) crossover de-
sign. Treatments were either a control diet (COD; 20%
starch, DM basis) or a SARA-inducing diet (SAID;
33.2% starch, DM basis). Each experimental period
consisted of 21 d (total of 42 d).

Experiment 2. The SARA was induced in 6 mul-
tiparous Chinese Holstein cows (635.7 + 46.4 kg of
BW; 115 4+ 7.4 DIM) from d —21 until d 0 by feeding a
SAID (Table 1). Then cows were randomly assigned to
2 treatments (with or without thiamine) in a crossover
design; each period lasted 21 d (total of 42 d). The 180
mg of thiamine/kg of DMI (thiamine hydrochloride,
purity >99%; Wanrong Science and Technology Devel-
opment Co., Ltd., Wuhan, China) was administered via
the rumen cannula twice daily after diets were sup-
plied. This dose of thiamine was selected based on our
previous dose-response studies (0, 60, 120, 180, and 240
mg of thiamine/kg of DMI) with dairy cows (Zhang et
al., 2014; Wang et al., 2015), which demonstrated that
180 mg of thiamine/kg of DMI appeared to be better
at stabilizing ruminal fermentation and balancing the
population of lactic acid-producing and -consuming
bacteria compared with the other doses.

Experimental Diets and Feeding

The diets were formulated according to NRC (2001)
to meet or exceed the energy requirements of Holstein
dairy cows yielding 20 kg of milk/d with 3.5% milk
fat and 3.0% true protein. Diet composition and its
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chemical analysis are shown in Table 1. Experimental
animals were fed a TMR ad libitum twice daily at
0600 and 1800 h. Individual cow feed intake was re-
corded daily during the experimental period. The TMR,
samples and orts were collected daily, stored at —20°C,
and pooled weekly for analyses. The DM was deter-
mined by oven drying at 105°C until a constant weight
was obtained (method 930.15, AOAC International,
1995). The CP content was measured by a Kjeldahl
nitrogen analysis (method 954.01, AOAC International,
1995). Ether extract was determined using a Soxhlet
apparatus (method 945.16, AOAC International,
1995). Contents of NDF and ADF were determined
according to the procedure of Van Soest et al. (1991)
using heat-stable amylase (Sigma no. A3306, Sigma
Chemical Co., St. Louis, MO) and sodium sulfite, and
expressed without residual ash. The total ash content
was determined using AOAC method 942.05 (AOAC,
1990). Dietary calcium and phosphorus contents were
analyzed using colorimetric method according to the

Tablle 1. Ingredient and chemical composition of the experimental
diets

Item COD SAID

Ingredient (% of DM)
Chinese wildrye 11.0 5.0
Corn silage 34.0 15.0
Alfalfa hay 15.0 15.0
Ground corn 10.0 35.0
Soybean meal, 43% CP 14.0 14.0
Cottonseed meal 5.0 5.0
Distillers dried grains with solubles 5.0 5.0
Whole cottonseed 3.0 3.0
Limestone meal 1.0 1.0
Calcium hydrogen phosphate 0.7 0.7
Sodium chloride 0.5 0.5
Premix’ 0.8 0.8

Nutrient composition (% of DM,
unless otherwise indicated)
NE;? (Mcal/kg) 1.6 1.7
CP 18.2 18.0
Starch 20.0 33.2
NDF 36.2 25.8
ADF 234 17.7
NFC! 34.6 46.5
Ether extract 4.6 4.1
Ash 6.5 5.6
Calcium 0.88 0.84
Phosphorus 0.55 0.55
Thiamine (mg/kg) 1.7 2.3
DMI (kg/d) 18.6 22.5
Thiamine intake (mg/d) 32.2 52.3

'COD = control diet; SAID = SARA-inducing diet.

*Premix contained (per kg): 2,142 mg of Cu (as sulfate); 15,428 mg of
Mn (as sulfate); 15,428 mg of Zn (as sulfate); 28 mg of Co (as chlo-
ride); 231 mg of I (as iodate); 57 mg of Se (as selenite); 2,285,000 IU of
vitamin A; 457,000 IU of vitamin D; 11,400 mg of vitamin E.

