N

N

Fluorometric determination of isocitrate dehydrogenase

(EC 1.1.1.42; 1; NADP+ dependent) in ruminant milk
T. Larsen, R. Rupp, Nicolas N.C. Friggens, J.A.A. Pires

» To cite this version:

T. Larsen, R. Rupp, Nicolas N.C. Friggens, J.A.A. Pires. Fluorometric determination of isocitrate
dehydrogenase (EC 1.1.1.42; 1; NADP+ dependent) in ruminant milk. Animal, 2022, 16 (8), 11 p.
10.1016/j.animal.2022.100593 . hal-03771699

HAL Id: hal-03771699
https://hal.inrae.fr /hal-03771699v1

Submitted on 7 Sep 2022

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial - NoDerivatives 4.0
International License


https://hal.inrae.fr/hal-03771699v1
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://hal.archives-ouvertes.fr

Animal 16 (2022) 100593

Contents lists available at ScienceDirect
. A
i i‘

Animal
The international journal of animal biosciences

Fluorometric determination of isocitrate dehydrogenase
(EC 1.1.1.42; 1; NADP" dependent) in ruminant milk

T. Larsen**, R. Rupp ", N.C. Friggens ¢, J.A.A. Pires ¢

2 Dept. of Animal Science, Aarhus University, 8830 Tjele, Denmark

b GenPhysSE, Université de Toulouse, INRAE, ENVT, Castanet-Tolosan, France
“Université Paris-Saclay, INRAE, AgroParisTech, Paris, France

9 INRAE, Université Clermont Auvergne, Saint-Genés-Champanelle, France

Check for
updates

5

ARTICLE INFO ABSTRACT

Article history:

Received 15 November 2021
Revised 17 June 2022
Accepted 20 June 2022
Available online 20 July 2022

The enzyme isocitrate dehydrogenase (EC 1.1.1.42; 1; NADP* dependent) located in the mammary cell
cytosol mediates the synthesis of the majority of reducing equivalents for the energetically demanding
milk fat and cholesterol synthesis in mammary cell cytosol. The present article presents a novel fluoro-
metric method for quantification of the activity of this enzyme (IDH) in ruminant milk without pretreat-
ment of the sample. Further, 493 goat milk samples - harvested before, during and after a nutritional
restriction — were analysed for IDH activity i) with addition of extra substrate (isocitrate), and ii) with

Ié‘;]:;vords" the intrinsic isocitrate solely. The IDH activity ranged from 0.22 to 15.4 units [nano moles product/
Isocitrate (ml * min)] (un-supplemented) and from 0.22 to 45.6 units (isocitrate supplemented). The IDH activity

increased considerably in milk during the nutritional restriction period concomitant with the increase
in the metabolite isocitrate concentration and somatic cell count and returned to the initial level shortly
after restriction period. The present ‘high through-put’ analytical method may be beneficial in future
studies to phenotype modifications in mammary energy metabolism and milk fat synthesis, for which

Isocitrate dehydrogenase-1
Lipogenesis
Milk enzyme

IDH activity may be a biomarker.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of The Animal Consortium. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Implications

The present paper describes a new fluorometric method for
determination of the activity of the enzyme isocitrate dehydroge-
nase, NADP* dependent, in milk. This enzyme activity is responsi-
ble for the majority of the energy production necessary for the
synthesis of fat and cholesterol in the mammary cells and thereby
in the milk. The analytical method works without pretreatment of
the sample and may contribute to a further insight in the energy
metabolism and lipogenesis of the mammary cells.

Introduction

In ruminants, about one half of the milk fatty acids (molar per-
cent) are derived from de novo synthesis by mammary epithelial
cells (Bauman and Griinari, 2003). Short-chain fatty acids (4-8 car-
bons) and medium-chain fatty acids (10-14 carbons) arise almost
exclusively from de novo synthesis. Long-chain fatty acids (>16 car-
bons) are derived from the uptake of circulating (blood) lipids and
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free fatty acids. This indicates that less than half of the carbon in
milk fat is incorporated by de novo synthesis. Lipogenesis, however,
is an energy-demanding series of reductive steps dependent upon
reducing equivalents in the form of NADPH, namely approx. two
moles per 2C-incorporation in fatty acids. The NADPH production
in ruminant mammary epithelial cells is believed to be derived
from i) oxidative decarboxylation of glucose 6-phosphate, and
the principal part, ii) cytosolic oxidative decarboxylation of isoci-
trate (Bauman et al, 1970; Gumaa et al. 1973; Chaiyabutr et al,
1980). The latter process, (ii) oxidative decarboxylation of isoci-
trate, is mediated by two isoforms of the enzyme isocitrate dehy-
drogenase (IDH, EC 1.1.1.42; 1 and 2). Isocitrate and subsequent
degradative steps are part of “The citric acid cycle” (Krebs’ cycle).
However, the cycle running inside the mitochondria is mainly pro-
ducing NADH (reducing equivalents) mediated by the enzyme isoc-
itrate dehydrogenase (NAD" dependent; EC 1.1.1.41; isoform IDH
3). Citric acid and isocitrate are however able to cross the mito-
chondrial wall, the conversion of citric acid to isocitrate, and fur-
ther oxidation to 2-oxoglutarate may consequently take place in
the cytosol. The responsible and abundant enzyme IDH in the cyto-
sol is NADP* dependent (EC 1.1.1.42; 1) and ensures the concomi-
tant reduction of NADP* to NADPH. The cytosol is furthermore

