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Abstract—The aims of this study were to assess the effect of dietary thiamine deficiency in rats on
DNA synthesis and DNA, RNA and protein concentrations of heart, kidney, pancreas and liver. DNA
synthesis rates, as determined by [!*CJthymidine incorporation, declined in thiamine-deficient (TD)
rats with neurologic signs to 36, 52, 32 and 64 per cent of pair-fed control (PFC) values in heart,
kidney, pancreas and liver, respectively, 180 min after an intraperitoneal injection of the isotope
(P < 0.05). Within 48 hr of thiamine repletion (“reversal”), DNA synthesis increased markedly in these
organs of previously thiamine-depleted rats to 662, 3200, 307 and 1600 per cent of PFC values
(P < 0.05). A 48-hr fast, in which TD and PFC food intake was restricted to 1g/24 hr, after thiamine
repletion, blunted the rebound in DNA synthesis. However, the DNA synthesis TD/PFC ratios in
the reversed TD rats were still higher than during the symptomatic stage (P < 0.05), even in the
presence of food restriction. Alterations in DNA labeling were not caused by the hypothermia which
accompanies thiamine deficiency, and the '*C-label was located in the DNA thymine moiety in both
TD and control groups. All organs, except the kidney, weighed less in symptomatic TD rats, and
except for the heart, this effect was fully reversed within 48 hr of thiamine repletion. Total organ
DNA was significantly reduced only in the liver, while DNA concentration (mg/g of tissue) in TD
rats was significantly higher in heart, pancreas and liver. Protein concentration was generally compar-
able in TD and PFC tissues, and total RNA concentration was slightly lower only in the TD liver.
In conclusion, dietary thiamine deficiency resulted in decreased DNA synthesis in every tissue studied
and this appeared to involve only a small DNA pool. Since this type of experimental thiamine lack
is accompanied by anorexia and weight loss which cannot be fully compensated by pair feeding, it
is uncertain if the changes in DNA synthesis and tissue composition are due to thiamine deprivation
per se or to secondary nutritional effects of thiamine deficiency such as impaired food utilization.

Thiamine deficiency is commonly found in chronic
alcoholics and, in its severe form, may lead to cardiac
and neurologic dysfunction[1,2]. The specific
mechanisms for these disorders have not been eluci-
dated as yet. Studies of various animal models of thia-
mine deficiency, however, have clearly shown various
enzymatic abnormalities. The principal derangement
is a reduction in transketolase activity [3,4], which
has an important role in the hexose monophosphate
shunt [5]. Prior studies have shown that thiamine
deficiency depresses the hexose monophosphate
(HMP) shunt in erythrocytes [6] and intestinal
mucosa [ 7]; however, the effect of decreased transke-
tolase activity on the overall HMP pathway in other
tissues is uncertain. The other enzymes which are im-
paired in thiamine deficiency (albeit to a lesser degree)
are pyruvate and o-ketoglutarate decarboxylases
[4, 8], wherein thiamine is a necessary cofactor. These
enzymes contribute importantly to the viability of the
citric acid cycle. Since these two pathways supply
vital precursors (ribose, ATP) to nucleotide synthesis,
a previous study was undertaken in this laboratory

* Supported by NIH Grant S RO 1 AA00267-04.

+ The diets contained casein, vitamin-free test, GBI
(180 g/kg), corn starch (100 g/kg), sucrose (590 g/kg), corn
oil (80 g/kg), salt mix, William-Briggs Modified (40 g/kg).
vitamin mixture, with or without thiamine (catalog No.
40060, 10 g/kg).

[9] to determine the effect of dietary thiamine defi-
ciency on rat brain RNA and DNA synthesis. RNA
synthesis was unaffected but the formation of at least
one pool of DNA was seriously impaired. The present
study is an expansion of our prior work to include
an evaluation of the effect of thiamine deficiency on
DNA synthesis rates, on DNA, RNA and protein
levels, and on organ weights of heart, kidney, pan-
creas and liver.

MATERIALS AND METHODS
Animal model and study protocol

Female Sprague-Dawley rats, 60-80g, were
obtained from Harlan Industries, Inc., Indianapolis,
Ind., in sets of three littermates. One animal in each
set was fed a thiamine-deficient diet (Teklad Mills,
Madison, Wisc.)t ad lib., a second was pair-fed the
same quantity of diet containing thiamine, and the
third was given a thiamine replete diet ad lib. Water
was supplied ad lib. Rats fed the thiamine-free diet
showed neurologic dysfunction (ataxia, incoordina-
tion) after 4.5 weeks. These signs could be reversed
within 6 hr of a single i.p. injection of 500 ug thiamine.
In the following studies, “symptomatic” refers to thia-
mine-deficient rats showing neurologic dysfunction.
Neither control group showed neurologic signs.