*NEL, was estimated according to NRC (2001).
‘NFC = 100 — (% NDF + % CP + % cther extract + % ash) (NRC,
2001).
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Chinese National Standard GB/T 6436-2002 and GB/
T6437-2002, respectively. The starch in the sample was
determined by an enzymatic method (a-amylase and
amyloglucosidase) using a commercial starch analysis
kit (Megazyme, International Ireland Ltd., Bray, Ire-
land). The thiamine in feeds was extracted according
to the Chinese National Standard (GB/T 14700-2002;
Analytical Methods Committee, 2000) and determined
by a commercial ELISA kit (TSZ Biological Trade Co.,
Ltd., Boston, MA).

Induction of SARA

For the SAID group, the concentrate level was gradu-
ally increased at a rate of 5% per day during the first 4
d. This period was followed by a 12-d adaptation period
to the diet and then by 5 d of sampling. From d 17 until
d 20, ruminal fluid samples were collected and pH was
determined every 1.5 h from 0 to 12 h postfeeding. The
threshold pH <5.8 was adopted (Penner et al., 2007)
and SARA was considered to be induced if the duration
below pH 5.8 was >3 h/d (Khafipour et al., 2009).

Ruminal Fluid Sampling and Analysis

Rumen contents were sampled from cranial, caudal,
dorsal, and ventral aspects of the rumen at 0, 3, 6, 9,
and 12 h after the morning feeding on d 21 of each
experimental period. Rumen contents were strained
through 4 layers of cheesecloth with a mesh size of
250 pm. Ruminal pH was measured immediately us-
ing a portable type pH meter (Testo 205, Testo AG,
Lenzkirch, Germany). The filtered rumen fluid samples
were centrifuged at 10,000 x ¢ for 15 min at 4°C. Five
milliliters of clear supernatant samples was transferred
into tubes and stored at —20°C for analysis of thiamine.
Another 10 mL of clear supernatant samples was mixed
with 2 mL of 250 g/L of metaphosphoric acid and stored
at —20°C for VFA and lactate determination.

The lactate concentrations in rumen fluid were mea-
sured using enzymatic methods by commercial kits
(A019-2, Nanjing Jiancheng Bioengineering Institute,
Nanjing, China; technical parameters: recovery rate,
99%; CV, 1.7%; sensitivity <0.1 mmol/L; detection
range, 0—6 mmol/L) at 530 nm according to the manu-
facturer’s instructions (Jia et al., 2012). Individual and
total VFA (TVFA) in aliquots of ruminal fluid were
determined by gas chromatograph (GC-2010, Shimad-
zu, Kyoto, Japan; Hu et al., 2005). The concentrations
of thiamine in rumen fluid were determined by a com-
mercially available bovine thiamine ELISA kit (TSZ
Biological Trade Co., Ltd., Boston, MA) according to
the manufacturer’s instructions. All samples including
the standards were tested induplicate, and the optical
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density values were read at 450 nm by a microplate
reader (Multiskan MK3, Thermo Labsystems, Beverly,
MA).

Blood Sampling and Analysis

Approximately 3 h after morning feeding on d 21
of each period, coccygeal blood samples were taken
and collected into 10-mL evacuated tubes coated with
freeze-dried sodium heparin (Kindly Enterprise Devel-
opment Group Co., Ltd., Shanghai, China). Samples
were immediately kept on ice until being centrifuged
at 3,000 x ¢ for 15 min at 4°C to harvest plasma. The
plasma was divided into 2-mL aliquots and stored at
—20°C for further analysis.

Plasma concentrations of lactate and thiamine were
determined using kits mentioned above. Pyruvate (col-
orimetric method; A081), BHB (enzymatic colorimet-
ric method; E30-01), nonesterified fatty acids (NEFA;
enzymatic method; A042-2), and the activity of lactate
dehydrogenase (colorimetric method; A020-2) in the
plasma were determined by commercially kits (Nan-
jing Jiancheng Bioengineering Institute, Nanjing, Chi-
na). The activity of PDH (EC 1.2.4.1) and o-KGDHC
(EC 1.2.4.2) was analyzed using the ELISA method
and absorbance was read with a Multiskan MK3 mi-
croplate reader (Thermo Labsystems) at 450 nm, which
was adapted from Yamane et al. (2014). The antibody
of bovine ELISA kits used in our study were purchased
from Abcam (Cambridge, MA) and then sub-packaged
by DG Biotech (Beijing, China). The technical param-
eters of PDH-ELISA kits are as follows: sensitivity
<0.1 TU/L; recovery rate, 99%; detection range, 0 to 8
IU/L. For a-KGDHC activity determination kits, the
technical parameters are as follows: sensitivity <1.0
pg/mL; recovery rate, 99%; and detection range, 0 to
48 pg/mL.