1751-7311/© 2022 The Author(s). Published by Elsevier B.V. on behalf of The Animal Consortium.
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where lipogenesis takes place and reducing equivalents are needed
(Bauman et al, 1970). The oxidised metabolites from citrate may be
translocated back into the mitochondria where they are recycled to
regenerate citrate, the whole process known as the “isocitrate
dehydrogenase cycle” - a parallel to the citric acid cycle and occur-
ring partly outside the mitochondria. Similarly, cholesterol, a
highly reduced sterol compound, also synthesised in the cytosol
of mammary cells, and found in milk fat globule membranes,
appears to be dependent upon NADPH production (Moore and
Christie, 1979). The activity of this cytosolic isoform of IDH
increases dramatically immediately after the onset of lactation
(Waldschmidt and Rilling, 1973; Farrell et al 1987), when studying
mammary cells. Only few studies have focused on NADP* depen-
dent IDH activity in secreted milk (Grigor and Hartmann, 1985;
sow and rat).

The present study describes a fluorometric method for the
quantification of IDH activity in whole milk without pretreatment
of the sample. Raw milk contains varying levels of isocitrate, the
substrate for IDH (Larsen, 2014). The enzyme activity was investi-
gated based on this intrinsic isocitrate content (substrate) and with
addition of extra substrate. Further, the milk IDH activity was com-
pared to the intrinsic isocitrate content and the general energy sta-
tus of the animals. It is our hope that the description of
mechanisms in lactation physiology may benefit from the present,
practicable, analytical procedure. Accordingly, the IDH enzyme
activity might turn out to be valuable as an indicator of physiolog-
ical status during lactation.

Material and methods

Analytical procedure for isocitrate dehydrogenase (IDH) in
milk; EC 1.1.1.42: 1 (NADP* dependent) by fluorometry.

This procedure is based on the fact that the intrinsic IDH activ-
ity in milk will oxidise isocitrate to 2-oxoglutarate while reducing
NADP" to NADPH,. The reduced cofactor further reduces the (pre)
fluophore, resazurin to the fluorophore resorufin, which is detected
by fluorometry.

Reaction 1:
IDH

isocitrate + NADP* ———>>2-oxoglutarate + NADPH + H*

Reaction 1 is mediated by the intrinsic isocitrate dehydrogenase
(IDH) enzyme in milk.

Reaction 2: )
diaphorase

resazurin + NADPH + H* ———>> resorufin + NADP*

Reaction 2 is mediated by added diaphorase enzyme.

Basic reagents

Tris-buffer, 100 mM, pH 7.2. Manganous sulphate, 20 mM in
water. B-NADP*, (Roche 10 128 058 001, MW 787.4). DL-
isocitrate (Acros 205010010, MW 258.07), 12.5 mM in water con-
sidering D-isocitrate.

Reagen 1 basis

Immediately before use.18 ml Tris-buffer + 2.0 ml Mn-solution +
10 mg B-NADP') [Tris = 90 mM; Mn"™ = 2.0 mM; B-
NADP* = 635 uM].
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Reagent 1 basis is split into two equal portions, a and b (each of
10 ml). To 1a is added 2.0 ml isocitrate-solution. To 1b is added
20 ml water. [Tris = 75 mM; Mn™ = 1.67 mM; B-
NADP* = 529 puM; D-isocitrate = 2.08 mM].

Reagent 2

A total of 480 units diaphorase enzyme (Toyobo DAD-301) and
8 mg resazurin (Sigma R-2127; MW 251.2) are solubilised in 40 ml
water. 2.0 ml 1%’s Triton X-100 and six drops of Tween 80 are
added [diaphorase 11.2 U/ml; resazurin 0.76 mM; Triton 0.048 ¥%;
Tween 80 0.43%].

Procedure

Raw milk was analysed “as is”. No efforts were made in order to
liberate the sample from e.g. fat or cell fragments.

A black 96-well plate is used.

I) 50 pL milk is pipetted in the wells; II) 80 uL R 1a or R 1b is
added; III) The plate is left for 5 min at room temperature; V)
80 pL R 2 is added (t = 0 min).

The plate is placed in the fluorometer and the reaction is mea-
sured as fluorescence development (excitation 544 nm; emission
590 nm light; FluoSTAR, Galaxy Fluorometer) and compared to a
standard curve. Plates were measured in intervals of 10 min during
15-135 min unless otherwise stated.

Final concentration in the incubation medium (210 puL): sample
fraction 0.238; isocitrate (supplied) 792 puM; Tris-buffer 28 mM,;
Mn*" 635 puM; B-NADP* 202 uM; diaphorase 4.2 U/ml; resazurin
290 pM; Triton X-100: 0.018%; Tween 80: 0.16%.

One half of the plate (column 1-6) was supplied with reagent 1a
(isocitrate supplementation), and the other half (column 7-12)
with reagent 1b (without isocitrate supplementation, i.e. intrinsic
milk isocitrate only). Standards (So—S7) were placed (50 pl) on each
half of the plate. Fluorometric readings were ‘calibrated’ on the
highest standard (S;) in the initial phase of incubation, and the
same calibration was kept throughout the reading periods (5-
135 min). Emissions of light were read at every time point (5-
135 min) for both samples, and standards and calculations of
enzyme activity were based on the related readings (see later).