To determine DNA synthesis rates, 5uCi in
91 nmoles [!'*Clthymidine (New England Nuclear
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Corp.. Boston, Mass.) was injected ip. when neuro-
logical signs were noted. Rats were then sacrificed
by decapitation at appropriate time intervals, the
organs removed as rapidly as possible, and frozen on
dry ice. “Reversed” rats received 500 ug thiamine HCl
(Sigma Chemical Co., St. Louis, Mo.) at 24-hr inter-
vals and were sacrificed at 24 or 48 hr after the initial
injection. Reversed rats were fed ad lib. or, as indi-
cated, were fasted by restricting food intake to 1 g/day
along with their pair-fed controls. The latter was done
since thiamine-deficient rats are anorexic and may,
in addition, absorb or utilize food in an abnormal
manner [3] (see Fig. 1). Thus, food was withheld from
some TD rats and their pair-fed controls after thia-
mine repletion, in order to determine if the rebound
in DNA synthesis seen in reversed TD rats was
caused by thiamine repletion or by the increased food
intake which follows it. TD rats normally consume
1-2 g/day immediately prior to appearance of neuro-
logical signs.

Thiamine-deficient rats are also hypothermic in the
severe stages of dietary thiamine deficiency [10]. The
body temperature of symptomatic TD rats declines
to a mean of 32.2°; thus, experiments were done on
ten sets of rats in which the thiamine-deficient rat
was warmed to normal body temperature for 2hr
prior to the injection of the labeled thymidine and
for the 3 subsequent hr before sacrifice. Tissue DNA
synthesis was also determined in the normothermic
TD rats.

Extraction of organs

To extract total RNA and DNA, the frozen organs
were placed in 209 perchloric acid at 4° (approxi-
mately 1 ml/200 mg of tissue). The organs were then
homogenized in a glass tissue grinder and the DNA
and RNA extracted by the method of Castles et
al.[11].

Analytical techniques

DNA was assayed by the Burton [12] modification
of the dephenylamine method, RNA by the orcinol
reaction [13], and protein by the Hartree [ 14] modifi-
cation of the Lowry technique.
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The identity of the '*C-label incorporated into
organ DNA was determined by descending paper
chromatography [Whatman No. 3, 2-propanol-con-
centrated HCI-H,O (65:17.2:17.8)] of organ DNA
hydrosylates. The DNA extracts from the 3-hr injec-
tions were pooled for each organ and neutralized with
KClO,,. The supernatant was concentrated by freeze
drying (Virtis, Gardiner, N.Y.), the residue was sus-
pended in 6 N HCI for 3 hr at 90°, the hydrosylate
was again lyophilized, and the residue was dissolved
in 0.5 m!l H,O, of which 10 ul was spotted for chroma-
tography. The resulting four spots, adenine, guanine,
cytosine and thymine (R, values of 0.28, origin to
0.19, 0.46, 0.78, respectively), were cut out and their
radioactivity was determined.

Radioactivity of the samples was determined by
adding 1 ml of sample to 15 ml fluor [toluene-Triton
X-100 (2:1), PPO (3.0 g/liter), POPOP (0.13 g/liter)]
followed by counting in a Packard Tricarb scintilla-
tion counter. ['*C]thymidine incorporation into
DNA was expressed as dis./min/mg of DNA. Statisti-
cal significance between thiamine-deficient rats and
controls as well as between pair-fed and ad [ib. con-
trols was determined by the Student’s paired t-test.

RESULTS

Symptomatic stage

Growth rate. Figure 1 illustrates body growth rates
in the thiamine-deficient (TD), pair-fed control (PFC),
and ad lib. fed control (C) rats used to evaluate this
model of diet-induced thiamine deficiency (N = 12).
Body weight in the ad Iib. controls increased steadily
throughout the dietary regimen while the weight of
PFC rats leveled out at about 120g after 2 weeks
of pair-feeding. Body weight of TD rats declined
steadily after 12 days to slightly over 70 g during the
symptomatic stage [37 + 1 days (mean + S.E.) from
the start of the diet]. These data indicate, as has been
demonstrated before [3], that despite assiduous pair-
feeding, TD rats assimilated less of the administered
food and/or did not utilize it comparably to the PFC
animals.
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Fig. 1. Body weight curve for thiamine-deficient and control rats. TD refers to thiamine-deficient,

PFC to pair-fed control, and C to ad lib. control rats (N = 12). The points represents the mean

+ standard error of twelve rats. Each point was statistically analyzed by the t-test. TD rats were

statistically lower than both control groups (P < 0.05) after 12 days. PFC rats were lower in weight
than ad lib. controls also after 12 days (P < 0.05).
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Fig. 2. Effect of thiamine deficiency on the organ body weight ratio. The left vertical axis represents

the ratio of heart. kidney and pancreas wet weight to body weight and the right vertical axis indicates

the same ratio for liver. Asterisks indicate a significant difference (P < 0.05) between symptomatic

TD and PFC values (N = 22). Vertical lines represents standard errors of 22 animals in each group
and NS indicates no significant difference between TD and PFC rats.