Statistical Analysis

Shapiro-Wilk and Levene tests were used to test for
normality and homogeneity of variances, respectively.
Ruminal acetate, propionate, isobutyrate, valerate,
total VFA, and lactate in experiment 2 were abnor-
mal based on the Shapiro-Wilk test. The raw data of
acetate and total VFA were transformed by logarith-
mic transformations; propionate, isobutyrate, valerate,
and lactate parameters were transformed by square
root transformations. Homogeneity test showed that
data were homogeneous.

Differences between treatments were analyzed using
the MIXED procedure of SAS 9.3 (SAS Institute Inc.,
Cary, NC) according to a crossover design. The follow-
ing model was fitted for ruminal variables (ruminal pH,



THIAMINE AND SUBACUTE RUMINAL ACIDOSIS

74 J Diet: P< 0.001 =fl= COD =g SAID
Hour: P< 0.001

Diet X Hour: P=0.018

K
x
& s i *x

6 ;“- ; \5‘;:” F "’;—--i- ‘~~i~~~~é

Rumen fluid pH
h o
@ o

i
-
1
—

¥ ]

0 15 3 4.5 6 75 9
Sampling time (h)

Figure 1. Mean ruminal pH values for cows fed the control diet
(COD) and SARA cows fed the SARA-inducing diet (SAID). Data
were expressed as mean = SE. * indicates differences between dietary
treatments at P < 0.05; ** indicates differences between dietary treat-
ments at P < 0.01.

thiamine, lactate and VFA) with repeated measures
over time:

Yljklm =K + S’i + CJ(S:) + Tk + Pl + Hm, + Tk
X Pl + Tk‘ X Hm + eijklm?

where Y, is the dependent variable, u is the overall
mean, S; is the random effect of sequence (i = 1-2);
C; (S;) is the random effect of cow nested in sequence
(j = 1-6); T, is the fixed effect of treatment (k= 1-2),
P, is the fixed effect of period [ (I = 1-2); H,, is the
fixed effect of sampling hour (m = 1-5); T, x P;is
the fixed effect of the treatment by period interaction;
T, x H,, is the fixed effect of the treatment by time
interaction, and e;;,, is the random residual error. The
measurements obtained from the same cow at a differ-
ent sampling hour were treated as a repeated measure.
Blood variables (thiamine, pyruvate, lactate, BHB,
NEFA, lactate dehydrogenase, PDH, a-KGDHC) with
no repeated measures were analyzed according to the
following statistical model (Goiri et al., 2010):

Yim=p+ S+ C(S) + T+ P+ T, X P+ ey,

where Y, is the dependent variable, u is the overall
mean, S; is the random effect of sequence (i = 1-2);
C; (S;) is the random effect of cow nested in sequence
(j = 1-6); T, is the fixed effect of treatment (k= 1-2);
P, is the fixed effect of period [ (I = 1-2); T}, x P,is the
fixed effect of the treatment by period interaction; e, is
the random residual error. The sequence, experimental
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period, and interaction between treatment and period
had no effect on any of the variables in this study and
are not presented in the tables and figures.

Regressions among ruminal thiamine and pH, lac-
tate, and VFA were performed on 60 pieces of data
[6 animals x 5 sampling times (0, 3, 6, 9, 12 h) x
2 diets, n = 60]; relationships between thiamine and
lactate in blood were analyzed on 12 pieces of data [6
animals x 1 sampling time (3 h after morning feed-
ing) x 2 diets, n = 12]. The independence of observa-
tions was tested using Durbin-Watson statistic before
regression; we found that autocorrelations existed
with pH, lactate, acetate, propionate, and TVFA as
independent variables. Data were transformed using
generalized least squares method (GLS) to eliminate
autocorrelation, and relationships were assessed based
on transformed data using PROC REG of SAS 9.3. The
standard error of the mean, P-value, and R” were used
to evaluate the correlations. Significance was declared
at P < 0.05, a tendency was considered at 0.05 < P <
0.10 in this study.

RESULTS

Ruminal pH, Thiamine, VFA, and Lactate
Concentrations

The rumen data at 2 different concentrate levels are
presented in Figure 1 and Table 2. Ruminal pH in cows
fed the SAID diet was lower than COD group from 0
to 12 h after morning feeding (P < 0.05), and pH was
below 5.8 for more than 3 h/d (Figure 1). Concentra-
tions of ruminal thiamine (P < 0.001) and acetate (P
< 0.001) were significantly decreased in SAID cows
compared with COD. Lactate (P < 0.001), propionate
(P = 0.042), isobutyrate (P < 0.001), and butyrate (P
= 0.021) were higher in the SAID group.