Preparation of standards

A quantum of 3.5% fat milk was heated to 75 °C for 10 min.
Twenty ml of this heat-treated milk was supplied with 16.7 mg
NADPH (MW 833.4) = Sg. [NADPH = 1.0 mM]. NADPH concentra-
tions 0; 0.05; 0.10; 0.15; 0.20; 0.25; 0.30; and 0.50 mM (Sp-S-)
were prepared from this stock by diluting with heat-treated milk.

NADPH added to the heat-treated milk with reagents (the stan-
dards) will reduce the resazurin in reagent 2, developing the fluo-
rophore resorufin in equimolar concentrations. Fluorescence units
corresponding to standard S; minus Sy consequently represent the
effect of 0.50 mM NADPH in 50 pl sample. In absolute terms,
0.5 mM NADPH in 50 pl sample corresponds to 0.5 pmoles/ml
sample. Each reading of sample (x, emission of light) is compared
to the interrelated reading of the standards (S;-So), i.e. x/
(S7 — So); (S7 — So) represents 0.5 pmoles of product per ml sample,
i.e. each reading of samples during the time course is x/
(S7 — So) * 0.5 pmoles (product per ml sample). Accordingly, the
enzyme activity is expressed via the slope determination (point
calculations vs time of incubation), i.e. nano moles/(ml * min) (de-
fined as units).

Enzyme activities were based on readings from 15 to 135 min’s
incubation (straight-line development of product), and samples
not supplied with substrate (intrinsic only) were based on 5-
65 min incubation readings (linear development of product while
remaining sufficient substrate). Samples showing activity beyond
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the standard curve were diluted in heat-treated milk (identical
sample) and re-analysed.

Validation of the assay

Relationship between enzyme concentration and activity in the sample

Eight low-medium activity samples were each divided into two
portions. One portion was heat-inactivated (75 °C, 10 min), the
other not. Subsamples were then created, containing 10, 20, 40,
60, and 100% un-treated milk. This approach secures the same level
of substrate in subsamples. These five times eight samples were
then analysed for IDH activity during 15-135 min’s incubation,
both supplemented with extrinsic substrate (792 uM) and also
without extra supplementation of substrate (i.e. 8 samples * 5 dilu-
tions * 2 levels of substrate). Cofactor level was constant (NADP®,
202 pM).

Isocitrate dehydrogenase activity response to substrate and cofactor
concentrations

A series of experiments were conducted to demonstrate the
influence of cofactor concentration (NADP*, intrinsic and added)
and substrate concentration (isocitrate, intrinsic and added), tak-
ing into consideration the incubation time (reaction period). Raw
goat milk from different animals were used in all test procedures,
i.e. samples with varying content of intrinsic isocitrate (substrate)
and varying intrinsic IDH activity.

1. Eight milk samples of low-medium enzyme activity were anal-
ysed for activity with 202 uM NADP" in the incubation medium,
but with varying levels of extrinsic substrate, namely, 99, 132,
198, 397, or 794 uM, i.e. a 1 by 5 factorial design.

2. 32 low-medium activity samples (mean intrinsic isocitrate
141 pM £ 36, SD) were tested in a two-by-two arrangement.
All samples were tested with addition of 100 uM NADP* (in
the reaction medium) or without addition of NADP*, and with
addition of 792 pM isocitrate or without.

3. High activity samples were tested in a similar design (as B2)
(mean intrinsic isocitrate 273 pM + 42, SD).

4. Sixteen milk samples of medium IDH activity were tested in a 2
by 5 factorial design. Samples were tested in ten combinations
of cofactor and substrate (conc. in the reaction medium), i.e.
with addition of 101 or 202 uM NADP* and 99, 132, 198, 397,
or 794 pM extrinsic substrate (isocitrate) (2 * 5 balanced
arrangement on two plates). The intrinsic content of isocitrate
ranged between 76 and 206 pM, mean of 139. In some
instances, reaction velocity declined markedly due to a shortage
in reaction ingredients, therefore, the speed of the reaction
(slope, product/(min * ml)) was determined from 5 to 55 min
after addition of reagent 2 (all samples) in order to determine
reaction velocity. For all series with different NADP*- and isoc-
itrate combinations, IDH activity was calculated based on its
own standard curve.

Intra- and inter-assay precision

Forty milk samples of medium IDH activity were tested over
3 days. Each day 40 samples were tested in four combinations of
cofactor and substrate (conc. in the reaction medium), i.e. with
addition of 202 or 283 uM NADP* and/or with addition of 792 or
1012 uM isocitrate (2 * 2 balanced arrangement on 2 plates). Each
combination was calculated from its own standard curve. All
together 40 samples in four combinations were repeated on 3 days,
i.e. 480 wells with samples and 2 * 2 * 3 * 8 standards (So-S7), i.e. 96
wells with standards.
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Animal trial

The design of the animal trial followed precisely the protocol
described in detail in Friggens et al., (2016) with the difference that
50 lactating goats were used. Briefly, early-lactation goats had ad li-
bitum access to feed and water throughout the experiment, which
lasted 17 days. The experiment consisted of a 7-day prechallenge
period, followed by a 2-day challenge period, and a 5-day postchal-
lenge period, with respectively three, two, and five milk samples
taken. During the pre and postchallenge periods, the goats received
aration based on lucerne hay offered in collective troughs, comple-
mented with concentrates that were dispensed in the milking par-
lour. During the challenge, the goats received chopped straw only.
Proportional milk samples were taken/collected at each ordinary
milking. Somatic Cell Counts (SCCs) were performed by Fossomatic
(Foss, Hillergd, DK). Samples used in laboratory analyses were kept
cool and frozen within 30 min from harvest.