Organ weight and composition. The effect of dietary
thiamine deficiency on organ weight is shown in
Table 1. It can be seen in the table that net weights

of the heart, pancreas and liver were significantly.

reduced (P < 0.05) in symptomatic TD rats (N = 22)
as compared to their pair-fed controls, while kidney
weight was similar. As compared to ad lib. fed control
values, all organ weights in TD and PFC rats were
substantially reduced (P < 0.05). When organ weights
are expressed as a fraction of total body weight (Fig.
2), heart and kidney weights in TD rats were signifi-
cantly higher (P < 0.05) than in PFC animals, while
the weight of the pancreas was lower. Liver weight,
as per cent of body weight, was the same in TD and
PFC rats, and both were lower than the ad lib. con-
trol values. These results reflect the substantial body
weight loss of the TD animals and indicate that heart
and kidney lost less substance as compared to total
body weight, that liver mass declined at an equal rate,
and that pancreatic weight fell preferentially.

The protein content and levels in various organs
are shown in Table 1. Total protein in symptomatic
TD heart, pancreas and liver was reduced from PFC
values (P < 0.05), while kidney protein content
remained unchanged. The protein content of all
organs in ad lib. fed controls was higher (P < 0.05)
than that of both TD and PFC rats. When protein
is expressed as mg/g of tissue, only the TD heart level
is reduced significantly (P < 0.05) from PFC values
and even this decrease is small. These data indicate
that, despite a significant decrease in total body and
various organ weights with diet-induced thiamine
deficiency, the protein concentration in the viscera of
TD rats remained essentially normal.

Total DNA content in various organs of sympto-
matic TD rats was comparable to that of PFC ani-
mals, except for the liver, which showed a 16 per cent
reduction (Table 2). TD and PFC DNA content in
all organs (N = 22) except pancreas was lower than
that for the ad lib. controls (P < 0.05). Heart, pan-
creas and liver DNA levels, expressed as mg DNA/g

of tissue, were significantly increased in symptomatic
TD rats (P < 0.05), while kidney DNA was not
altered. Ad lib. controls showed the lowest DNA con-
centration for all organs. Expressed per mg of tissue
protein, only the TD heart and pancreas were higher
than pair-fed controls (P < 0.05). In summary, the in-
creased DNA concentrations in TD organs shown in
Table 2 reflect a selectively greater loss of cytoplasmic
mass (non-protein material) than of DNA in TD vis-
cera. The decrease in DNA content of TD liver, how-
ever, also implies some reduction in the overall
number of cell nuclei and therefore of cells in this
organ.

Total RNA content and concentration in sympto-
matic TD rats and appropriate controls (N = 22) are
shown in Table 3. Total RNA content in TD heart
and liver was significantly below PFC values
(P < 0.05). and remained unchanged in kidney and
pancreas. In terms of RNA concentration (ug RNA/g
of tissue), only TD liver exhibited a decreased RNA
level (P < 0.05). as compared to PFC rats. Compar-
able data are noted when organ RNA is expressed
per g of tissue protein. Thus, the main finding was
a 24 per cent decrease in liver RNA concentration
in TD rats.

DN A synthesis. Synthesis rates of DNA were deter-
mined by ['*C]thymidine incorporation into organ
DNA. Incorporation was found to be linear in all
four organs, up to 3 hr. The DNA synthesis rates were
similarly depressed as compared to PFC at all time
periods studied (30, 90, 120 and 180 min after
[**C]thymidine injection). Also, with the exception
of the pancreas, PFC values were less than ad lib.
control rates (P < 0.05) (by 68, 62 and 53 per cent
for heart, kidney and liver respectively). Figure 3 (the
bars labeled SYMP) indicates the marked depression
in DNA synthesis in symptomatic TD rats (N = 12)
at 3 hr after [**C]thymidine injection. Synthesis rates
in heart, kidney. pancreas and liver were reduced to
36, 52, 32 and 64 per cent of PFC values (P < 0.05).
Analysis of labeled DNA. extracted from organs of



&

@)
=™

[}
-

&)

O
oW

A
B~

&)

LJ
4%

a
[

153+ 26 10.1 + 0.1

0.1 + 3.9%

2

0.955 + 0.07 1.07 + 0.07 2.58 £ 0.27% 227+ 027 143 + 0.19

0915 + 0.05

Symptomatic
Reversed

Effect of diet-induced thiamine deficiency

o fo e}
Qe
+H +H H
-—lf\_l\
ME=IN
oC — O

o —
IR
HH -+
< e
o

—_— —

2,65+ 0.89
215+ 0.27
2.57 + 041

fasted
Fasted

Non-
Kidney

7.19 £ 1.0 5.50 + 0.50 6.05 + 0.68 393 +£0.35 374+ 65 424 + 59 35.6 + 86

6.35 £ 045

6.11 + 0.35

Symptomatic
Reversed

T o
e o<t o
A+ A+
Q%
00 \O &
ol 09 oY

NN —
™~ v~
I H A+
o v
[ 2N
[salasTho o

TSN
FaRY=R
H A+ H
Ll B
O en
A e <t

vy <t O
&
oo
+H A+ H
00 ¢ <t
oS o
~t < <t

5.82 + 0.37+
5.16 + 0.46
697 + 0.74

7.02 + 0.39
8.44 + 1.38
9.03 + 091

6.30 + 0.37
591 + 0.56
6.76 + 0.53

(24 hr)
(48 hr)
(48 hr)