The high-grain feeding tended to increase ruminal
pyruvate (P = 0.088) and decrease the activity of PDH
(P = 0.094). The concentrations of isovalerate (P =
0.35), valerate (P = 0.32), and TVFA (P = 0.66) did
not differ between the 2 groups. The ruminal pH and
concentrations of thiamine, lactate, and VFA were af-
fected by the sampling time point (P < 0.05), and by
the interaction between diet and sampling time (P <
0.05), except for isovalerate (P = 0.051).

Plasma Thiamine, Metabolites, and Enzyme Activity

The concentrations of thiamine, metabolites and
enzymes activity in peripheral blood of dairy cows
are shown in Table 3. The concentrations of plasma
thiamine (P < 0.001) and o-KGDHC activity (P =

Journal of Dairy Science Vol. 99 No. 11, 2016
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Table 2. Effects of different diets on thiamine status and metabolites in the rumen of dairy cows

Treatment' P-value

Ttem COD SAID SEM Diet Hour? Diet x hour
Thiamine (pg/L) 7.88 2.97 0.27 <0.001 <0.001 0.003
pH 6.55 5.98 0.05 <0.001 <0.001 0.015
Lactate (mmol/L) 0.61 1.43 0.057 <0.001 <0.001 <0.001
Acetate (mmol/L) 60.31 55.66 1.01 <0.001 <0.001 <0.001
Propionate (mmol/L) 17.57 19.67 0.61 0.042 0.007 <0.001
Isobutyrate (mmol/L) 1.10 1.34 0.05 <0.001 <0.001 <0.001
Butyrate (mmol/L) 10.20 10.93 0.31 0.021 0.004 <0.001
Isovalerate (mmol/L) 1.78 1.85 0.09 0.35 <0.001 0.051
Valerate (mmol/L) 1.20 1.26 0.06 0.32 0.033 <0.001
TVFA? (mmol/L) 92.16 90.71 1.94 0.66 <0.001 <0.001
Pyruvate (mmol/L) 0.27 0.31 0.046 0.088 0.16 0.39
PDH' (IU/L) 4.05 3.41 0.33 0.094 0.061 0.083

'COD = control diet; SAID = SARA-inducing diet.
*Hour = sampling hour after morning feeding.
STVFA = total volatile fatty acid.

'PDH = pyruvate dehydrogenase.

0.007) in SAID cows were significantly lower than that
in COD cows. The SAID cows had higher a level of
lactate (P = 0.030) and lactate dehydrogenase (P =
0.020) in plasma.

Relationships Between VFA, Lactate, and Thiamine

The relationships between pH, acetate, propionate,
TVFA, lactate, and thiamine concentrations in the
rumen are presented in Table 4. The thiamine concen-
trations in the rumen correlated positively with the
ruminal pH (R* = 0.51, P < 0.001) and acetate (R* =
0.31, P < 0.001). Negative relationships were observed
between the concentrations of lactate and thiamine in
the rumen (R* = 0.46, P < 0.001). Ruminal thiamine
had no significant linear relationships with the concen-
trations of propionate and TVFA in the rumen (P >
0.05; Table 4).

The linear and negative relationships of thiamine
concentrations to lactate were found in the blood (Fig-

ure 2, R* = 0.55, P = 0.019), which is consistent with
their relationship in the rumen.

Effects of Thiamine Supplementation on Rumen
Fermentation and Blood Variables

As shown in Figure 3, compared with cows with
SARA, the infusion of 180 mg of thiamine/kg of DMI
to the rumen increased the ruminal pH (P = 0.027;
Figure 3B) and concentrations of ruminal thiamine
(P < 0.001; Figure 3A), acetate (P < 0.001; Figure
3D), and TVFA (P = 0.047; Figure 3J). This infusion
reduced lactate in rumen fluid significantly compared
with the control (P < 0.001; Figure 3C). No significant
effects of thiamine supplementation (P > 0.05) on the
concentrations of propionate, isobutyrate, butyrate,
isovalerate, and valerate in the rumen were observed.
The ruminal pH and the concentrations of thiamine,
lactate, and VFA in rumen fluid were affected by the
sampling time point (P < 0.05), and by the interaction