In total, 493 morning milk samples were analysed for IDH activ-
ity, with substrate addition (792 micro moles per litre of isocitrate
in incubation medium) and with intrinsic substrate only. Milk
samples were further analysed for the metabolites isocitrate, tria-
cylglycerides (TAGs), and cholesterol by enzymatic-fluorometric
methods (Larsen, 2014; Larsen et al. 2011; Larsen 2012). Samples
were thawed (40 °C, 10 min) from minus 18 °C and pipetted
directly on the black 96-well plates without further manipulation.

Statistical analyses and calculations

Statistical analyses were performed using SAS (version 9.3; SAS
Institute Inc.). Balanced data were analysed by the ANOVA proce-
dure where class variables were cofactor (NADP*) and substrate
(isocitrate). Covariance (considering basic, intrinsic isocitrate)
was analysed by Proc. GLM and comparisons between two treat-
ments of specific samples by Student t-tests (two-sided, paired).
All simple correlations between data sets (e.g. fluorometric read-
ings and incubation time) were analysed according to Pearson
(Excel, Microsoft).

Results
Relationship between enzyme concentration and activity in the sample

Fig. 1 summarises the results of this sub-project. The enzyme
activity increases markedly from 10 to 100% intact milk, both for
substrate supplemented samples and for samples not supple-
mented with extrinsic substrate. Supplemented samples increased
from 0.26 to 1.92 (P < 0.001), whereas un-supplemented samples
increased from 0.23 to 0.37 nano moles/(min * ml) (P < 0.001).

Isocitrate dehydrogenase activity response to substrate and linearity in
time

1) Fig. 2 shows average reaction velocity as a function of sub-
strate concentration for eight samples. Velocity increases signifi-
cantly from the low substrate concentration (99 puM) to the next
level (132 uM). 198 uM substrate further increases velocity, but
even higher levels of substrate do not increase enzyme activity.
At these higher levels of substrate, the intrinsic enzyme seems to
be saturated with substrate, the substrate is no longer limiting
for the reaction velocity.

2) Low activity samples in a 2 by 2 design. Fig. 3a shows the
average of all 32 samples in the four combinations. All four combi-
nations of NADP* and isocitrate revealed a linear production of flu-
orescence and thereby NADPH. Correlations between product and
time revealed coefficients > 0.98. i.e. neither NADP* nor isocitrate
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Fig. 1. Eight low-medium enzyme activity goat milk samples were diluted with a subsample of same identity that was heat-treated (75 °C, 10 min), resulting in reduced
activity compared to the original sample, i.e. 100-10 pct. of initial activity. The samples (8 * 5 dilutions) were analysed with substrate addition (extrinsic, 792 uM) and
without (intrinsic isocitrate only). Cofactor level (NADP*) was equal (202 uM). Average isocitrate dehydrogenase (IDH) activity of eight samples is shown with SE of the

statistical analysis.
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Fig. 2. Eight low-medium enzyme activity goat milk samples were analysed in a 1 by 5 factorial design; i.e. 202 M NADP" (cofactor) level * extrinsic substrate levels of 99,
132, 198, 397, or 794 uM isocitrate. Average isocitrate dehydrogenase (IDH) activity (V = enzyme velocity) of the eight determinations is shown with SE of the statistical

analysis.

were exhausted from the incubation medium during 15-135 min’s
incubation. Mean of all 32 measurements showed that the addition
of NADP* and isocitrate (plus/plus) exhibited an average activity of
0.66 + 0.32 (SD) nano mole product per min and ml. Addition of
NADP* without addition of isocitrate (plus/minus) exhibited
0.40 = 0.095 SD; no NADP + addition with isocitrate addition (mi-
nus/plus) exhibited 0.11 + 0.025 SD; and no addition of NADP + or
isocitrate (minus/minus) showed 0.13 + 0.020 SD nano mole pro-
duct per min and ml. All combinations of cofactor and substrate
were significantly different (P < 0.001).

3) Fig. 3b shows the average of all 24 high activity samples in
the four combinations. These samples with addition of NADP*
exhibited an almost linear production of fluorescence, both regres-
sions showed r > 0.98, whereas incubations without NADP*
revealed slightly curvilinear courses, r < 0.98, indicating exhausted

conditions by time. The IDH activity in these 2 x 24 samples was
consequently calculated for 5-65 min’s incubation, before exhaus-
tion of NADP" occurred. The average activity in samples supple-
mented with NADP' and isocitrate (plus/plus) addition was
12.2 £ 1.30 nano mole product per minute and ml, and the activity
of the plus/minus condition was 6.5 + 0.10. Samples not supple-
mented with NADP" revealed a remarkably lower activity, i.e. 1.5
and 1.5 units for plus isocitrate and minus isocitrate, respectively.
All combinations of cofactor and substrate were significantly dif-
ferent (P < 0.001); the difference between the combinations minus
NADP* addition (i.e. minus/minus vs minus/plus) was however less
pronounced (P = 0.027).