fasted
Fasted
Pancreas

Non-

5.6

2.78 £+ 0.50 6.23 + 0.63% 402 + 0.79 3.53 + 047 364 + 4.6+ 299 +

241 £ 048

229 4+ 0.19

Symptomatic
Reversed

239+ 20
268 + 036
250+ 56

1.4

oo

HH H
b2,
™~ O\ X0
& <F

~
Q=
o~ <f -~
H +H +
A
QDL O
<t <t

7SR
Sc o
+H +

O O
S3S =
v <t <t

7.87 + 096
6.58 + 0.63
7.32 + 0.68

6.67 + 0.87
5.77 + 053
7.14 + 0.68

3.39 + 042
3.85 + 050
414 + 0.53

244 + 021
290 + 042
2.85 +0.27

(24 hr)
(48 hr)
(48 hr)

fasted
Fasted

Non-
Liver

14.6 + 1.6 4.08 + 0.60% 3.15 + 045 205+ 0.25 188 + 2.8 176 + 2.8 154 + 29

1.7

11.0 &

9.29 + 1.41%

Symptomatic
Reversed

NN
o O —
H H A+
S
™~ O

———

W en <F

++H H

HH A+

oy
ol o en

oo
+H -+ H

— e
e el e

3.17 £ 0.32
296 + 0.66
543 + 0.55

222 + 0.29t
2.28 + 0.32%
4.55 + 0.76

T xe

HHH
e~
el eded

———

H++

(24hr) 8.8
{48 hr)
(48 hr)

Non-
fasted
Fasted

* See legend to Table | for details of experiments.

2 for symptomatic and N = 12 for cach reversed time).

=2

+ Signifies that TD is significantly different from PFC at the P < 0.05 level (N



G. 1. HENDERSON, MARGO DILLON and S. SCHENKER

2280

‘(ouur) PasIaAdl yowd 10j 7] =

N pue snewoidwAs 10f 77 =

N) 12491 §0°0 > d 43 18 Jdd WOl JudIogip Apurdyrusis st (L 1By} SIYIUsIg 4

‘sjuswiiadxa Jo S[IeIdp 10§ [ 3jqe] 03 puadl oG ,

9t ¥ 661 81T ¥ 788 €€+ 1ol 870 T ILE 10 F $8T 90 T LLT 0€ ¥ SLT €1 F 8P 61T F+9¢ (U gy) poISE]
€T F 691 9T F 12l 9T F ¥ II 000 F 7S¢ LE0 F €07 170 ¥ €7T TEFLLT v9T T 876 v'EF €011 (ygy)  parse
LT F 8T L€ F L0l 19 F 9€l $90 F LTV L0 F €81 IS0 F ST LT FI9g 67T F 509 VT F 979 (Y7 -uoN
PasIonay
69 F 55T Ls F el P T oIl o F I17e $60 T 89¢ 1650 ¥ 50T 0 ¥ 7€ YT F 156 Wl F snrwojdwig
IOAIT
§9 F THe T6 T I8¢ 01 F €7TS 080 F £€9 760 T 9€°S 790 T 6£9 050 + €L°¢ 170 ¥ £§T 'l FLee (ysy) paisesd
8L T ISy TOr ¥ 98¢ HY T OIS 880 ¥ 09°9 01 F 8ES €90 T 68'S 080 T 079 6€0 F LET 9¢'0 F 967 (1ygp)  parsy
€7 F 0€T 'L F 6€T SLF S8 880 F S6v £60 F 16¢€ LO'1 F96€ LSO FSIE LEO F WL LEOTF O (IpT) -uoN
PasIaAdy
LS F g€t 9¢ F T8I 98 + 0€T L8O F €9°€ $SO FSI°E LLO T IvE LSOTF LLT 620 F +51 80 F 8¢'1 snewoydwig
searoued
IS F LT 681 F 011 TET T 656 170 T 10T €10 F 91 010 + 281 L0 F 9EY 810 F SS°1 0T0 T 761 (Jusy) paIsed
TTE 911 F9L'8 sTFrol 10 T 6L°1 PEO F 9L €10 F 651 150 F9L°¢ o F 081 €20 FS81 (usy)  pawse
w1 FOT1 PET T HOL €11 F 8L LTO T 8LT ST0 F LT1 010 F €71 STOF 1LT SI0OFOI'l 110 F€e1  (po) -uoN
ﬁ0muo>um
TSt £LTF TS 0v T 0£6 STOF €91 €0 F €1 ¥E0 F 0C1 790 ¥ 67 LEO F 6€1 8v'0 F 05’1 uﬁaoﬁim
aupry
90T T 95 STTF Sy €T F LTS  L60O T 86L0 9070 F 880  $800 F ¥6L0 9010 +TLYO  YEOO F98C0  ##0'0 F 0870 (U 8p) passeq
€90 F 667 SLO F 70§ 66T F 459 6,00 T #080  SLOO F 6vL0 48010 F 0680 SO0 F LE90  8TO0 F LIEO SO0 T 8EE0 (ysy)  pawsy
650 F 6% 780 F €€ TTFV6S L6000 TO98L0  ¥OI0 T Lb60  9TTO F 1880 800 F 6850 SO0 F IS€0  [#00 F 8I€0 (WY p7) -uoN
PosIaAsy
980 F (8¢ L1 F 65 ST F LIS 010 F 0950 910 F TH9°0 070 F10L0  LOOFOI¥0  LOO FOLZO 4900 F 04T 0 onewoidwig
1BOH
D Ddd ar 9] D4dd al D D4Ad alL uedIQ