Table 3. Effects of different diets on the concentrations of thiamine, metabolites, and enzyme activity in

peripheral blood of dairy cows'

Item COD SAID SEM P-value
Thiamine (pg/L) 17.87 13.27 0.47 <0.001
Pyruvate (mmol/L) 0.20 0.22 0.014 0.59
Lactate (mmol/L) 1.18 1.55 0.14 0.03
BHB (mmol/L) 0.80 0.78 0.12 0.89
NEFA (mmol/L) 70.02 65.09 4.28 0.28
Lactate dehydrogenase (U/L) 5,585 6,236 225.45 0.02
PDH (IU/L) 113 0.85 0.14 0.086
o-KGDHC (mg/L) 18.67 16.49 0.61 0.007

!COD = control diet; SAID = SARA-inducing diet; NEFA = nonesterified fatty acids; PDH = pyruvate dehy-
drogenase; a-KGDHC = a-ketoneglutarate dehydrogenase.
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Table 4. Linear regression of thiamine concentrations (Y, pg/L) and pH, lactate, and VFA (X-variables,

mmol/L) in the rumen (n = 60)

X-variable Slope Intercept R’ SE P-value
pH 4.17 —20.50 0.33 2.39 <0.001
Lactate —-3.77 9.30 0.53 1.96 <0.001
Acetate 0.22 —7.15 0.38 2.29 <0.001
Propionate —0.026 6.11 0.001 291 0.84

TVFA' 0.077 —1.29 0.119 2.73 0.054

'TVFA = total volatile fatty acids.

between thiamine and sampling time [P < 0.05, except
for pH (P = 0.19) and isobutyrate (P = 0.10)].

The effect of thiamine infusion on blood variables
are presented in Table 5. Thiamine decreased the con-
centrations of plasma lactate (P = 0.045) and activity
of lactate dehydrogenase (P = 0.035), and increased
NEFA (P = 0.008) and a-KGDHC contents (P = 0.030)
in blood. Thiamine supplementation tended to increase
the concentrations of plasma thiamine (P = 0.066) and
the activity of PDH (P = 0.086). The plasma thiamine,
pyruvate, BHB, and NEFA were not affected by thia-
mine supplementation (P > 0.05).

DISCUSSION
Effects of SARA on Thiamine Status

In the present study, the concentrations of thiamine
in rumen fluid and blood of SARA cows were lower than
those of COD cows, although SARA cows had higher
thiamine intake (52.29 vs. 32.23 mg/d, Table 1). These
results were in alignment with the results of Miller et
al. (1986), who found that steers fed a high-grain diet
(90% corn) had lower ruminal thiamine concentrations
than steers fed a diet with 30% corn, although thiamine
content in concentrate feed was higher. The results
above further confirmed the assumption that ruminal
thiamine concentration was more closely related to the
grain level than to the thiamine intake from the diet
(Tafaj et al., 2006). The assumption can be explained
by that the ruminal microbial thiamine synthesis
depended on the intake of energy and digestible OM
but not on the dietary thiamine intake (Steinberg and
Kaufmann, 1977).

One criterion of thiamine deficiency is an increase in
lactate and pyruvate concentrations in the blood (Da-
bak and Gul, 2004), and blood thiamine levels below
50 nmol/L (13.27 pg/L) are considered indicative of
deficiency (Hill et al., 1988). The thiamine pyrophos-
phate effect in the transketolase test is another method
in the diagnosis of thiamine deficiency; increased thia-
mine pyrophosphate effect values of more than 45%