4) The 2 (NADP" levels) by 5 (extrinsic isocitrate) experimental
arrangement. Fig. 4 a and b are example of one representative milk
sample only. The figures show the incubation courses including



T. Larsen, R. Rupp, N.C. Friggens et al.

Animal 16 (2022) 100593

0.25
® plus/plus
4 plus/minus
0.20 y =0.0007x+0.1023
s R?=0.9983 © minus/plus
£
% y =0.0004x +0.1093 - @ minus/minus
S 0415 R*=0.9874 - 4
1= A —
o
L
£
sA~an T Bleeeses@eerrr Wpooeee 8
S 010 | @B ;R 8 g ...... g ----- g 8 °
§ g ...... 9 8 $ Q
= y =0.0001x+0.0878
2
0.05 R*=0.9947
y =0.0001x+0.0855
R?=0.989
0.00
0 20 40 60 100 120 140 160
Incubation, min
3.0
25
y=0.0065x+1.2137
y=0.0122x+1.1988 R?=0.9779
- R?=0.9965 -
20 & A
~ o __—%
[+5] i
S A A
£
o
5 15
E e—3
g : lus/pl
@ plus/plus
= y =0.0015x +0.6835 S
g ’ R? =0.9255 A plus/minus
g8 §::9:8 g 8 @ minus/plus
05 © minus/minus
. y =0.0015x+0.6369
R?=0.9389
0.0
0 20 40 60 80 100 120 140 160

Incubation, min

Fig. 3. Analyses of goat milk samples for isocitrate dehydrogenase activity. Samples were tested with addition of 100 umol per litre NADP* (cofactor) in the reaction medium
or without (plus or minus) and with the addition of 792 pmol per litre isocitrate (substrate) in the reaction medium or without (plus or minus), i.e. plus/plus designates plus
NADP* and isocitrate, plus/minus designates plus NADP*, minus isocitrate, etc. a) upper diagram: Mean of 32 low to medium activity milk samples, b) lower diagram: Mean of
24 high activity milk samples. Samples without cofactor addition were estimated during 5-65 min’s incubation (only) due to expected deficiency in long-term incubations.

Note the difference in ordinate values.

135 min, whereas the further calculations for enzyme activity were
made for all samples during the period of 5-55 min only, in order
to avoid substrate depletion among high activity samples.

Calculations of enzyme activity to time revealed correlation
coefficients for all determinations ranging between 0.974 and
1.000 (r; inter percentileggz_g9g; mean 0.995, n = 160), i.e. steady
enzyme activity in this period. There was no effect on substrate
concentration neither when the extrinsic isocitrate was considered
alone (0.099-0.794 pM isocitrate), i.e. an IDH activity of 0.64-0.70
and 0.89-1.0 nano molar product/min and ml for the low and high
NADP" levels, respectively; nor when the intrinsic sample isoci-
trate was included as a covariate. NADP* concentration, however,
significantly increased turnover rate, i.e. 0.68 vs 0.94 nano mole/
min and ml for 101 and 202 uM NADP®, respectively, P < 0.001.
No interaction between substrate and cofactor was observed.

Precision

Isocitrate dehydrogenase activity in all samples ranged from
0.43 to 6.02 nano moles per min and ml (median 1.61) There
was no overall effect of cofactor level or substrate level
(P = 0.93); and no effect of the individual class variables (NADP*
and isocitrate; P = 0.90 and P = 0.53, respectively). Consequently,
the four combinations were considered to be the same treatment.
Inter-day precision was consequently calculated from 40
samples * 2 * 2, i.e. 160 samples (N) repeated 3 days (n). Inter-
day precision was on average 6.1 CV% (inter percentile ¢gs.
095 = 1.5-10.6 CV%). Intra-day precision was consequently based
on 40 samples (N) repeated four times per day (n). Intra-day preci-
sion on day 1 was 2.6 CV¥%, day 2: 5.7 CV%, and day 3: 3.9 CV¥%, on
average 4.1 CV% (mean activity 1.90 units).
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Fig. 4. Example of enzyme kinetics in a single goat milk sample incubated with five different extrinsic levels of substrate (isocitrate, 99-794 uM) and two levels of cofactor

(NADP"), i.e. a) 101 pmol per litre and b) 202 pmol per litre in the reaction medium.

Animal trial

On all milk samples, correlations (Pearson) of the consecutive
readings (15-135 min; micro moles per ml sample) with time
(min) revealed a mean coefficient (r) of 0.996 (n = 493; inter per-
centileggy_g.9s = 0.992 — 1.000) for the substrate supplied samples
and 0.994 (n = 493; inter percentileg gz_g9s = 0.991 — 1.000) for the
un-supplemented samples (n = 493; 5-65 min). High activity sam-
ples were diluted before analyses, see Materials and Methods.
Standard curves (n = 25) correspondingly showed a mean correla-
tion coefficient of 0.995 (inter percentileggs_g95 = 0.992 — 0.999).
Table 1 shows the distribution of the intrinsic isocitrate in the sam-
ples and the distribution of the IDH activity for substrate (isoci-
trate) supplemented and un-supplemented samples (intrinsic
isocitrate only) and the ratio between these measurements.

The isocitrate content in the samples varied by a factor of 9
(range 34-307 uM, median 143 pM). The IDH activity in un-
supplemented samples varied by a factor of 70 (0.22-15.38 units),

among supplemented samples, the activity varied more than 200
fold (0.22-45.49 units).