(urazoad Su/yNy 81)

(enssn 3/yNY Fw)

(Swr) uedio/yNY [BI0L

+SIBI (,pasIoaal, ) pajoalur-surureryy pue onewoldwids JUOYIp-IUIUIRIY] UL S[AS] YNY UedIQ ‘¢ dlqel



Effect of diet-induced thiamine deficiency 2281

A. HEART B. KIDNEY l
-1 30{
6k l1 of

TD / PFC TD/PFC

4+ 41
2r 2r
| ____._IEI___.___ _______ Normal tp-=————=}-4—— ] |- Normal
(o] 4 . s}

s 24 48 48 sYmp 24 48 48

FED FASTED FED FASTED
HOURS REVERSED HOURS REVERSED

Sr 201

C. PANCREAS D. LIVER
al l 16 l
3t 121

TD / PFC TD/PFC
2r 8
b e oo erma L
. [J'-l tp=g-—==~— | — q --- = ———I_Ei—"ﬂl"“'
Csvme I ) O_SYi'PL
24 48 48 24 48 48

FED FASTED
HQURS REVERSED

FED FASTED
HOURS REVERSED

Fig. 3. Effect of thiamine repletion of thiamine-deficient rats on organ DNA synthesis. The vertical
axis (TD/PFC) represents the ratio of DNA labeling of thiamine-deficient (TD) rats and pair-fed controls
(PFC) 3 hr after an i.p. injection of 5 uCi (91 pmoles) of ['*C]thymidine. “Normal” values (TD = PFC)
are indicated by the horizontal dotted line. “SYMP” refers to the labeling ratio when the TD rats
show neurological dysfunction (N = 12). “Hours reversed” represents the time from the initial i.p.
injection of 500 ug thiamine (injected at 24-hr intervals) until injection of ['*C]Jthymidine. Neurologic
signs were reversed within 6 hr of thiamine injection. FED indicates that the reversed TD rats were
allowed to consume thiamine-deficient diet ad lib. for 24 or 48 hr prior to sacrifice while FASTED
means that TD and PFC food was restricted to 1 g/24 hr. Vertical lines indicate standard errors of
twelve rats in each group.

TD, PFC and C rats, showed that virtually all of
the isotope was in the DNA thymine.

To ascertain that the hypothermia of thiamine defi-
ciency was not the cause of decreased DNA labeling
in TD organs, DNA synthesis rates were determined
in ten sets of rats in which symptomatic TD animals
were warmed to normal body temperature. No
change (P < 0.05) in the labeling pattern from
hypothermic rats was observed, eliminating non-spe-
cific hypothermia as the mechanism of the impaired
DNA synthesis in TD animals.

Reversal of thiamine deficiency

DN A synthesis. As previously mentioned, the neur-
ologic deficit encountered in TD rats can be com-
pletely reversed within 6 hr by a single ip. injection
of 500 ug thiamine. Since thiamine-deficient rats given
thiamine increase their food consumption rapidly,
some (N = 12 for each “reversed” time interval) of
the “reversed” animals were given access to food
freely and others (N = 12) were restricted to 1g of
food/day. This design was used to attempt to separate
the effect of thiamine restoration alone from that of
increased food intake. Figure 3 depicts [!*C]thymi-
dine incorporation into organ DNA during and after