implicate thiamine deficiency (Karapinar et al., 2008).
Cows with SARA in our study had higher lactate and
lactate dehydrogenase activity, and lower thiamine
concentrations (13.27 and 12.53 pg/L in experiments 1
and 2, respectively) and a-KGDHC activity in blood,
which proved that thiamine deficiency occurred when
SARA was induced. Dabak and Gul (2004), Karapinar
et al. (2008), and Karapinar et al. (2010) also proved
that thiamine deficiency occurred when sheep had
subacute or acute ruminal acidosis. Silverman and
Werkman (1939) reported that certain propionate-
producing bacteria make thiamine or its intermediates.
Megasphaera elsdenii and Selenomonas ruminantium
are the predominant propionate-producing organisms
(Nagaraja and Lechtenberg, 2007), and thus the disap-
pearance of M. elsdenii and S. ruminantium caused by
high-grain feeding (Hernéndez et al., 2014) may affect
the synthesis of thiamine or its intermediates. The de-
creased daily thiamine apparent synthesis under high
NFC feeding has been proved by Schwab et al. (2006).
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Figure 2. Linear regression of thiamine concentrations (Y) and
lactate (X) in plasma. Y = —6.42X + 24.34 (R* = 0.55, SE = 1.89, P
= 0.019, n = 12).
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Figure 3. Effects of thiamine supplementation on ruminal pH, concentrations of thiamine, lactate, acetate, propionate, isobutyrate, butyr-
ate, isovalerate, valerate, and total VFA (TVFA) in the rumen fluid of dairy cows. SARA represents SARA cows without thiamine supplement;
SARA + T represents SARA cows supplemented with thiamine. Data are presented as means + SE. * indicates differences between treatments
at P < 0.05; ** indicates differences between treatments at P < 0.01.
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Figure 3 (Continued). Effects of thiamine supplementation on ruminal pH, concentrations of thiamine, lactate, acetate, propionate, isobu-
tyrate, butyrate, isovalerate, valerate, and total VFA (TVFA) in the rumen fluid of dairy cows. SARA represents SARA cows without thiamine
supplement; SARA + T represents SARA cows supplemented with thiamine. Data are presented as means + SE. * indicates differences between
treatments at P < 0.05; ** indicates differences between treatments at P < 0.01.

Besides, a decrease in ruminal pH caused by high-grain
diets was thought to increase thiaminase production
(Brent, 1976). Clostridium sporogenes and a few spe-
cies of Bacillus are the main culprits of ruminal thi-
aminase (Brent and Bartley, 1984); these species have
optimum pH of 5.2 and 5.6, respectively (Boyd and
Walton, 1977). The growth of Clostridium sporogenes
and Bascillus was promoted when SARA (ruminal pH
below 5.8) induced by high-grain feeding, resulting in
an increase of thiaminase and thereby the increasing

amount of thiamine degraded by thiaminase (Rand-
hawa et al., 1988; Dunlop, 1998). In addition, thiamine
is an important co-factor required for multiple enzymes
(PDH, o-KGDHC, and transketolase) involved in car-
bohydrate metabolism; therefore, more thiamine was
required to meet the requirement of increasing carbo-
hydrate metabolism when cows were fed a high-grain
diet (Edwin and Jackman, 1970). Moreover, the low
ruminal pH may impair gastrointestinal absorption of
thiamine (Said et al., 1999).
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Relationship Between pH and Thiamine
Concentrations

The positive relationship of thiamine concentrations
to pH in our study was expected. It is well established
that ruminal pH would be depressed by increasing grain
levels (Krause and Oetzel, 2005; Li et al., 2012). In an-
other study, we investigated the variation of thiaminase
activity during SARA induction by increasing the pro-
portion of dietary concentrate gradually. We founded
that the activity of thiaminase increased significantly
from 3.78 U/mL (50% concentrate) to 4.55 U/mL (60%
concentrate), 5.42 U/mL (70% concentrate), and 10.33
U/mL (80% concentrate; X. H. Pan, unpublished data).
The decrease in ruminal pH caused by high-grain levels
promoted the growth of thiaminase-producing bacteria
(e.g., Clostridium sporogenes and Bacillus), resulting in
an increase of thiaminase production and thereby the
increasing amount of thiamine degradation (Miller et
al., 1986; Dunlop, 1998). In addition, the rising duo-
denal flow of thiamine along with high dietary grain
leads to lower ruminal thiamine concentrations (Zinn et
al., 1987). Moreover, as discussed above, daily thiamine
apparent synthesis decreased when cows were fed high-
NFC diets (Schwab et al., 2006). The decrease in both
ruminal pH and thiamine content leads to their positive
relationship.

Relationship Between VFA and Thiamine
Concentrations

In the rumen, dietary carbohydrates are usually con-
verted to pyruvate and acetyl-CoA by microorganisms
using the glycolytic pathway and pentose phosphate
pathway (Macfarlane and Macfarlane, 2003), and
finally pyruvates are mainly metabolized to lactate,
VFA, and a small amount of carbon dioxide and meth-
ane (Friggens et al., 1998). The principal metabolic
routes of pyruvate to predominant VFA according to
the KEGG pathway (map 00620; Kanehisa and Goto,
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2000) are as follows: (1) pyruvate can be reduced by
NADH to produce lactate, and then lactate could con-
vert to propionate via acrylate pathway; (2) pyruvates
are converted to propionate by a reverse citric acid
cycle known as the succinate-propionate pathway; (3)
pyruvate can be degraded into acetyl-CoA, and then
acetyl-CoA can be used for acetate and butyrate syn-
thesis.