As seen from the ratios between enzyme activities (Table 1), not
all samples demonstrate an increased enzyme activity when
offered a higher isocitrate concentration (meaning that the sub-
strate is not limiting under the present conditions). However,
approx. 90% of the samples show higher activity when supplied
with extrinsic substrate (seen by the 10-percentile). Fig. 5 shows
the difference in IDH activity (plus-minus extrinsic substrate) plot-
ted against the intrinsic isocitrate content in the same sample.
Most samples with a low or moderate isocitrate content did not
increase enzyme activity markedly in response to supplemental
extrinsic isocitrate, whereas samples already high in intrinsic isoc-
itrate predominantly increased IDH activity in response to supple-
mental extrinsic isocitrate. Fig. 6 presents intrinsic isocitrate
content plotted with IDH activity throughout the experimental
period and shows that the IDH activity in milk increases almost
simultaneously with the increasing isocitrate concentration in
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Table 1

The distribution of SCC, intrinsic content of isocitrate in the milk samples (itM) and of IDH activity (units) in 493 goat milk samples.
Percentile Scc Isocitrate, tM IDH activity, IDH activity, Ratio,

Logio (intrinsic) supplemented samples, a un-supplemented samples, b a/b

0 4.04 34 0.22 0.22 0.3
2 4.15 66 0.28 0.25 0.7
5 432 81 0.37 0.32 0.9
10 449 93 0.44 0.39 1.0
20 4.74 108 0.58 0.47 1.1
30 4.95 120 0.75 0.53 1.1
50 5.36 143 1.25 0.70 1.4
70 5.85 170 2.20 0.94 23
80 6.19 206 3.83 1.42 3.0
90 6.60 260 10.05 5.52 4.2
95 7.00 292 15.95 7.72 5.2
98 7.19 308 22.51 10.15 7.1
100 7.63 307 45.59 15.38 15.7

SCCs = Somatic Cell Counts.
IDH = isocitrate dehydrogenase (EC 1.1.1.42).

For enzyme assays: All samples were supplemented with substrate (isocitrate, 792 uM in incubation medium) or analysed with the intrinsic isocitrate only (un-supple-

mented). a/b is the ratio between IDH activities.
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Fig. 5. A total of 493 goat milk samples were analysed for isocitrate dehydrogenase activity a) with no addition of substrate (intrinsic isocitrate only) b) with addition of
792 umol per litre isocitrate during incubation. Both assays were supplied with 202 pmol NADP* per litre (cofactor). The difference in enzyme activity (activity in samples
supplemented with extra substrate minus activity in samples with intrinsic isocitrate only, b-a) is plotted against the samples’ intrinsic content of isocitrate.

the milk. The concentrations of TAG and cholesterol in the milk
samples are plotted in Fig. 7. TAG and cholesterol concentrations
increased markedly during the nutritional challenge and returned
to the initial level shortly after. The intrinsic isocitrate concentra-
tion in the milk was positively correlated with TAG (inter per-
centileggy_gos = 11-78 mM; r = 0.639; n = 493) and cholesterol
(inter percentilepoz_09s = 38 — 499 uM; r = 0.569; n = 493). The
ratio between cholesterol and TAG concentrations (pM/mM)
increased almost by a factor of 2 during the nutritional challenge,
details not shown.

SCC ranged from 4.15 to 7.20 (log,o; inter percentileggz_g9s;
median 5.36), Table 1. Days 1, 2 and 3 in the experiment (restric-
tion period and 1 day after) showed significantly higher levels than
the remaining days.

Discussion

Basically, all milk samples will have different ‘natural’, intrinsic
content of IDH activity, isocitrate, NADP* and other potentially

influential constituents. The measured enzyme activity will be
influenced by these constituents irrespective of whether they are
supplied to the reaction medium or they are intrinsic in the milk
sample. In simple situations, the enzyme concentration itself may
be limiting (Figs. 1 and 2), i.e. saturation of the enzyme-substrate
complex, in other cases, there may be an interaction between more
constituents. The content of intrinsic constituents is variable (and
unknown from the start) and together with the reagents added
in the laboratory (including pH) will determine the reaction condi-
tions including reaction speed (velocity). The experimental condi-
tions chosen in the present study (concentration of substrate,
cofactor, sample, pH and incubation time) revealed a wide range
of enzyme activity in the chosen milk material and thereby in sub-
strate turnover. Samples taken early in experiment and samples
taken during feed challenge showed IDH activity, other dehydroge-
nase activity, or generally, other reducing activity - even without
addition of isocitrate and cofactor (NADP"). Interestingly, Fang
et al. 1997 demonstrated that stimulation of neutrophils in blood
and milk induced resazurin reduction. The intrinsic isocitrate con-
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Fig. 6. The concentration of intrinsic milk isocitrate was measured in all goat milk samples throughout the entire experiment. The isocitrate dehydrogenase (IDH) activity
was measured based on the intrinsic isocitrate only (substrate not supplied) and when incubations were supplemented with extra isocitrate (substrate, 792 pmol/l). SE of the

statistical analysis are indicated.
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Fig. 7. Triacylglycerol (TAG) and cholesterol were determined in all goat milk samples during the experimental course (day — 7 to day + 6; n = 493). SE of the statistical

analysis are indicated.