reversal of neurologic dysfunction of thiamine defi-
ciency (N = 12). In the heart, DNA labeling rose from
36 per cent of PFC values during severe thiamine
deficiency to 142 and 622 per cent of PFC data 24
and 48 hr, respectively, after thiamine injection. When
fasting accompanied the 48-hr reversal, the increase
in DNA labeling was held to twice the PFC level
(P < 0.05). Incorporation rates into kidney DNA rose
from 52 per cent of PFC values to 287 per cent at
24hr and to 3200 per cent at 48 hr after reversal.
With fasting, thiamine administration caused DNA
synthesis to be elevated to 491 per cent of PFC values
at 48hr (P < 0.05). The 68 per cent reduction in
'4C-labelling of pancreatic DNA in TD rats was
rapidly reversed with thiamine, increasing to 172 and
307 per cent of PFC values at 24 and 48 hr. Again,
concomitant fasting reduced the 48-hr increase to 152
per cent of PFC results (P < 0.05). During neurologic
dysfunction, liver ['*C]thymidine incorporation in
TD rats was reduced to 64 per cent of PFC animals.
Reversal over 24 and 48 hr increased DNA labeling
to 244 and 1600 per cent of control. However, fasting
held - the latter increase to only 171 per cent
(P < 0.05). Although not illustrated in this paper, a
series (N = 7) of experiments was done in which rats
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Table 4. Incorporation of ['*C]thymidine into organ DNA during the symptomatic stage or at 48 hr after reversal
of the neurologic signs*

TD reversed (fasted)t

TD reversed (fasted)}

PFC reversed (fasted) PFC reversed (fasted)

Organ TD (symptomatic) TD reversed (ad lib.) PFC (symptomatic) PFC (ad lib.)
Heart 2,198 0.163 0.464 0.480
Kidney 4.70 0.122 0415 0.357
Pancrecas 1.78 0.179 0.365 0.312
Liver 1.19 0.055 0.513 0.540

* Symptomatic stage refers to presence of neurologic signs. Reversal refers to elimination of neurologic signs by

the administration of thiamine.

1 Fasted refers to an experimental design where food intake by TD and PFC rats was reduced to | g/day.

+ Ad lib. refers to unrestricted food intake.
§ Statistical evaluation of data is given in the text.

|| Numerators and denominators of the fractions were derived from means where N = 12 for {symptomatic). N = [2

for reversed (ad lib.) and N = 12 for reversed (fasted).

were injected with ['*Cthymidine over a 1.5-hr time
interval at the end of 48 hr of thiamine repletion.
Reversal of DNA synthesis inhibition was comparable
to that seen with the 3-hr injections (Fig. 3). Thus,
in all organs, a 48-hr reversal of thiamine deficiency
(accompanied by unrestricted food intake) increased
DNA labeling (at 1.5- and 3-hr injection times) to
values considerably above pair-fed and even those of
ad lib. controls (P < 0.05). However, when reversal
was accompanied by restricted food intake, the in-
creased labeling of DNA in reversed TD rats was
blunted. During 48 hr of reversal and starvation, TD
DNA labeling rates increased by 219, 491, 152 and
171 per cent of TD symptomatic heart, kidney, pan-
creas and liver respectively (Table 4). The starvation
caused large variation in data and this TD increase
was significantly higher than symptomatic TD values
only in the kidney (P < 0.05). This increase was signi-
ficantly lower than when food was freely supplied.
The continued increased food restriction in PFC rats
reduced DNA labeling in heart, kidney, pancreas and
liver by 54, 59, 64 and 49 per cent, respectively (Table
4), as compared to PFC values obtained during symp-
tomatic thiamine deficiency (P < 0.05). As a result of
the increase in TD labeling and a fall in PFC DNA
formation, the TD/PFC DNA synthesis ratio rose sig-
nificantly after reversal even with fasting (P < 0.05).

Organ weight and composition. Tables 1-3 summar-
ize the effects of thiamine repletion of TD rats on
organ weight and protein concentration as well as
on DNA and RNA levels in the four organs (N = 12
for each “reversed” time). As indicated in Table 1,
pancreas and liver weights returned to PFC values
after 48 hr of reversal (P < 0.05), if the rats were fed
freely. Organ weight as a function of body weight
remained normal for the liver after a 48-hr reversal,
while the fraction for the TD pancreas returned to
its PFC value. If food was restricted to 1g/day after
reversal, the weight of the pancreas remained below
(P < 0.05) the PFC value, the TD liver weight
remained constant, and PFC liver weight declined.
Kidney weight was unaffected by thiamine deficiency,
while TD heart weight remained below the PFC value
(P < 0.05) even after 48 hr of reversal with food. The
organ/body weight ratio for the kidney and heart
both returned to control values after this 48-hr rever-
sal. Total protein/organ, which was significantly
reduced in symptomatic TD heart, pancreas and liver,

increased to PFC values 48 hr after thiamine, if nor-
mal feeding was allowed. Fasting blocked this in-
crease in total protein in all three organs and, in fact,
induced a further decrease in protein content in TD
pancreas and liver. When protein was expressed per
g tissue (Table 1), a significant decrease (P < 0.05)
was seen only in symptomatic TD heart and this
effect was reversed with thiamine with or without nor-
mal food intake. In general, the reversal of thiamine
deficiency with provision of adequate food increased
the organ weight and protein content of most organs
and this effect was blunted or abolished by food
deprivation in at least some tissues.