In our study, the acetate concentrations showed a
high positive correlation to the thiamine concentrations
in the rumen. Acetate mainly comes from the degrada-
tion of structural carbohydrates via the decarboxylation
of pyruvate (Baldwin et al., 1963). Ruminococcus albus,
Fibrobacter succinogenes, and Ruminococcus flavefaciens
are the main acetate-producing bacteria and thiamine
is indispensable during the growth of some strains of
R. albus (Bryant and Robinson, 1961). As discussed
above, ruminal thiamine contents decreased when
SARA occurred, and the decreasing thiamine contents
may impair the growth of some R. albus, resulting in a
decrease in ruminal acetate. Thiamine supplementation
increased the ruminal acetate in experiment 2 possibly
due to its promoting effects on the growth of R. albus
(Bryant and Robinson, 1961).

Propionate is formed from pyruvate in the rumen by
the succinate or acrylate pathways mentioned above.
The succinate pathway accounts for 70 to 100% of
the propionate produced in the rumen (Baldwin et
al., 1963). In our study, the high proportion of corn in
SARA diet was rapidly fermented and converted into
large amounts of pyruvate. The thiamine-dependent
decarboxylation of pyruvate would be blocked by the
increasing ruminal pyruvate but decreasing PDH activ-
ity when cows were fed a high-grain diet; hence, the
flow of pyruvate to succinate or lactate was enhanced
and thereby ruminal propionate contents increased in
the present study. The facts above indicated that the
increasing ruminal propionate concentrations caused
by high grain feeding may be partially associated with
the decreasing thiamine concentrations in the rumen.

Table 5. Effects of thiamine supplementation on blood variables

Item SARA SARA + thiamine SEM P-value
Thiamine (pg/L) 12.53 14.59 0.63 0.066
Pyruvate (mmol/L) 0.19 0.19 0.014 0.84
Lactate (mmol/L) 1.55 1.03 0.18 0.045
BHB (mmol/L) 0.78 0.91 0.14 0.41
NEFA" (mmol/L) 66.13 82.56 2.56 0.008
Lactate dehydrogenase (U/L) 6,229 4,973 400.89 0.035
PDH’ (IU/L) 0.85 1.02 0.12 0.22
a-KGDHC? (mg/L) 16.49 21.33 1.47 0.03

'NEFA = nonesterified fatty acids.
’PDH = pyruvate dehydrogenase.
30-KGDHC = a-ketoneglutarate dehydrogenase.
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However, no significant relationship was found be-
tween the concentrations of propionate and thiamine
in the rumen. The nonsignificant relationship may be
explained in that propionate production is not solely
determined by thiamine status, but determined largely
by the contents of its substrate, namely by the dietary
carbohydrate contents (Macfarlane and Macfarlane,
2003) and fermentability (Yahaghi et al., 2012).

The total VFA had no significant relationship with
ruminal thiamine, and the concentrations of TVFA in
SARA cows were lower compared with Gozho et al.
(2007), Li et al. (2012), and Schlau et al. (2012). The
one possible reason was that SARA was induced by
different grain sources. Acid production in the rumen is
primarily due to fermentation of carbohydrates, and af-
fected by substrate composition, substrate availability,
and rate of depolymerization. In the studies of Gozho
et al. (2007), Li et al. (2012), and Schlau et al. (2012),
SARA was induced by high proportions of wheat, bar-
ley, or oats in the diet, whereas SARA was induced
by high dietary corn in our study. Oats, wheat, and
barley have higher degradability of starch and higher
ruminal availability than corn (Herrera-Saldana et
al., 1990). Besides, animal factors may affect ruminal
VFA concentrations. O’Grady et al. (2008) investigated
SARA in grazing Irish cows from 14 herds, and found
that 1 herd had a similar average pH (pH = 5.8) with
other herds; however, the TVFA concentrations (77.87
mmol /L) were lower than other herds.