tent is documented whereas the intrinsic NADP* content is only
deduced. We cannot be sure that the activity obtained in these
samples does not originate from other processes producing NADH,
or NADPH, that potentially will reduce the prefluophore resazurin,
to resorufin (fluorescence). However, ‘high activity’ samples, not
supplemented with NADP* (and isocitrate), markedly decrease in
resazurin reduction (i.e. product, y-axis, Fig. 3b, incubation
time > 65 min, not shown and used in calculations due to curvilin-
ear course). Yet, it is interesting that all combinations of NADP* and
isocitrate revealed an activity approximately 10 times higher in
samples taken during the nutritional challenge compared to sam-
ples harvested prechallenge (Fig. 3a vs 3b). In these cases, it is obvi-
ous that the limiting intermediates are not NADP* or isocitrate but
rather enzyme or other reducing substances. Generally, for the
majority of samples, the individual samples demonstrated minor
or major increased activity in response to an increase in extrinsic
substrate (to a certain level under the chosen conditions), Table 1

and Figs. 1, 3a, 3b, 5. In the same manner, NADP* addition mark-
edly increased IDH activity (e.g. 3a vs 3b), indicating that the cofac-
tor in most instances was the limiting factor for the reaction of the
individual samples under the present circumstances. Fig. 4a and b
nicely demonstrates these situations; 4a vs 4b: at higher NADP*
levels, substrate may become the limiting factor for enzyme
activity. Fig. 4b (left part, t = 5-65 min): reaction velocity is equal
between samples supplied with substrate, i.e. substrate is not limit-
ing for velocity but intrinsic enzyme or cofactor may be. Fig. 4b
(right part, t = 65-135 min): the reaction velocity is inhibited by sub-
strate deficiency for some of the samples. NADP" is re-generated in
the present process after the (chemically) reduced form NADPH
has reduced resazurin (the prefluophore), but obviously, a certain
amount of NADPH is delayed in this transfer; perhaps indicating that
the second step in the reaction is slower than the first.

IDH activity plays a crucial role in ruminant anabolism. The reg-
ulation of the IDH isoforms has attracted some attention. The IDH



T. Larsen, R. Rupp, N.C. Friggens et al.

(NAD" dependent form) of the enzyme, which is part of the citric
acid cycle, is known to be allosterically regulated by ADP and
ATP (Chen and Plaut, 1963), and product inhibited by NADH and
2-oxoglutarate, indicating that the enzyme plays an important reg-
ulatory role in Krebs cycle metabolism. Farrell et al. (1990) demon-
strated a certain activation and inhibition of IDH (EC 1.1.1.42
NADP* 1) by metal ions (Mn™ and Mg™), citrate and isocitrate
complexes and later tested the inhibitory effect of several acyl-
coenzyme (CoA) intermediates in the fatty acid synthesis (Farrell
et al. 1995). The short-chain acyl CoA’s which are typical interme-
diate de novo products did not have any apparent effect; however,
palmitoyl-CoA (C16-CoA), one of the major end products of de novo
mammary lipid synthesis, produced a modest effect. On the other
hand, steaoryl CoA (C18-CoA), which is primarily of dietary origin
or from lipomobilisation for ruminants and not an end product of
anabolism, completely inhibited IDH (NADP* dependent); i.e. the
NADP* dependent form of IDH is “end product” inhibited by pre-
formed fatty acids ready for incorporation in TAGs.

Isocitrate is a natural constituent of ruminant milk. Larsen
(2014) found a mean concentration of 168 pM (inter per-
centileggy_p9s = 70 — 293 pM, n = 1760) in ordinary production
animals (dairy cows) with no experimental bias. Further, milk from
Danish Holstein cows contained significantly less isocitrate than
milk from Danish Jersey cows (134 M vs 211 pM, n = 984 vs 760).

The concentration of milk citrate increases in the perinatal per-
iod as copious milk secretion begins, passes through a maximum
and then declines in the transition from colostrum to mature milk
(Davies et al. 1983). Mammary epithelium is impermeable to
citrate in both directions (Linzell et al. 1976); therefore, milk
citrate concentration reflects mammary activity rather than gen-
eral metabolism. [socitrate is an isomer of citrate, and the two
are maintained in equilibrium in the cell (Peaker and Faulkner,
1983). Chaiyabutr et al. (1981) report a positive correlation
between the concentrations of citrate and isocitrate in goat milk
(r = 0.98). Both citrate and isocitrate increased during starvation
and decreased after refeeding; the ratio of isocitrate:citrate
remained constant at approximately 0.022. High-fat diets can
increase milk citrate concentrations (Ormrod et al. 1980; Banks
et al 1984) and isocitrate concentrations (Faulkner and
Clapperton, 1981); accordingly, diet-induced milk fat depression
in Holstein cows was associated with increased milk isocitrate con-
centrations (Bernard et al. 2020). High-fat diets may depress lipo-
genesis in the mammary gland and both citrate and isocitrate
levels in the milk are raised whereas the concentration of 2-
oxoglutarate falls. The ratio of isocitrate to 2-oxoglutarate has been
suggested to reflect the cytosolic ratio of NADPH to NADP* which
may raise as a result of a lower requirement for reducing equiva-
lents during the inhibition of fatty acid synthesis (Faulkner,
1980; Faulkner and Clapperton, 1981; Faulkner and Peaker,
1982). Consequently, the isocitrate to 2-oxoglutarate ratio corre-
lated positively with the proportion of long-chain fatty acids and
negatively with the proportion of medium-chain fatty acids in bulk
milk throughout 1 year (Faulkner et al. 1986). Concurrent with this
observation, Garnsworthy et al. (2006) found a negative associa-
tion between milk citrate and the ratio between de novo synthe-
sised fatty acids and preformed fatty acids. More recently, Billa
et al. (2020) and Pires et al. (2021) found significant negative cor-
relations between isocitrate and short- and medium-chain fatty
acids (C10-C15 and C6-C15, respectively) and positive correlations
between isocitrate and long-chain fatty acids (>C16).