Organ DNA values are shown in Table 2. Total
DNA was only decreased in TD liver and this was
not altered by the administration of thiamine over
48 hr. DNA levels, calculated per g of tissue, were
higher in symptomatic TD heart, pancreas and liver.
A 48-hr reversal, irrespective of food intake, decreased
the DNA level in heart and pancreas to PFC values
(P < 0.05). The liver DNA concentration in reversed
TD rats actually fell below PFC values and this was
statistically significant in the fed group (P < 0.05). In
general, fasting plus thiamine injection in TD rats and
fasting alone in PFC rats increased the DNA concen-
tration in the kidney, pancreas and liver. DNA levels,
expressed per g of tissue protein, were also higher
in symptomatic TD heart and pancreas, and thiamine
treatment, even with fasting, reversed this effect. These
data clearly show that: (1) the decreased DNA con-
tent of TD liver is not rapidly reversible with thia-
mine repletion, and (2) the increased DNA concen-
tration of TD organs generally responds readily to
thiamine.

Organ RNA values are “shown in Table 3. Total
organ RNA was significantly decreased only in TD
liver and heart (slightly in the latter). Both values
returned to normal after reversal of neurologic signs.
Fasting during reversal dramatically decreased liver
RNA in both TD and PFC rats. RNA concentration
in TD liver (as compared to PFC data) was signifi-
cantly decreased and this was reversed after thiamine
administration, with or without fasting. The apparent
response with fasting, however, was due in part to
a greater fall in PFC RNA concentration. Group C
tissue levels for protein, DNA and RNA did not differ
significantly in symptomatic and reversed experi-
ments.
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DISCUSSION

The first finding in this study is the demonstration
of a major depression of DNA synthesis in vivo in
key viscera (heart, pancreas, kidney and liver) of thia-
mine-deficient rats. Although only the 3-hr injection
period is illustrated, DNA synthesis was found to be
depressed at all time points between 30 and 180 min,
during which time ['*C]thymidine incorporation into
DNA was linear. This is consistent with our recent
report of decreased DNA formation in the brains of
such animals [9]. Incorporation of labeled thymidine
into organ DNA was employed as an index of DNA
synthesis. This approach was validated by: (1) the use
of methods which rigorously extract and purify DNA
obtained from tissues, (2) the demonstration that vir-
tually all the label in extracted DNA existed in the
thymine moiety, (3) the documentation that impaired
DNA labeling in thiamine-deficient tissues was not
a non-specific effect of hypothermia which accom-
panies the experimental diet-induced thiamine defi-
ciency state [10]. and (4) the measurement of DNA
formation at time intervals after injection of the iso-
tope (30-180 min), which is likely to obviate any tran-
sient decrease in uptake of the label by thiamine-
deprived organs. The use of [!*C]thymidine incorpor-
ation into tissue DNA as a valid indicator of DNA
synthesis assumes that there is no increase in endo-
genous thymidine in thiamine-deficient viscera which
might dilute the administered isotope and cause an
apparent decrease in labeling of the DNA. This sub-
ject was not specifically assessed in this study, but
prior investigations in our unit showed no increase
in cerebral endogenous thymidine in thiamine defi-
ciency [9].

Despite a substantial (40-70 per cent) depression
of DNA synthesis with severe thiamine deficiency in
all the tissues studied. total DNA content of heart,
pancreas and kidney remained unaltered (as com-
pared to pair-fed thiamine-repleted rats), and liver
DNA content declined by only 16 per cent. Further-
more, on administration of thiamine and reversal of
the neurologic signs, there was a brisk and striking
(16-fold for liver) increase in DNA synthesis in all
the organs, but tissue DNA content did not increase.
This suggests that the thiamine deficiency state
depresses, and its removal increases, DNA turnover
of only a small DNA pool. In a previous report con-
cerning brain DNA synthesis in thiamine deficiency,
a similar interpretation was reached and it was sug-
gested that thiamine deficiency may impair primarily
the DNA repair process [9]. The same possibility
exists as regards the organs studied in this report,
but this hypothesis clearly requires experimental veri-
fication. An alternate interpretation of altered DNA
synthesis and relatively fixed DNA tissue content
would imply a proportional but opposite change in
DNA utilization. There are no data available at pres-
ent to assess this possibility.