Relationship Between Lactate and Thiamine
Concentrations

The negative relationship between thiamine con-
centrations and lactate contents in the rumen and
blood was expected. A deficiency of thiamine during
SARA inhibited pyruvate decarboxylation and caused
the accumulation of pyruvate; subsequently, the en-
hanced lactate dehydrogenase activity increased lactate
concentrations in rumen fluid (Wang et al., 2015)
and blood (Kumar et al., 2015). In addition, SARA
increased ruminal LPS (Penner et al., 2011) and in-
creasing LPS might inhibit thiamine uptake (Zhu et
al., 2015) in the rumen epithelium, thereby reducing
thiamine in blood and increasing plasma lactate.

In the present study, the ruminal infusion of thia-
mine increased the concentrations of thiamine in the
rumen and blood, and the lactate contents were de-
creased by thiamine infusion. Two reasons are possible
for the inhibitory effects of thiamine on lactate. First,
the accumulation of ruminal lactate is due to a greater
abundance of lactate-producing bacterial species,
Streptococcus bovis, as compared with lactate utilizers,
M. elsdenii and S. ruminantium (Chaucheyras-Durand
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et al., 2008). Thiamine supplementation significantly
reduced the population of S. bovis and increased the
population of M. elsdenii (Wang et al., 2015), thus
reducing the accumulation of lactate in the rumen. Sec-
ond, higher thiamine concentrations in the rumen can
support the protozoa population (Holtershinken et al.,
2003); the increasing protozoa could store fermentable
carbohydrates temporarily and consequently help to
prevent a lot of lactate produced in a short time. The
altered microbial metabolism by thiamine supplemen-
tation prevented the accumulation of ruminal lactate
and eventually stabilized ruminal pH. Hence, thiamine
supplementation was assumed to be an effective strat-
egy to attenuate SARA in our study.

Effects of Thiamine Supplementation
on Blood Metabolites

Our study found that thiamine concentrations and
the activity of a-KGDHC in blood were increased by
thiamine supplementation. The opposite was true for the
lactate levels and the activity of lactate dehydrogenase.
These results mentioned above were consistent with that
of Falder et al. (2010), who found that thiamine supple-
mentation increases serum thiamine and this increase
is associated with a decrease in pyruvate and lactate
levels in blood. The higher thiamine concentrations in
blood may be due to the enhanced thiamine uptake.
Thiamine uptake is mediated by thiamine transporter
1, 2 (THTR-1, THTR-2), and the gene expressions
of THTR-1 and THTR-2 are inhibited by LPS and pro-
inflammatory cytokines (TNF-«, IL-6, I1-13; Zhu et
al., 2015). Induction of SARA increased ruminal LPS
and pro-inflammatory cytokines (Penner et al., 2011).
Benfotiamine, a synthetic lipid-soluble derivative of
thiamine, has been demonstrated to decrease the pro-
duction of LPS, TNF-a, and IL-6 and increases the
anti-inflammatory cytokines IL-10 (Bozic et al., 2015).
Based on the 3 facts above, we assumed that thiamine
uptake may be impaired by increasing ruminal LPS and
pro-inflammatory cytokines when SARA occurs, and
thiamine supplementation may suppress the release of
LPS and pro-inflammatory cytokines and consequently
increase the uptake of thiamine. In addition, thiamine
uptake by human cultured intestinal epithelial cells was
found to be pH sensitive; thiamine uptake was reduced
when pH deceased from 8 to 5 (Said et al., 1999). Thia-
mine supplementation tended to increase the ruminal
pH in this study and that of Wang et al. (2015), and
consequently increasing ruminal pH may promote the
uptake of thiamine from the gastrointestinal tract to
the blood. The increased thiamine contents in blood
increased the activity of plasma PDH and a-KGDHC
in our study, the increasing enzyme activity promoted
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the amount of pyruvate flow to the TCA cycle and con-
sequently reduced the conversion of pyruvate to lactate
(Falder et al., 2010).

CONCLUSIONS

In the present study, the observed relationships be-
tween thiamine concentrations and pH (positive), ac-
etate (positive) and lactate (negative), indicating that
thiamine affect rumen fermentation and carbohydrate
metabolism. We also found that thiamine deficiency
occurred in dairy cows with SARA, ruminal infusion of
thiamine (180 mg/kg of DMI) could help attenuate the
ruminal pH depression of SARA by improving the pro-
portions of VFA and reducing lactate concentrations in
rumen fluid and blood. Moreover, exogenous thiamine
might enhance thiamine absorption by improving rumi-
nal fermentation and alleviating inflammatory response.
Furthermore, additional researches are needed to reveal
how SARA affects thiamine uptake by gastrointestinal
tract and the effects of thiamine on inflammation.
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