A number of studies have dealt with reduced feed/nutrient
intake or forced starvation of animals in order to observe the effect
of energy supply on milk metabolites. In the lactating goat, starva-
tion decreases the rate of de novo fatty acid synthesis in the udder,
resulting in the production of milk fat consisting of predominantly
long-chain fatty acids (Annison et al., 1968). During starvation, the
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citrate concentration increases in milk and then falls again on
refeeding (Ormrod et al. 1982) while milk 2-oxoglutarate concen-
trations behave in an opposite manner (Chaiyabutr et al. 1981).
Billa et al. (2020) and Pires et al. (2021) observed a marked
increase in milk isocitrate (and a decrease in medium-chain fatty
acids) when mid- and early-lactation cows were subjected to
nutritional challenges by partial feed restriction or feeding a
high-straw diet (respectively) for 6 and 3 days, respectively. In con-
trast to this, increased energy intake in the form of propylene gly-
col was shown to reduce the isocitrate concentration in milk
(Bjerre-Harpgth et al. 2016).

These observations strongly support the important role of
citrate-isocitrate-2-oxoglutarate in the milk energy turnover by
linking mammary gland lipogenesis and milk isocitrate
metabolism.

From the discussion of the preceding literature, we expected to
find a reduced IDH activity and thus a decrease in NADPH produc-
tion during the nutritional challenge as the one performed here.
This would have explained the recorded increase in milk isocitrate
concentrations. However, we observed a marked increase in IDH
activity during the nutritional challenge and a subsequent fast
return to the initial level after cessation of the challenge. The
increase in IDH activity in the present study is coincident with
the marked increase in SCC. If this was cow milk, these high counts
could only be due to an immune response (leucocyte transfer to
milk). However, goat SCC may be different from the situation in
cows, in this case also seen by the sudden decrease after refeeding,
not an indication of intramammary infection. Smistad et al (2021)
concluded that goat somatic cell count, compared with dairy cows,
is higher and probably more affected by physiological factors such
as parity, stage of lactation, and season. The present study strongly
indicates that also a nutrient challenge may affect SCC severely.
The presence of indigenous enzymes in milk originating from
blood or epithelial cells are well described in healthy cows, as well
as cows experiencing mastitis, which is often characterised by an
increase of somatic cells in the milk (e.g. Kelly et al. 2006; Larsen
et al. 2010). Even more moderate feed restrictions than the present
also promote exfoliation of epithelial cells in milk, and mammary
epithelium permeability increases during severe restriction
(Stumpf et al., 2013; Herve et al., 2019). We have formerly
observed significantly elevated activities of lactate dehydrogenase
(LDH, EC 1.1.1.27; 6-10 fold) in goat milk during nutritional chal-
lenges (not published), and this seems to be the situation for other
enzymes including IDH in the present study also.

A relative increase in milk fat concentration and a reduced milk
production are well documented during reduced energy intake
(Friggens et al., 2016). In the Friggens et al. (2016) study, where
the nutritional challenge of goats was similar to the present (2 days
of straw-only feeding), milk production decreased from (approx.)
4000 g/d (early lactation) to 1500 g/d, and from 1800 g/d to
500 g/d (late lactation). Concurrently, milk fat concentration
increased from (approx.) 38 to 89 g/kg and from 40 to 76 g/kg,
i.e. a drop in fat production (weight) of 12 % in early lactation
and 47 % in late lactation. In the present study, the milk TAG
concentration increased by approximately 2.4 fold and the choles-
terol concentration approximately 3.4 fold during the nutritional
challenge, compared to the prechallenge situation (Fig. 6). The pre-
sent TAG determination is based on the molar content. Assuming
the milk during the nutritional challenge is fractionally higher in
long-chain fatty acids (>C16), this means that more than 2.4 times
C-atoms were incorporated in milk fat during the nutritional chal-
lenge (and more than 2.4 times by weight). Given that the total fat
incorporation into milk in energy-restricted early-lactation goats is
only slightly reduced, the increase in IDH activity is difficult to
explain from the perspective of fatty acid synthesis. Further
research in this area is needed.
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Previous determinations of IDH activity in milk and tissue
homogenates are based on time-consuming fractionation of the
matrix (cutting with scissors, homogenisation, high-speed cen-
trifugation, separation of infra-natants, filtration, etc.) (e.g.
Bauman et al. 1970; Waldschmidt and Rilling, 1973; Grigor and
Hartmann, 1985) because the used technique, spectrophotometry,
requires a transparent sample. The present fluorometric determi-
nation of enzyme activity is not dependent upon transparency,
but operates well in opaque matrices like crude homogenates
and whole milk, not pretreated nor liberated from fat and protein.
It is our hope that future research may benefit from this simple,
precise and time-saving analytical procedure in order to elucidate
further areas of the ruminant mammary fat synthesis and energy
metabolism.
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