In order to assess the specificity and reversibility
of impaired DNA synthesis in thiamine deficiency, the
deficient animals were given thiamine, resulting in
rapid resolution of neurologic signs, and DNA syn-
thesis was again examined. There was a rapid (within
24 hr) and substantial increase in DNA synthesis in
all organs, and this reached supranormal levels in
48 hr in all instances. Unfortunately this technique,
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which is generally used to assess the specificity of
thiamine deficiency per se, does not rule out a con-
comitant nutritional effect. Diet-induced thiamine
deficiency in experimental animals induces anorexia
and subsequent weight loss. As can be seen from Fig.
1 and other studies [3]. this effect cannot be fully
compensated for by meticulous pair-feeding of con-
trols. This implies that despite provision of compar-
able dietary intake, the thiamine-deficient rats must
either assimilate food poorly or utilize it differently.
The latter mechanism has been documented in a
recent study [15]. DNA synthesis can be altered by
dietary changes and falls with food and/or protein
deprivation [16, 17]. Thus, abnormal DNA synthesis
in symptomatic thiamine-deficient rats could be
caused either by thiamine deficiency per se, a second-
ary abnormality of nutrition, or both. After reversal
of neurologic signs with thiamine, there is a rapid
improvement in appetite and food intake. Thus, even
in 24hr, an improvement in DNA synthesis may
again be due to provision of thiamine, improvement
in nutrition, or both. [DNA synthesis is not affected
in normal (thiamine replete) rats after ip. injection
of 500 ug thiamine for 48 hr.]} In an attempt to separ-
ate the possible effects of thiamine deficiency alone
from its nutritional effects, a series of experiments was
carried out wherein thiamine-deficient rats were in-
jected with thiamine, and food was severely restricted
in both them and the PFC rats during the reversal
period. From these data it is evident that food depri-
vation depressed tissue DNA synthesis in both TD
and PFC rats but it also appears that increase of
DNA synthesis by the administration of thiamine is
only partly blocked by starvation. This depression of
DNA labeling by starvation is similar to that pre-
viously reported for liver and kidney during fasting
and protein deficiency [16, 17]. Sterling et al.[18]
have also recently shown that the proliferative re-
sponse seen after partial hepatectomy can be impaired
by starvation. A similar mechanism may be occurring
in the thiamine-deficiency system. While the fasting
experiment does not clearly separate a direct action
of thiamine from a secondary effect resulting from
poor food assimilation or utilization, it does suggest
that thiamine per se may have a role in the synthesis
of some pool(s) of DNA in various tissues.

The second relevant set of observations derived
from this study relates to the effect of the thiamine-
deficiency state on organ composition. As stated ear-
lier, the thiamine-deficient rats and the pair-fed con-
trols (to a lesser extent) lost weight briskly during
the study. This weight loss in TD rats was matched
by a proportional decrease in liver mass and a greater
fall in pancreatic mass while the heart and kidneys
lost less weight. These observations are in agreement
with less extensive data reported previously by
Schenker et al. {19]. The cause(s) of organ weight loss
in thiamine deficiency varied with the tissue. In the
liver, there was a statistically significant decrease in
total DNA content, hence probably a reduction in
the total number of liver cells. Yet the total hepatic
DNA content decreased by only 16 per cent as com-
pared to a reduction in total protein of 22, organ
weight of 34, and RNA of 51 per cent. respectively,
in relation to PFC values. Thus, the protein concen-
tration in the liver did not change significantly but
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the RNA concentration fell (P < 0.05) and the DNA
concentration rose slightly (P < 0.05) when expressed
per g of tissue weight (Tables 1-3). These data suggest
that, in addition to a decrease in cell number, TD
rats exhibited an even greater reduction of individual
cell substance(s). This loss in liver cell weight was
not accounted for by a decrease in total protein or
cell water and will require future elucidation. In sharp
contrast to the liver, thiamine-deficient kidney did not
exhibit any difference in organ weight or DNA and
RNA content from pair-fed data. The heart and pan-
creas showed no decrease in total DNA content, im-
plying no loss of cell number in these organs. How-
ever, DNA concentration in both tissues rose signifi-
cantly, protein concentration fell only slightly, and
total RNA levels remained unaltered. Thus, in these
two organs, there was a selective loss of some cell
constituents which reduced cell weight and accounted
for the increased DNA concentration. These data,
therefore, attest to the heterogeneous response of
various organs, in terms of composition, to dietary
thiamine deficiency.

As in the case of DNA synthesis, we cannot deter-
mine with certainty whether the compositional
changes described above were due to thiamine defi-
ciency directly, its nutritional effects, or both. Rever-
sal of thiamine deficiency abolished most of the com-
positional changes in TD organs (liver DNA content
remained depressed) but such reversal is also accom-
panied by increased food consumption. Other
studies [20,21] have shown that starvation alone
depresses RNA and protein content of hepatocytes
and that, in human liver, protein malnutrition in-
creases DNA concentration [22], as was seen in our
studies. Certainly, restriction of food, even in the
absence of thiamine deprivation, resulted in composi-
tional differences between the pair-fed and ad lib. fed
controls which were in the same direction as in the
thiamine-deficient rats (Tables 1-3). The adminis-
tration of thiamine to symptomatic TD rats, while
restricting food intake in these animals and their PFC
controls, also did not resolve the problem fully. This
procedure appeared to yield the same results in most
instances as reversal accompanied by free food intake,
suggesting that at least some of the compositional
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changes may be due to a direct thiamine action. For
some data, however, fasting seemed to exert a differ-
ent effect (i.e. heart protein concentration). This indi-
cates that a firm resolution of this complex problem,
which of course resembles the usual clinical pattern
of thiamine deficiency, will require the use of simpler,
perhaps in vitro, experimental systems.
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